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Abstract. Butt assembly plays a crucial role in the manufacturing process of aviation products, as 
its assembly quality directly impacts product performance. Current research on the butt assembly 
of large cylindrical components mainly focuses on attitude measurement or precise cabin attitude 
adjustment. However, these studies often overlook the influence of the cabin machining error and 
the attitude deviation during the docking process, as well as the prediction and assessment method 
of the docking quality. In this paper, the docking force in the assembly process is used as the 
evaluation basis of docking quality. The actual geometric docking data model is measured and 
constructed by a 3D scanner. Through a series of docking experiments, the coupling force data 
under different spatial attitudes are obtained. The docking quality assessing method of aviation 
components based on attitude measurement is established by examining the internal relationship 
between the docking area deviation, the maximum docking deviation distance, the space deviation 
angle and the maximum relay. This approach advances the quality prediction and assessment 
technology for large aviation components, offering a novel perspective on the assembly and 
docking of large aviation structures. 
Keywords: docking assembly, docking force, docking quality, assessment method, attitude 
measurement. 

1. Introduction 

Cabin docking is a fundamental and crucial aspect of the aerospace products manufacturing 
process, as its assembly quality directly affects the product performance index [1]. Aerospace 
cylindrical components are bulky, and most assembly errors occur in the docking assembly 
process of cabin sections. Using effective methods to improve the level of product docking and 
assembly and ensure the product performance is an urgent technical challenge that every aerospace 
manufacturing enterprise must address.  

At present, the research on the cabin docking is concentrated on precise attitude adjustment of 
the cabin [2], precise control of the cabin attitude adjustment equipment [3], space measurement 
of the cabin attitude [4], docking path planning of the cabin [5] and so on. Current research can 
be categorized into two main aspects: studying the docking trajectory and attitude control based 
on the theoretical model of the product and the docking mechanism [6], or examining the 
feasibility of various docking methods based on visual guidance [7]. However, the actual assembly 
conditions are very complex with the machining error of the docking interface, the spatial attitude 
deviation between the cabins [8], the slight deformation during the docking process, etc. At 
present, most assembly quality tests are based on digitization and visual recognition. There is a 
lack of research on the docking and assembly quality prediction of large aviation components 
under the real docking and assembly conditions.  

In this paper, the magnitude of the docking force is used as the metrics for evaluating docking 
quality. A 3D scanner is employed to measure and construct the actual geometric docking data 
model [9]. The docking force data of different spatial attitudes were obtained through multiple 
docking experiments. 

https://crossmark.crossref.org/dialog/?doi=10.21595/jme.2023.23191&domain=pdf&date_stamp=2023-06-25
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The docking quality assessing method of aviation components based on attitude measurement 
is established by examining the internal relationship between the docking area deviation, the 
maximum docking deviation distance, the space deviation Angle and the maximum relay. This 
approach provides an effective theoretical and technical foundation for the docking of large-scale 
aviation structures. 

2. Cabin docking method  

The common docking methods for large cylindrical components can be categorized into two 
aspects: The one is connection with multiple positioning pin holes, where the posture of the two 
cabins can be completely determined through two positioning pin holes (or four positioning pin 
holes) [10], as shown in Fig. 1. The other one is connection with the centering spigot and the phase 
pin hole, where centering spigot determines the central axis attitude of the cabin, and the phase 
pin hole determines the circumferential attitude of the cabin, as shown in Fig. 2. They together 
completely determine the attitude of the two cabins. 

Fig. 1. The connection method with multiple positioning pin holes  
(Photos taken by Songkai Liu at the Shenyang Institute of Automation on October 11, 2021) 

 
Fig. 2. The connection method with the centering spigot and phase pin hole  

(Photo taken by Songkai Liu at the Shenyang Institute of Automation on October 11, 2021) 

Regardless of which docking method is used for connection, the basic structure of positioning 
between cabin sections is a pin-hole fit (centering spigot can be regarded as a pin hole with a larger 
diameter). Two or more groups of pin holes are employed to completely determine the relative 
attitude between the cabins. A single pin-hole structure is analyzed firstly. 

