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Abstract: This research studied the knurled interference fits (KIF) jointing process, which involves
connection via a shaft and hub. KIF are widely used in many industries and products, but the
related research is limited, especially in the case of auto parts. To confirm the optimal parameters
for KIF joining, two different simulations in the finite element method (FEM), two hub thicknesses,
three geometry versions, and four coefficients of friction (COF) were adopted to simulate the KIF
forming process in this study. All the parameters were investigated in detail and accurately referred
to experimental examination outcomes. The simulations and the experimental results offered explicit
explanations of the relationship between jointing force and geometry dimensions. The hub-forming
shape and the simulation of hoop deformation were analyzed, and the analysis results provide useful
suggestions for other related industrial research as well.

Keywords: finite element method (FEM); knurled interference fits (KIF); gear jointing force; symmetric
segment simulation method; assembling deformation

1. Introduction

Aluminum alloy materials have excellent wear resistance, corrosion resistance, and
processability, and they have been widely used in various mechanical parts for manufac-
turing processes [1]. Many manufacturing industries often choose aluminum 6061 alloys
as the workpiece to ensure the high quality, light weight, high fatigue life, and reliability
of the workpiece [2]. Interference fits are often used in various engineering applications,
such as the machinery industry and the automotive industry [3]. Many factors affect the
bearing capacity of interference fits, such as the roundness of the void, the cylindricity, and
the roughness of the contact surface [4]. Sohrabpoor et al. [5] used 316 L stainless steel to
conduct interference fit experiments to study the effect of micro-surface texture (including
shape and size) on the bonding strength and found that the height and size of the surface
structure was the most critical factor affecting the bonding strength. For the surface of
the shape design, the interference fit engagement force of the trapezoid is greater than
that of oval and triangular designs. Lü et al. [6] studied how the fatigue life of composite
bolted joints was affected by interference fit. The experimental range of the bolt interference
fit was 0~1%, and the surface damage was observed by a scanning electron microscope
(SEM). The experimental results showed that the fatigue life of the specimen using the
interference fit was improved, and the degree of surface damage was better than that of
the traditional fitting specimen. Romanov et al. [7] studied the assembly process of steel,
titanium, and other materials and proposed a workpiece control assembly system to adjust
the pressing speed, force, and stroke distance to ensure the assembly quality and stability
of the connector. The experimental results confirmed the high accuracy of the developed
control system. Obeidi et al. [8] used lasers to study surface textures for applications where
mechanical components can be precisely controlled. Laser processing parameters were
developed to optimize the material surface outer diameter and texture shape in order to
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analyze the key factors influencing interference fit parts. A predictable and repeatable
novel surface texture was proposed for interference fit parts that can be used in many
industries. Hirot et al. [9] studied the mechanical connection process of the shaft and the
hole plate, used the knurled shaft to increase the axial strength of the interference fit, and
analyzed the influence of the indentation depth of the workpiece surface on the joint force.
In addition, using the interference fit for push-out and press-in experiments confirmed the
torsional strength and connection strength of the joint. The forming and rotating locking
method was better than those of the traditional spline modes. McMillan et al. [10] studied
the effect of the pressure and friction coefficient of interference fit components on torque
capacity. The experimental results of steel materials showed that the correlation between
pressure and torque capacity at the workpiece interface was not significantly high, but
the friction coefficient was important for increasing or maintaining torque. These results
provide an important reference for optimizing the design of the interference fit. Most of
the above research on shaft-hole interference fits only studied the issues of jointing force
and fatigue life, including the influence of shaft hole shape and size on joint strength,
the fatigue life of bolted joints, and the surface texture by using laser design and jointing
method differences. Relatedly, none of the studies have conducted additional research on
the influence of deformation on the interference fit, which is also one of the items that this
study aimed to explore in depth.

