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Abstract: According to the honeycomb structure, the preliminary design of bionic wheel hub for finite element
analysis, in the working condition of a wheel by the force is through the spokes pointing to the center, the
working condition of two wheel by the force is through the two spokes pointing to the center, and the ordinary
wheel stress and displacement value results compared, observed the maximum stress value appears in the
connection between the center of the wheel and the spokes, and predict the fatigue life of the preliminary
design of bionic wheel. Using finite element analysis and response surface optimization analysis method for
numerical simulation, through two optimization results show that, in the use of response surface analysis
model optimization, the optimized bionic wheel maximum stress is 109.34MPa, compared with the ordinary
wheel maximum stress 119.77MPa, the maximum stress reduced by 8.7%. The mass of the ordinary wheel is
34.02Kg, using the response surface optimization method, the optimized wheel mass is 29.89Kg, the mass
reduced by 12.13%. The optimized wheel fatigue analysis, in the stress of 109.34MPa, load loading times at
least 4.217e+005, in the position at the junction with the half shaft. In line with the national standard GB/T 5334-
2021[16] for commercial vehicle wheel fatigue life requirements.

Keywords: finite element analysis; response surface optimization design; bionic design; fatigue life
prediction

1. Introduction

The wheel hub is a part of the automobile tire that plays the role of support, steering, driving
and braking.The design of wheel hub needs to consider its performance, safety, comfort and match
with the overall vehicle.The wheel hub structure mainly includes the rim and the spoke, the rim is
used to install, support and fix the tire, and the spoke is connected to the rim and the wheel core to
withstand various loads.wheel hub need to be designed to ensure stability and reliability in all
driving conditions [1,4].Bionics is an interdisciplinary discipline that designs artificial systems and
products by studying the structure and function of living organisms.In wheel hub design, bionics can
provide inspiration to help designers create a wheel hub structure that meets both functional
requirements and aesthetics[5,6].

The honeycomb structure in nature primarily experiences axial forces. Through continuous
evolution, the internal stress and deformation of the honeycomb structure remain minimal when
subjected to axial loads, thereby ensuring the safety of the eggs within the honeycomb[7].Honeycomb
structures are commonly used for their lightweight and high-strength properties, making them
suitable for typical working conditions similar to those experienced by wheel hubs. The stress
characteristics of honeycomb structures closely resemble those of wheel hubs in such
conditions.Huang Rui[8] et al. divided bionic design into two thinking processes of "top-down" and
"bottom-up" from the perspective of bionic design, extracted the morphological characteristics of
biological prototypes, and used the extracted results to complete the algorithm shape generation in
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the logic algorithm of parametric design. Finally, the feasibility of the scheme was verified through
finite element analysis.Chen Tingting[9]et al. used the typical lightweight high-strength arachanthus
siliceous shell structure as the bionic template and adopted the response surface method to optimize
and design the optimal structure scheme of the bionic hub. Compared with the pre-optimization, the
overall structure of the optimized structure was reduced by 8.4%, and the spoke weight was reduced
by 25.6%. Compared with the Workbench response surface method, the prediction accuracy of the
maximum equivalent stress of the structure using BP neural network is improved by 56.97%.In this
paper, the honeycomb structure bionic design of wheel hub is carried out by numerical simulation
method, and the static analysis and bending fatigue life prediction are carried out.

2. Static Analysis of Bionic Wheel Hub

Finite Element Analysis (FEA) is a numerical calculation method used in engineering and
physics to simulate and analyze the behavior of complex objects under given conditions[10]. In wheel
hub design, finite element analysis is particularly important, it can predict the performance of wheel
hub in actual use, such as the strength and fatigue life in this paper, so as to ensure the safety and
reliability of wheel hub [11,14].

2.1. Establishment of Finite Element Model

In this paper, a new bionic lightweight wheel hub is designed according to the honeycomb
structure. The honeycomb structure is shown in Figure 1.(a). This paper makes reference to a 19-inch
wheel hub to design and optimize the new bionic wheel hub, as shown in the following figure.
According to the stress distribution in the bending condition of the wheel hub, the structure of the
wheel hub is optimized and the bionic wheel hub is obtained as shown in the Figure 1.(b)-(c). For
comparison, Figure 1.(b) is the ordinary wheel hub, Figure 1.(c) is the honeycomb structure wheel
hub.

(a) (b) (©)

Figure 1. (a)Schematic diagram of honeycomb structure; (b)Ordinary wheel hub; (c) honeycomb

structure wheel hub.