2.1. Mathematical model of docking force 

Theoretically, when the spatial attitudes of the two cylindrical cabin sections are completely 
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matched, the interaction force during the docking process is fixed. However, due to many factors, 
such as the size deviation of the docking pin hole, the spatial attitude deviation between the cabins, 
and the deformation of the cabin, the docking force between the cabins in the actual docking 
process is much larger than the theoretical value, and sudden spike may exist. The actual docking 
process needs to be analyzed through a large amount of experimental data. 

The size deviation of the butt pin hole is the main factor affecting the docking force, and the 
space attitude deviation between the cabins is the main reason for the sudden spike of docking 
force in the actual docking process. The deformation of the cabin will cause the size change of the 
butt pin hole and the spatial attitude change between the cabin sections, thus affecting the docking 
force between the cabin sections. Therefore, we conduct theoretical and experimental analysis of 
the size data and spatial attitude data of the cabin before docking, and the docking force for 
exploring the mapping among them.  

2.2. Pin hole structure analysis 

Take the docking process of components with pin-hole structure as an example, where the six 
degrees of freedom of the active component need to be adjusted to match the passive one. Under 
ideal conditions, the interaction force during docking process reaches the minimum value when 
the axes of the pin and the hole are totally coincident. However, in the actual docking process, the 
ideal state of pin-hole docking can only be infinitely approached even with the help of precise 
attitude adjustment facility and 3D measuring instrument for attitude measurement. The difference 
of the interaction force between the ideal and actual process is determined by the attitude 
adjustment resolution and the attitude measurement error. 

At present, there are mainly three ways to study the pin-hole docking problem: (1) directly 
measuring the spatial attitude of the pin-hole with 3D measuring equipment, such as a laser tracker 
[11, 12]; (2) evaluating the spatial attitude matching status by measuring the docking force of the 
pin-hole; and (3) both measuring the pin-hole attitude and the docking force with 3D measuring 
equipment and force sensors for controlling the docking process with double closed loop. 

  
Fig. 3. Diagram of the pinhole 

As shown in Fig. 3, the end face of the positioning hole is taken as the reference plane 𝐴. The 
distance from the cross-section center of the root of the positioning pin to reference plane 𝐴 is 𝐿. 
In Fig. 4, the blue line outlines the overall projection area of the positioning pin on reference plane 𝐴. The red dotted line shows the maximum envelope circle of the projection area of the positioning 
pin on reference plane 𝐴, with the radius of 𝑅. The green circle is the cross-section of the 
positioning hole, with the radius of 𝑟. The shadow area is the part of the positioning pin projection 
area outside the cross-section of the positioning hole, with the area of 𝑆. The maximum distance 
between the cross-section of the positioning hole and the envelop circle is 𝑎, that is, the difference 
between the radius of the maximum envelope circle and the radius of the positioning hole section 
circle (𝑎 = 𝑅 − 𝑟). 

The shadow area 𝑆 and the maximum distance deviation 𝑎 are not only related to the relative 
attitude deviation of the pin and the hole, but also to the mating dimension of the pin-hole. When 
the axes of the positioning pin and the positioning hole are coincident for clearance fit, 𝑆 is zero, 
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a is a negative value and the docking force is zero.  
Through the above analysis, if the mappings from the shadow area 𝑆 and the maximum 

distance deviation 𝑎 to the docking force 𝐹 are established, then the docking quality can be 
evaluated by measuring 𝑆 and 𝑎. 

 
Fig. 4. The pin’s projection on plane 𝐴 

2.3. Measuring principle of pin-hole section size 

The spatial attitude of the positioning pin-hole is random, so the spatial attitude of the 
positioning pin-hole needs to be transformed to the docking surface. Which information about the 
pin-hole attitude will be employed is first determined. 

As shown in Fig. 5, the positioning hole is on the left side, while the positioning pin the right 
side. 𝑜, 𝑐, and 𝑑 are the centers of the positioning hole docking surface, the positioning pin front 
end and the positioning pin docking surface, respectively. If the coordinates of 𝑜, 𝑐, and 𝑑, as well 
as the radii of the cross-section circles of the positioning pin and hole can be obtained, the shadow 
area 𝑆 and the maximum distance deviation 𝑎 can be easily calculated. 