The finite element method has a reference value for research and analysis of mechani-
cal and industrial design [11,12], and this method is often used to analyze the degree of
correlation between related influencing factors. A finite element method is a tool that can
analyze uncertainty factors [13]. Lou et al. [14] used the finite element method (FEM) to an-
alyze the part assembly procedure of precision interference fit and studied the influence of
the error of part positioning and displacement measurement on assembly accuracy. Using
the force-displacement curve to evaluate the quality of the assembly, they proposed a new
assembly calibration method and obtained precise experimental results regarding the as-
sembly, with minimal deviation of the position and parallelism of the parts. Wang et al. [15]
used the finite element method (FEM) to analyze the assembly process of interference fit
parts and proposed a new simplified model to calculate the resistance value of the press fit
process. The experimental results verified that the new calculation method could replace
the traditional thick-walled cylinder and accurately predict the interference fit curve values
in the theoretical press-fit curve. Zhang et al. [16] used finite element simulation combined
with the response surface method (RSM) to analyze the radial connection process of the
wheel and axle. The relevant factors influencing the results included gear height, gear
angle, and press-fit feed. The experimental results showed that the gear that adopts the
knurled design can improve the torsional strength of the assembly, and a set of optimized
design parameters was proposed. The model provided an important reference value for
research regarding the knurled connection. Lanoue et al. [17] used the finite element
method to analyze interference fit components to determine the optimal design parameters
of the interference fit. Four different contact calculation methods were used to explore the
assembly accuracy and manufacturing process of the press-fitting process. It was found
that the contact stiffness and elastic slip of the workpiece were the main factors that affect
the parameters of the optimal pressing process, and the optimal control parameters that
could improve fatigue life were also proposed. Izard et al. [18] carried out numerical simu-
lations of various bearing assemblies using the finite element method (FEM) with different
geometries and material designs to improve the problem of workpiece stress concentration.
It was found that the thickness of the hub greatly influenced the stress concentration, and it
was proposed that there is a high correlation between the stress and stiffness of the contact
ring. Although FEM research related to interference fit has contributed to multiple great
studies, such as those assessing assembly accuracy, simplifying model simulation, assessing
gear shape, assessing angle, and studies of optimal process parameters, a single simulation
method is usually used, and multiple simulation methods have not been compared and
verified. Therefore, this study will conduct related research using more than two simulation
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methods and simplified models to improve the reliability and practicality of simulation
modeling results.

This study aimed to confirm the optimal parameters for KIF joining using two differ-
ent simulations utilizing the finite element method. Two hub thicknesses, three geometry
versions, and four coefficients of friction (COF) were adopted to simulate the KIF forming
process, and simulation results were verified by subsequent experiments. This study estab-
lished a new symmetrical simulation method and performed comparisons. It conducted
in-depth research on hoop (hole) deformation and gear formability, which are generally
less researched. It is expected to improve the current problems of the jointing force and
deformation of shaft hole fit. The results can provide some important reference information
for related industries and research.

2. Methodology and Materials of the Experiment
2.1. Design Parameters and Jointing Process

The wheel hub is one of the crucial parts supporting the vehicle’s drive axle. Its
structural rigidity and structural life are important factors affecting the quality of the car,
the assembly operation of the wheel hub, and the stability of the wheel axle structure.

This study analyzed the press-fit process between the shaft (punch) and the vehicle
wheel hub, as shown in Figure 1a. The relevant wheel hub is often used in various vehicle
structural systems, as illustrated in Figure 1b [19]. The knurled interference fits (KIF),
which is the knurled area of the shaft (punch) to connect to the hub, and the dimensions
of the shaft diameter were bigger than the inner dimension of the hub during the jointing
process. The KIF is utilized to make a connection between the shaft and the hub during
the process, as shown in Figure 1c. The shapes of the knurl profile of the workpiece, the
dimensions at the surface, and the interior of the whole structure are shown in Figure 1d–f.
These dimensions explain the direction, angle, and position of the knurls and the hub.
Furthermore, the KIF and the knurled area design parameters of the shaft and hub are
displayed below:

• KIF area diameter of shaft D1;
• The height of shaft H1;
• Shaft height of the other sections H2, H3, H4;
• Shaft diameter D2;
• Shaft chamfer angle ϕ;
• Outer diameter of hub DoH;
• Inner diameter of hub DiH;
• pitch t;
• Tooth height Hk.