The wheel hub material is A356 aluminum alloy with three element alloy. The physical
properties are shown in Table 1, and the strength meets the design requirements of wheel
hub.Because the tire will involve nonlinear problems in the finite element analysis, it is only necessary
to analyze the wheel hub model, simplify the model to improve the mesh quality, and ensure the
authenticity and accuracy of the simulation calculation [15].

Table 1. Properties of A356 aluminum alloy.

Density . Poisson's
(Kg/m3) Young's modulus(Pa) ratio(MPa)
A356 2690 6.9E+10 0.33 290

Materials Strength limit
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Aluminium
alloy

The minimum fatigue cycle number is obtained by numerical simulation by applying a rotating
bending moment to the wheel hub which is fixed. In Table 2, according to GB/T 5334-2005 "Passenger
Car Wheel Performance requirements and test methods", the number of cycles of bending fatigue test
is required.The requirements and test methods of passenger car wheel performance are to ensure the
safety and comfort of the vehicle under various driving conditions, while wheel fatigue analysis is to
evaluate the performance of the wheel in long-term use, and provide a basis for the design and
improvement of the wheel. These requirements and methods are interrelated, and together constitute
a complete performance evaluation system of passenger car wheels from design to use [17,19].

Table 2. GB/T 5334-2021 "Passenger Car Wheel Performance requirements and test methods" bending
fatigue test cycle requirements.

Materials strengthen factor Minimum cycle frlC.tI‘O "
number coefficient
lightweight aluminum  1.60(Optimization 100 000 0.7

alloy coefficient)

2.2. Load Calculation under Bending Conditions

The load calculation of wheel hub under bending conditions [20] includes the calculation of shaft
end load and bolt preload. Formulas (1) - (2) are the calculation of shaft end load.

M= (uR+d)*Fy=*S 1)

M: bending moment(N.m), L( moment arm)=0.7m, pi(The coefficient of friction between the tire
and the road)=0.7, R: Static load radius of tyres(m),d: Deflection of the hub(m),F+: rated load(N), S:
strengthen factor(Optimization coefficien).

Shaft End Loads,

F=M/L

L:( moment arm)=0.7m,F=6311.7N.F is the load at the end of the wheel hub shaft and the final
calculation is 6311.7N.In the calculation of bolt preload under bending conditions [21], the wheel hub
is fixed by connecting the bolt to the loading shaft during the experiment.Bolts with torque up to
150N.mde thread M14x1.5 were selected for the experiment, the bolt preload can be obtained by the
following formula (3) - (7),

Ti is the ordinary thread moment,

Fod
T, = QZ 2 tan(A + p,) 3)
Fa is the bolt load of axial,
_ 2T,
FQ - d, tan(A+py) (4)
d2 is the thread Middle Diameter,
d, = d— 0.6495p, (5)
A is the angle of thread,
np
A= arc‘canﬂ—d2 (6)

py is the thread angle of equivalent friction,

f
p, = arctanf, = arctanm (7)
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In the above formula, f ( the friction coefficient of nut bearing surface)=0.3, d is the large diameter
of the bolt, d2 is the pitch diameter, n(number of threads)=1, the pitch=1.5, the common thread has a
bevel Angle of 30°, T is the bolt torque, the calculation result of Fo=27708N.

The bending stress of wheel hub in the process of driving is an instantaneous dynamic load [22],
which is caused by road surface fluctuation during vehicle driving, friction between tire and road
surface and other dynamic load sources.In the process of static analysis, these dynamic loads need to
be converted into static loads [23] in order to facilitate accurate calculation by using static
equations.The theoretical basis of converting dynamic load to static load is to ensure the accuracy of
analysis model and the feasibility of calculation.

The essential difference between dynamic load and static load lies in the duration of load action
and load characteristics.Dynamic loads are usually instantaneous and change over time, while static
loads are assumed to be constant and remain constant in the analysis. When performing static
analysis, it is necessary to convert the dynamic load to the static load, because in static analysis, we
assume that the load is constant, so that the statics equation can be applied to the calculation.

The end of the loading shaft is subjected to a bending moment, which is equivalent to the load
at the end of the wheel hub shaft. The axial load is decomposed into the component forces in Z
direction and Y direction. As shown in Figure 2.2, the paper sets 12 load sequences to simulate a
complete loading process of wheel hub, with an interval of 30° as a calculation.