 
Fig. 5. Schematic diagram of spatial attitude deviation 

The coordinates of the three circle centers can be determined by multi-points on the circle. As 
shown in Fig. 5, the coordinate of the circle center 𝑜 can be calculated by coordinates of three 
green points, but more points lead to more accurate result. 

The spherical function and spatial plane function can be expressed by: 

ቐ൬𝑥 − 𝐴2൰ଶ + ൬𝑦 − 𝐵2൰ଶ + ൬𝑧 − 𝐶2൰ଶ + 𝐷 − ൬𝐴2൰ଶ − ൬𝐵2൰ଶ − ൬𝐶2൰ଶ = 0,𝑈𝑥 + 𝑉𝑦 + 𝑊𝑧 + 1 = 0.  (1)

The coordinates and radii of the circle centers can be calculated by intersecting the sphere and 
the spatial plane more accurately, compare with just using the sphere center. According to the 
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least square fitting principle, the objective expectation function 𝐸 can be derived from Eq. (1): 

𝐸 = ⎩⎪⎨
⎪⎧𝐸ଵ = 𝑚𝑖𝑛(𝑥,𝑦, 𝑧) = (𝐴𝑥 + 𝐵𝑦 + 𝐶𝑧 + 𝐷 − 𝑥ଶ − 𝑦ଶ − 𝑧ଶ)2,

ୀଵ𝐸ଶ = 𝑚𝑖𝑛(𝑥,𝑦, 𝑧) = (𝑈𝑥 + 𝑉𝑦 + 𝑊𝑧 + 1)ଶ,
ୀ

 (2)

where 𝐴, 𝐵, 𝐶, 𝐷, 𝑈, 𝑉, and 𝑊 are all unknown variables. By calculating the partial derivatives 
of 𝐸ଵ with respect to 𝐴, 𝐵, 𝐶, and 𝐷, respectively, we can get: 

⎩⎪⎪⎪
⎨⎪
⎪⎪⎧ 𝐴𝑥ଶୀ +  𝐵𝑥𝑦ୀ +  𝐶𝑥𝑧ୀ +  𝐷𝑥ୀ =  𝑥(𝑥ଶ + 𝑦ଶ + 𝑧ଶ)ୀ , 𝐴𝑥𝑦ୀ +  𝐵𝑦ଶୀ +  𝐶𝑦𝑧ୀ +  𝐷𝑦ୀ =  𝑦(𝑥ଶ + 𝑦ଶ + 𝑧ଶ)ୀ , 𝐴𝑥𝑧ୀ +  𝐵𝑦𝑧ୀ +  𝐶𝑧ଶୀ +  𝐷𝑧ୀ =  𝑧(𝑥ଶ + 𝑦ଶ + 𝑧ଶ)ୀ , 𝐴𝑥ୀ +  𝐵𝑥ୀ +  𝐶𝑥ୀ +  𝐷ୀ = − (𝑥ଶ + 𝑦ଶ + 𝑧ଶ)ୀ .

 (3)

The following equation can be obtained by rewritten Eq. (3) in matrix form: 

⎣⎢⎢
⎢⎢⎢
⎢⎢⎢
⎡ 𝑥ଶୀ  𝑥𝑦ୀ  𝑥𝑧ୀ − 𝑥ୀ 𝑥𝑦ୀ 𝑦ଶ

ୀ  𝑦𝑧ୀ −𝑦
ୀ 𝑥𝑧ୀ  𝑦𝑧ୀ  𝑧ଶୀ − 𝑧ୀ− 𝑥ୀ − 𝑦ୀ − 𝑧ୀ         𝑛 ⎦⎥⎥

⎥⎥⎥
⎥⎥⎥
⎤
൦𝐴𝐵𝐶𝐷൪ =

⎣⎢⎢
⎢⎢⎢
⎢⎢⎢
⎡ 𝑥(𝑥ଶ + 𝑦ଶ + 𝑧ଶ)ୀ 𝑦(𝑥ଶ + 𝑦ଶ + 𝑧ଶ)ୀ𝑧(𝑥ଶ + 𝑦ଶ + 𝑧ଶ)