The material of the hub was AA6061, the material of the shaft was ASTM-H13, and
the materials’ chemical compositions are listed in Tables 1 and 2. The working temperature
of both the hub and the shaft was 20 degrees, the heat conduction coefficient was 0.3,
and the Coulomb friction law was adopted. The setting parameters of the simulation and
experiment of this study are shown in Table 3. The flow stress parameters of aluminum
alloys usually depend on the thickness of the sheet [20]. To define the flow stress values (kf)
of material 6061 at different material thicknesses (so the software could receive the correct
simulation results), the calculation Formulas (1) and (2) by Ludwik (1909) [21] were used to
obtain an approximate value of the flow stress vs. true strain as illustrated in Figure 2. The
true strain is the value of the area of the material changing when the material is deformed.

k f=C×εn
v (1)

C = Rm ×
( e

n

)n
(2)
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where C in the formula describes the specific constant of the material, εv represents the
equivalent plastic strain, Rm is the tensile strength of the material, e is Euler’s number, and
n is the strain hardening coefficient.
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Table 1. Chemical composition of AA6061.

AA 6061
(wt%)

Al Mg Si Cu Mn Fe Cr Zn

>97.00 <0.90 <0.80 <0.30 <0.20 <0.40 <0.02 <0.18

Table 2. Chemical composition of ASTM-H13.

ASTM-H13
(wt%)

C V Si Mn P S Cr

0.32–0.45 0.8–1.2 0.8–1.2 0.2–0.5 0 ≤ 0.03 0 ≤ 0.03 4.75–5.5
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Table 3. The parameters of the forging process.

Hub Material AA6061

Hub temperature 20 ◦C

Shaft material ASTM-H13

Shaft temperature 20 ◦C

Coefficient of friction (COF) 0.45~0.8

Heat transfer coefficient 0.3

Environment temperature 20 ◦C

Element style Tetrahedron

Mesh size of blank 1 mm

Mesh size of dies 1–16 mm

Contact definition Frictional contact
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2.2. Shaft Design and Dimensions of Hubs

To investigate the critical parameters that influence KIF details, three different nu-
merical models were initially set up as shown in Figure 3a–c, the dimension differences
between the figures are shown in red font. These models were established by the finite
element software, QForm, (9.0.7, Oxford, UK) and the relative dimensions of the models
were provided directly by the manufacturer. The crucial dimensions for the numerical
simulations include the diameter of shaft D1, shaft chamfer anglesϕ, dimensions of the hub,
etc. The outer diameter of the shaft is bigger than the hub’s inner dimension, which can
cause a geometric interference phenomenon when the axial direction of the shaft eventually
presses into the hub during the jointing process. Thus, the theoretically relative formula for
geometric interference is shown in Equation (3) as follows:

Geometric interference Igeo = |DiH − D1| (3)
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version 2 and contained a moderate distance dimension of the shaft.  

Figure 3. Different design versions of the shaft: (a) version 1, (b) version 2, and (c) version 3.

The main structure examined in this study is shown in Figure 4. It included the
shaft (punch) and the hub, and the driving force slowly pushes the shaft to get into the
hub to connect these two parts of the structure during the jointing process. The contact
region between knurled section and the inner hub was the most important observation
position for the research. Moreover, the dimension of the knurled section was quite small
(height 0.17 mm). It needs to mesh the connection region very evenly in the FE software.
Thus, the mesh was refined to 0.01 mm both in the KIF region and hub. To build a
dimensional sketch, SolidWorks software (SP 1.0, premium, Waltham, MA, USA) was used
to make up the entire workpiece, such as forming the shape design, pattern sketch, inside
and outside diameter of the hub, forming tolerance, etc.
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Figure 4. Setup of the jointing process.

The different shaft chamfer angles and the dimension of the shafts are shown in
Figure 5a; version 1 had the largest chamfer angle (16.77◦) and the shortest chamfer length.
Figure 5b illustrates the chamfer dimensions (6.63◦) of version 2 with the longest chamfer
dimensions of the shaft. Figure 5c shows version 3, which had the same chamfer angle as
version 2 and contained a moderate distance dimension of the shaft.
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Figure 5. Different version of shaft dimensions: (a) version 1, (b) version 2, and (c) version 3.