ୀ− (𝑥ଶ + 𝑦ଶ + 𝑧ଶ)ୀ ⎦⎥⎥
⎥⎥⎥
⎥⎥⎥
⎤
. (4)

Then, the unknown variables 𝐴, 𝐵, 𝐶, and 𝐷 can be calculated as follows: 

൦𝐴𝐵𝐶𝐷൪ =
⎣⎢⎢
⎢⎢⎢
⎢⎢⎡ 𝑥ଶୀ  𝑥𝑦ୀ  𝑥𝑧ୀ − 𝑥ୀ 𝑥𝑦ୀ  𝑦ଶୀ  𝑦𝑧ୀ − 𝑦ୀ 𝑥𝑧ୀ  𝑦𝑧ୀ  𝑧ଶୀ − 𝑧ୀ− 𝑥ୀ − 𝑦ୀ − 𝑧ୀ        𝑛    ⎦⎥⎥

⎥⎥⎥
⎥⎥⎤
ିଵ

⎣⎢⎢
⎢⎢⎢
⎢⎢⎡ 𝑥(𝑥ଶ + 𝑦ଶ + 𝑧ଶ)ୀ 𝑦(𝑥ଶ + 𝑦ଶ + 𝑧ଶ)ୀ 𝑧(𝑥ଶ + 𝑦ଶ + 𝑧ଶ)ୀ− (𝑥ଶ + 𝑦ଶ + 𝑧ଶ)ୀ ⎦⎥⎥

⎥⎥⎥
⎥⎥⎤. (5)

Similarly, the unknown variables 𝑈, 𝑉, and 𝑊 can be obtained by: 
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𝑈𝑉𝑊൩ =
⎣⎢⎢
⎢⎢⎡ 𝑥ଶୀ  𝑥𝑦ୀ  𝑥𝑧ୀ 𝑥𝑦ୀ  𝑦ଶୀ  𝑦𝑧ୀ 𝑥𝑧ୀ  𝑦𝑧ୀ  𝑧ଶୀ ⎦⎥⎥

⎥⎥⎤
ିଵ
−1−1−1൩. (6)

Using Eq. (5) and Eq. (6), the functional expression of the section circle of the locating pin 
hole is finally determined. From the spherical and the spatial plane functions, the spherical center 
coordinates are (𝐴/ 2, 𝐵 / 2, 𝐶 / 2) and the normal vector of the plane is (𝑈,𝑉,𝑊). Assuming that 
the coordinate of the section circle center is (ℎ, 𝑗, 𝑘), the following equations can be established: 

൞ℎ − 𝐴2𝑈 = 𝑗 − 𝐵2𝑉 = 𝑘 − 𝐶2𝑊𝑈ℎ + 𝑉𝑗 + 𝑊𝑘 + 1 = 0., (7)

Thus, the coordinates of 𝑜, 𝑐, and 𝑑 shown in Fig. 5 and the radius of the cross-sectional circle 
can be obtained. The shadow area 𝑆 and the maximum distance deviation 𝑎 can be obtained by 
coordinate transformation and spatial projection. 

Using the above formula to program in MATLAB, the values of 𝑆 and 𝑎 can be quickly 
calculated by the effective point cloud data from 3D scanner. 

We can also use the point cloud data postprocessing software POLYWORKS for reverse 
modeling and directly obtain relevant data in the software, as shown in Fig. 6. Then, the values of 𝑆 and 𝑎 can be calculated through simple operations. 

 
Fig. 6. The display interface of cabin information  

In the actual test, although the principle and programming of the first method are relatively 
complex, it is more convenient to realize the equipment automation for series operations of 
measurement, attitude adjustment and docking at the same time, the abnormal data obtained by 
scanning can be judged and eliminated manually to improve the data accuracy. 