3. Finite Element Method (FEM) Model and Experimental Validation

Because the mesh size of the contact region is very small, it is best to use the symmetric
segment method to simulate these design models. This can greatly reduce the computing
time for different kinds of simulations. Moreover, considering the accuracy of the simulation
result, two kinds of methods were used to execute the symmetric simulations in the
FEM software (9.0.7, QForm, Oxford, UK) in this study. Correlative structure models are
illustrated in Figure 6. Method A executed the symmetric simulation in design models as
shown in Figure 6a,b. On the other hand, method B took one of the hoops from the whole
hub to make another symmetric numerical computation as shown in Figure 6c,d.
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knurled fit model, (c) one of a hoop of the hub, and (d) symmetric segment of a hoop.

Figure 7a shows a hydraulic drive device (which was used during the experiment) with
0.5 MN power to drive the punch to get into the hub [22]. Furthermore, Figure 7b illustrates
the structure of the machine equipment. The machine structure, from top to bottom, consists
of hydraulic equipment, upper die, push ram, lower die, and machine frame.
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Figure 7. Experimental equipment: (a) photo of machine used in experiments and (b) schematic of
the machine.

The parameters of the study design are shown in Table 4. There were twelve parameter
combinations that were designed. Simulations containing two different shaft chamfer
angles, two kinds of shaft diameters, four different coefficients of friction (COF), and two
hub thicknesses were modeled in the finite element software. Implementing these study
values could help find the optimal experimental parameters for the jointing process.

Table 4. Parameters of the design for different tests.

Parameter

Version 1 Version 2 Version 3

Test No.

1 2 3 4 5 6 7 8 9 10 11 12

Shaft chamfer angle φ (◦) 15.77 6.63

Shaft diameter Ds (mm) D1 D1 ± 0.01

Geometric interference Igeo (mm) 0.2 0.2 ± 0.01

Coefficient of friction (COF) 0.45 0.61 0.7 0.8 0.45 0.61 0.7 0.8 0.45 0.61 0.7 0.8

Hub thickness (Dio − DiH) 10 mm & 15 mm

Pitch t (mm) 1.8

Joining length (mm) 26

Comparison of the jointing force between the experiment and simulation with a
hub thickness of 10 mm is shown in Figure 8a. Fj is the force value when the hub and
shaft are engaged (the associated unit is KN). The experimental force values were drafted
at the horizontal and the vertical axis as an inclined line in gray color. The values of the
numerical computations are recorded on the y-axis of the diagram in Figure 8a, which shows
the outcomes of the simulations with the experimental forces as a basis for comparison.
Furthermore, deviation of the numerical data was represented on the graph as well. For
those force values mentioned above, the maximum deviation of the joining force was
+6.14% in method A, and the other values were both under ±5%. On the other hand,
the maximum deviation of the joining force was +4.86% in method B, and the others
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were both under ±5%. The results of these experiments and simulations, as assessed by
comparing the mean results of the tests for both the experiments and simulations, were
very similar and accurate.
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Comparison of the jointing force between the experiment and simulation with hub
thicknesses of 15 mm is shown in Figure 8b. The experimental force values are shown at the
horizontal and the vertical axis as an inclined line in gray color. The values of the numerical
computations are recorded on the y-axis of the diagram in Figure 8a,b, which show the
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outcomes of the simulations with the experimental forces as a basis of comparison. The
simulation and experimental results were similar to those of the hub thickness of 10 mm,
and the numerical trend was also consistent. Moreover, the error values of the two methods
were less than 5%, thus verifying the accuracy of the simulation analysis.

For the sake of understanding the jointing forces during the connection at the hubs,
we used two kinds of numerical simulations (method A and method B) with experiments
recorded the outcomes in Figure 9. Fj is the force value when the hub and shaft are engaged
(the associated unit is KN). Sr is the experimental and simulated jointing force value. The
relevant forming data are shown in Table 5.
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Table 5. Statistical table of bonding force data for different COFs in three versions of geometries.

Hub
Thickness

Simulation
Method A

Mean Ratio of
Joining Force

Difference
(FEM and

Experiment)

Simulation
Method B

Mean Ratio of
Joining Force

Difference
(FEM and

Experiment)

Version 1
10 mm 226.88 KN

78.63%
169.30 KN

95.76%
15 mm 180.92 KN 180.93 KN

Version 2
10 mm 194.61 KN

84.28%
198.25 KN

83.17%
15 mm 194.27 KN 194.27 KN

Version 3
10 mm 156.21 KN

97.72%
158.90 KN

96.91%
15 mm 187.45 KN 187.45 KN

According to the jointing force data in Table 5, the hub thickness had little influence on
the experimental results of this study, and the related forming data were similar and had
no single trend. Based on comprehensive analysis of all jointing force data, the version 3
shaft design had the lowest jointing force, and the data error between the simulation and
the experiment was the smallest. Thus, version 3 appeared to be the best shaft design in
this study.