2.4. Design of experiment platform 

To find the relationship between the docking force 𝐹 and the area deviation 𝑆, as well as the 
docking force 𝐹 and the maximum distance deviation 𝑎, a precision docking experiment platform 
is built according to the structure of an aviation component. Its structure is shown in Fig. 7. The 
experiment platform is mainly composed of a support platform, a support slewing mechanism, a 
main body attitude adjustment mechanism, an axial movement mechanism, a precision attitude 
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adjustment platform and a docking drive mechanism. 
The main body attitude adjustment mechanism is installed on the axial moving mechanism, 

which is used to drive the two main body attitude adjustment mechanisms to move along the length 
direction of the platform. A support rotation mechanism is installed on each main body attitude 
adjustment mechanism for support and circular rotation of cabin section 1. The main body attitude 
adjustment mechanism can be used to adjust the degrees of freedom in three linear directions 𝑋𝑌𝑍. 
The precision attitude adjustment platform is used for support of cabin section 2 and adjustment 
of the spatial attitude. A precise Stewart parallel mechanism is adopted for precise attitude 
adjustment of cabin section 2 in six degrees of freedom [13]. The docking drive mechanism on 
the precision attitude adjustment platform is employed for movement of cabin section 2 along the 
axis direction, equipped with a pressure sensor to measure the docking force between the cabin 
sections. Fig. 8 shows a photograph of the docking experiment platform. 

The docking experimental platform can be used for precise attitude adjustment of space 
sections in six degrees of freedom, with minimum spatial displacement adjustment accuracy of 
0.025 mm. With the above experimental platform, several sets of attitude adjustment and docking 
tests between two cabin sections under different spatial attitudes are conducted to test the docking 
force between the cabin sections. Since the mating length of the positioning pin holes is mostly 
approximately 20 mm, the docking process completes in a very short time, resulting in sudden 
spike of the docking force between the cabins. 

 
Fig. 7. Schematic diagram of the docking experiment platform: 1 – support platform; 2 – support slewing 
mechanism; 3 – main body attitude adjustment mechanism; 4 – axial movement mechanism; 5 – precision 

attitude adjustment platform; 6 – docking drive mechanism; 7 – cabin section 1; 8 – cabin section 2 

 
Fig. 8. Physical picture of the docking experiment platform  

(Photo taken by Songkai Liu at the Shenyang Institute of Automation on October 11, 2021) 

There are two main reasons for this phenomenon: one is that the ideal attitude of the pin hole 
cannot be achieved by docking attitude adjustment due to elastic deformation of the positioning 
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pin during the docking process. The other one is inertial force exists in the docking process. 
Based on the above reasons, we take the maximum docking force 𝐹௫ as the assessment 

metric for attitude adjustment. 

3. Experimental data analysis 

The commonly used connection methods, the centering spigot and the phase pinhole, were 
adopted in the experiments. 

First, for phase pinhole connection, Table 1 shows 20 groups of the maximum distance 
deviation 𝑎ଵ, the area deviation 𝑆ଵ and maximum docking force 𝐹௫. 

Table 1. Summary of the test data for single-phase pinhole  
No. 𝑎ଵ (mm) 𝑆ଵ (mm2) 𝐹௫ (N) No. 𝑎ଵ (mm) 𝑆ଵ (mm2) 𝐹௫ (N) 

1 0.06 0.487 211.3 11 0.1 0.802  271.5 
2 0.124 0.994 313.4 12 0.128 1.027  317.8 
3 0.132 1.066 325.8 13 0.052 0.427  213.6 
4 0.1 0.803 283.5 14 0.06 0.482  223.5 
5 0.032 0.264 132.4 15 0.052 0.417  200.4 
6 0.104 0.836 295.2 16 0.112 0.900  325.3 
7 0.164 1.32 331.4 17 0.124 1.000  315.5 
8 0.048 0.389 187.3 18 0.008 0.069  67.8 
9 0.088 0.707 215.6 19 0.048 0.387  195.7 
10 0.072 0.581 239.3 20 0.064 0.517  239.3 

The test data and the fitted curves are shown in Fig. 9.  

 
Fig. 9. Relationship between 𝑎ଵ and 𝑆ଵ, as well as 𝑎ଵ and 𝐹௫    

In Fig. 9, the horizontal axis represents the maximum distance deviation 𝑎ଵ, the left 𝑌 axis is 
the larger force 𝐹௫, and the right 𝑌 axis represents the area deviation 𝑆ଵ. The red point represents 
the test data of the maximum force 𝐹௫ and the blue point represents the test data of the area 
deviation 𝑆ଵ. It can be seen that there is an approximately linear relationship between the area 
deviation 𝑆ଵ and the maximum distance deviation 𝑎ଵ. The linear fitting formula is: 𝑆ଵ = 8𝑎ଵ, with 
fitness 𝑅ଶ of 0.99. The relationship between the maximum force 𝐹௫ and the maximum distance 
deviation 𝑎ଵ is also very obvious. Although there are some local deviations, it can be fitted using 
the following second-order polynomial with fitness 𝑅ଶ of 0.95: 𝐹௫ = −10107𝑎ଵଶ + 3409𝑎ଵ + 46.27. (8)

The same method was used to test the centering spigot connection. Table 2 shows 20 groups 
of the maximum distance deviation 𝑎ଶ, area deviation 𝑆ଶ and maximum docking force 𝐹௫. 
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Table 2. Summary of the test data of the centering spigot 
No. 𝑎ଶ (mm) 𝑆ଶ (mm2) 𝐹௫ (N) No. 𝑎ଶ (mm) 𝑆ଶ (mm2) 𝐹௫ (N) 
1 0.148 42.018 FAIL 11 0.113 32.848 562.9 
2 0.08 25.907 505.5 12 0.048 17.646 380.2 
3 0.056 21.133 386.5 13 0.042 17.444 354.3 
4 0.068 22.763 480.1 14 0.016 9.065 260.4 
5 0.025 10.184 292.6 15 0.035 12.901 321.4 
6 0.041 12.638 368.2 16 0.059 17.341 383.6 
7 0.017 5.576 250.5 17 0.048 13.821 389.6 
8 0.034 14.842 305.4 18 0.038 15.887 345.7 
9 0.093 27.238 534.6 19 0.068 20.719 468.5 

10 0.085 24.166 489.1 20 0.043 13.222 360.3 

Fig. 10 depicts the test data shown in Table 2 and the fitted curves. It can be seen that 
relationship between the area deviation 𝑆ଶ and the maximum distance deviation 𝑎ଶ is still linear. 
Since the data deviate from the fitted linear line more obviously, they can be only linearly fitted 
with the fitness 𝑅ଶ of 0.93. The linear fitting equation is as follows: 𝑆 = 254.4𝑎ଶ + 4.12. (9)

 
Fig. 10. Relationship between 𝑎ଶ and 𝑆ଶ and between 𝑎ଵ and 𝐹௫  

Since the fitted curve of the maximum force 𝐹௫ and the maximum distance deviation 𝑎ଶ 
with second-order polynomial looks almost a straight line, we also fitted the data with a linear 
equation. The results are shown in the following table. 

Table 3. The fitted function of 𝐹௫ and 𝑎ଶ 
No. Relevance type 𝑅ଶ Fitted function 
1 Linear 0.96 𝐹௫  = 3435.9 𝑎ଶ+ 208.86 
2 Nonlinear 0.97 𝐹௫  = –11977𝑎ଶଶ + 4898.6𝑎ଶ +172.65 

The above two tests are either for the phase pin hole or the centering spigot connection. 
However, during the actual docking process of the product cabin, the two connection methods are 
used at the same time. So the test combining the two connection methods were also conduct and 
the experimental data are shown in Table 4. 