If the jointing force of the jointing process is too high, manufacturers need to prepare
large equipment and spend more money to conduct experiments. Therefore, according to
the comparison of the jointing force data of the simulation and the experiment, the data
error of simulation in method B was the smallest due to the mesh size being thinner than in
method A. Thus, simulation method B should be the optimal simulation method for the
KIF process. Finally, the jointing force was proportional to the COF value, as shown in
Table 5, which means that COF is one of the crucial factors affecting the jointing force.

An enlarged view of the geometry of the contact area between the shaft and the hub
was evaluated (as shown in Figure 10) to assess more details during an engagement for
more relevant verification. According to the comparison of the deviation of hub size, the
tooth profile similarity is extremely high between the experiment and simulation, which
means that using the finite element model could allow more high-accuracy experimental
analyses to be conducted in the future.
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Figure 11a shows simulation method A with a hub thickness of 10 mm. The average
forming height (r) of the hub was 9.147 mm, and the ratio of the average height difference
was 99.97%. Figure 11b shows the simulation method B with a hub thickness of 10 mm. The
average forming height (r) of the hub was 9.128 mm, and the ratio of the average height
difference was 99.98%. Figure 11c shows the simulation method A with a hub thickness
of 15 mm. The average forming height (r) of the hub was 9.153 mm, and the ratio of the
average height difference was 99.95%. Figure 11d shows the simulation method B with a
hub thickness of 15 mm. The average forming height (r) of the hub was 9.127 mm, and the
ratio of the average height difference was 99.98%.

According to the above analysis, simulation method B was more accurate than simula-
tion method A. These figures show the formed shape of the hub after the shaft is connected
to the hub. In the process of forming the connection, the hub has a small deformation. If the
COF value is small, the horizontal expansion of the hub is larger. These larger expansions
will result in less material flow in the contact area during the jointing process and reduce
the knurl forming height at the hub. The result will be a reduction in axial strength and
torsional loads in the process [20]. Therefore, according to the analysis results, to increase
the binding force of KIF, the conditions with a large COF value should be selected for this
study. However, if the COF value is too high, the joining force can easily become too large;
thus, a moderate COF value should be selected.

Figure 12 shows the hoop deformations of version 3 hubs after executing the joint
forming process. The optical photo and simulation figure of the hub are illustrated in
Figure 12a,b. Numerical simulation results of the hoop by methods A and B with two
kinds of hub thickness are shown in Tables 6 and 7. They indicate the hoop deformation
dimensions during the joining process. In method A, the average deformation dimensions
of the hoop hub with a thickness of 10 mm and 15 mm were 23.65 mm and 23.62 mm,
respectively, and the ratios of deformation dimension differences with experimental values
were both within 0.02%. Moreover, in method B, the average deformation dimensions of
the hoop with a thickness of 10 mm and 15 mm were 23.74 mm and 23.50 mm, respectively,
and the ratios of deformation dimension differences with experimental values were both
within 0.04%. Therefore, the thickness of the hub and the simulation method have little
effect on hoop deformation.
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Table 6. Hoop deformation results with hub thicknesses of 10 and 15 mm in method A.

10 mm

COF
POS

D1 D2 D3 D4

0.45 24.17 24.22 23.48 23.50

0.61 23.75 23.29 23.40 23.80

0.7 23.55 23.65 23.39 23.39

0.8 23.48 24.00 23.50 24.0

AVG 23.73 23.79 23.44 23.67

15 mm

COF
POS

D1 D2 D3 D4

0.45 24.82 23.51 23.47 23.34

0.61 24.19 24.04 23.71 23.49

0.7 23.61 23.48 23.43 23.43

0.8 23.63 24.45 24.00 23.35

AVG 24.06 23.87 23.65 23.40

Table 7. Hoop deformation results with hub thicknesses of 10 and 15 mm in method B.

10 mm

COF
POS

D1 D2 D3 D4

0.45 23.60 23.68 23.86 23.61

0.61 23.45 23.47 23.55 23.63

0.7 23.44 23.47 23.55 23.63

0.8 23.38 23.48 23.92 24.26

AVG 23.46 23.52 23.72 23.78

15 mm

COF
POS

D1 D2 D3 D4

0.45 23.47 23.61 23.79 23.40

0.61 23.51 23.31 23.66 23.31

0.7 23.39 23.31 23.39 23.22

0.8 23.67 23.56 23.63 23.52

AVG 23.51 23.44 23.61 23.46

For the jointing process, two shaft chamfer angles were used, as shown in Figure 13.
A large chamfer angle causes higher forming force values as mentioned above, and the
dimension of the chamfer angle also influences the joining force during the jointing process.
Results of a comparison between the two simulation methods are shown in Figure 13a,b.
The forming surface of the method B simulations provided more clear texture than in
method A, which means that the arrangement of the mesh size in method B is more precise
than in method A (Figure 13b). Theoretically, the effective stress at the groove of the hub
surface with different COF values between methods A or B showed almost the same trend.
The maximum effective stress was about 330 MPa.
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4. Results and Discussion

Although this study only conducted a brief analysis and experiment on the surface
texture of the hub, it provided three different versions of the shaft with a numerical analysis
of finite element models in the jointing process. Simulation values for the process design
parameters include shaft chamfer angle, shaft diameter, COF, and hub thickness. The
best coefficient of friction value was determined by the simulation and experiment in this
study. Additionally, the research on jointing force found that the COF value is directly
proportional to the jointing force value and has no correlation with hub thickness. The
thickness of the hub and the simulation method have simultaneously little effect on hoop
deformation. If the COF value is too high, the joining force can easily become too large,
meaning a moderate COF value should be selected.

On the other hand, the error and accuracy of the simulated jointing force of method
B were better than those of method A, the forming surface of the method B simulations
provided more clear texture than in method A, and the best simulation method was
selected between the two simulation methods. Through the study of the jointing force, it
was demonstrated that the shaft design of version 3 was the best combination of process
parameters. Finally, the enlarged view of the geometry of the contact region between the
shaft and the hub illustrated the extremely high numerical similarity of the experimental
and simulated cross-sectional shapes of the gear.

5. Conclusions

In this study, the hub thickness and jointing force, shaft design parameters, simulation
method differences, and COF numerical correlation were researched, and conclusions were
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obtained. In the future, further research will be conducted on the surface texture of the hub
or the fatigue life of the hub. Therefore, the research results of the knurled interference fit
of this article can be summarized as follows:

1. The average deviations of the two finite element simulation methods proposed in this
study were less than ±5% in the jointing force in comparison with the experiment,
indicating that the finite element method can be accurately applied in the experimental
analysis of KIF.

2. According to the statistics of the jointing force data and the hoop deformation analysis,
the thickness of the hub has little effect on the KIF jointing force and hoop dimension;
there is no absolute correlation between the two.

3. The shaft design of version 3 had the lowest jointing force (156~158 KN) and the
smallest error in the simulated and experimental data, meaning version 3 was the best
shaft design in this study. The shaft design of version 3 has a smaller chamfer angle
(6.63◦) than the shaft design of version 1, which can reduce the KIF engagement force
and manufacturing cost.

4. According to the comparative analysis of the jointing force and the tooth profile of
different shaft designs, the error between the jointing force of the simulation and the
experimental value was smallest in method B (mean ratio of joining force accuracy
was more than 97%), and the average value of the tooth profile difference was higher
(average height accuracy was more than 99%), which means simulation method B
should be selected as the best simulation method. The results show that in the finite
element simulation method, for the analysis of small deformation, the mesh size in
simulation analysis will greatly affect the accuracy of the analysis results.

5. By comparing the jointing force values of different shaft designs, it was found that the
jointing force was proportional to the COF value. Therefore, to improve the torque
force of the KIF structure, process conditions with a larger COF value should be
selected. However, if the COF value is too high, it is easy to cause an excessive jointing
force and increase the manufacturing cost. Therefore, a moderate COF value should
be selected. A COF of 0.61 is the best friction coefficient value observed in this study.
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