Linear and nonlinear fitting are performed with the area deviation 𝑆 and its maximum distance 
deviation 𝑎 for the phase pin hole and the centering spigot connection. Table 5 shows the fitness. 
It can be seen that the linear and nonlinear fitness are quite close, which can be also seem from 
Fig. 11. 
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Table 4. Summary of the test data for the phase pin hole and the centering spigot 
No. 𝑎ଵ (mm) 𝑆ଵ (mm2) 𝑎ଶ (mm) 𝑆ଶ (mm2) 𝐹௫ (N) 
1 0.064 0.514  0.031 10.018  656.4 
2 0.156 1.252  0.063 20.555  722.1 
3 0.104 0.838  0.058 21.657  728.2 
4 0.1 0.803  0.047 15.948  694.9 
5 0.028 0.232  0.021 13.679  578.5 
6 0.064 0.515  0.033 12.280  655.1 
7 0.092 0.742  0.037 15.628  707 
8 0.048 0.393  0.024 15.721  567.1 
9 0.092 0.741  0.045 16.737  760.2 

10 0.052 0.417  0.025 7.907  664.3 
11 0.024 0.194  0.02 7.764  568.8 
12 0.04 0.320  0.026 6.857  597.2 
13 0.088 0.714  0.037 20.472  598.5 
14 0.076 0.615  0.035 16.752  757.2 
15 0.148 1.188  0.068 21.865  890.6 
16 0.12 0.962  0.053 16.085  830.1 
17 0.132 1.064  0.058 23.989  801.8 
18 0.056 0.453  0.031 13.551  583.5 
19 0.108 0.866  0.042 12.900  636.7 
20 0.044 0.355  0.027 10.316  673.4 

Table 5. The correlation properties of 𝑆 and 𝑎 
Phase pin hole Centering spigot 

Relevance type 𝑅ଶ Relevance type 𝑅ଶ 
Linear 0.999 linear 0.650 

Nonlinear 0.999 nonlinear 0.651 

 
Fig. 11. Relationship between 𝑎 and 𝑆 of the phase pin hole and the centering spigot 

Similarly, the fitness of the relationship between the maximum force 𝐹௫ of the phase pin 
hole and the centering spigot and the maximum distance deviation 𝑎 is shown in Table 6. The 
fitted curves are shown in Fig. 12. 
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Table 6. The correlation properties of 𝐹௫ and 𝑎 
Phase pin hole Centering spigot 

Relevance type 𝑅ଶ Relevance type 𝑅ଶ 
Linear 0.605 Linear 0.668 

Nonlinear 0.606 Nonlinear 0.668 

 
Fig. 12. Relationship between 𝑎 and 𝐹௫ of the phase pin hole and the centering spigot 

Except for the area deviation 𝑆 of the phase pinhole and its maximum distance deviation a, the 
fitness of the other relationships are all reduced to approximately 0.66. 

The following conclusions can be drawn from the experiments: compared with the whole size 
of the large cylindrical components, the size of the phase pin is very small. Therefore, there exists 
a highly linear relationship between the area deviation S and the maximum distance deviation a. 
The relationship between the area deviation S of the centering spigot and the maximum distance 
deviation a is uncertain in multiple groups of experiments. The two variables are highly correlated 
when the centering spigot is used alone. However, when the phase pinhole and the centering spigot 
are used at the same time for the butt joint, the correlation between the two is relatively low. This 
indicates that there exists a shape and position deviation between the phase pin hole and the 
centering spigot caused by machining. 

4. Conclusions 

This paper takes the most common connection method in the aerospace field, “centering spigot 
and phase pinhole”, as its research object. Using a 3D scanner, we measure and construct the 
actual geometric model of the test piece, analyzing its structural form and spatial attitude 
deviation. In this paper, the complex spatial attitude data are transformed into the area deviation 𝑆 and the maximum distance deviation 𝑎 on the docking surface of the cabin, effectively 
simplifying the complex docking model into the relationship between docking force 𝐹 and area 
deviation 𝑆, as well as docking force 𝐹 and maximum distance deviation 𝑎. 

There exists a multivariate and multi-order complex relationship between 𝐹௫ (the maximum 
docking force between the cabins) and 𝑆 (the area deviation of the phase pin hole and the centering 
spigot), as well as 𝐹௫ and 𝑎 (the maximum distance deviation of the phase pin hole and the 
centering spigot), which can be obtained through experiments. 

Using the maximum docking force 𝐹௫ between the cabins as the basis for assessing product 
docking quality is both effective and feasible. Based on these experiments, the relevant learning 
algorithms in deep reinforcement learning can be used to construct a more accurate model between 
the docking force and machining and attitude error. 
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