Bolt
Bindin; Binding
position

position

Test load
F

Figure 2.1. wheel hub stress diagram.
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¥X—Fz(N) 0 315654285428 0 -542 -542 0

Figure 2.2. 12 load sequence values.

2.3. Stress Comparison between Bionic Wheel of Honeycomb Structure and Ordinary Wheel Hub

According to the special symmetrical structure of wheel hub, the following two working
conditions are selected to compare the stress results. The first working condition is that the force on
the wheel hub is directed towards the center of the circle through the spoke of the wheel, and the
second working condition is that the force on the wheel hub is directed towards the center of the
circle through the two spoke [24]. Under condition 1 (the force on the wheel hub is directed through
the spoke towards the center of the circle), the stress may be concentrated at the junction of the spoke
and rim, while under condition 2 (the force on the wheel hub is directed through the spoke towards
the center of the circle), the location of the stress concentration may be different. These stress
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concentration areas are the possible locations of fatigue failure, so special attention should be paid to
the structural strength and fatigue life of these areas in the design of wheel hub.

The finite element analysis results of bionic wheel of honeycomb structure and ordinary wheel
hub under two working conditions are shown in Figure 3.

Time: 1

119.36 Max
1061

02.834

79.572

66.31

53.048

30.786

26,524

13.262
4,0795¢-5 Min

Tirme: 1

0.16038 Max
0.14256
0.12474
0.10692
0.089102
0.071281
0.053461
0.035641
0.01782

a Min

Figure 3.1. stress nephogram and displacement of ordinary wheel hub under working conditions.

Timez12
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93.151

70844

66.537
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26.613

13.307
3.2888e-5 Min

Time: 12

0.14935 Max
0.13276
011616
0.099569
0.082074
0.066373
0.049784
0.03318
0.016595

0 Min

Figure 3.2. stress nephogram and displacement of ordinary wheel hub under working condition 2.
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Figure 3.3. Fatigue life analysis results of ordinary wheel hub.
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Figure 4.1. stress nephogram and displacement of bionic wheel with honeycomb structure under
working condition 1.
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Figure 4.2. stress nephogram and displacement of bionic wheel with honeycomb structure under

working condition 2.

Figure 4.3. Fatigue life analysis results of bionic wheel with honeycomb structure.

Under two different working conditions, the maximum stress of the preliminary designed bionic
hub with honeycomb structure is near the center of the spoke. As shown in Table 3, the mass of the
bionic wheel with honeycomb structure is reduced by 4.29Kg compared with the ordinary wheel hub,
of which the spoke position is reduced by about 30%, however, the maximum stress increases under
the same working condition. Although the wheel hub mass is reduced to some extent, the stress
increases greatly and the wheel hub fatigue life decreases too much, which does not meet the goal of
wheel hub optimization [25].
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Table 3. Maximum stress and displacement values of ordinary wheel hub and honeycomb structure
wheel hub under two working conditions.

Mass(K Maximum

working conditions 2) stress(MPa) displacement(mm)

ordinary wheel hub 1 34.02 119.36 0.16
honeycomb structure wheel hub 1 29.73 206.09 0.29

ordinary wheel hub 2 34.02 119.77 0.15
honeycomb structure wheel hub 2 29.73 174.94 0.27

3. Bionic Hub Structure Optimization Design of Honeycomb Structure

The main function of the ring reinforcing bar in the position of wheel hub stress concentration
is to disperse the stress and reduce the possibility of fatigue cracks in the wheel hub under repeated
load. Reinforcement can be regarded as a local reinforcement measure, which plays a supporting role
in the structure of the wheel hub, reduces the stress concentration caused by bending, and thus
extends the fatigue life of the wheel hub.

In order to meet the requirement of the number of bending fatigue test cycles of wheel hub, a
ring reinforcement was added to the stress concentration position of wheel hub. The optimized model
is shown in Figure 5. On the basis of ensuring strength and fatigue life, lightweight design of wheel
hub structure is carried out as far as possible. The response surface optimization method [26] was
adopted to optimize the design of wheel hub middle ring stiffeners.

Figure 5. Bionic wheel hub with optimized honeycomb structure.

3.1. Response Surface Optimization Design of Bionic Wheel Hub with Honeycomb Structure

Response surface optimization (RSM) is a mathematical method for experimental design and
parameter optimization. By establishing the response surface, the parameter space can be explored
effectively to find the parameter combination that makes the specific performance index reach the
optimal value. This approach is particularly useful in wheel hub design because it can help designers
evaluate multiple design options within a limited number of experiments and determine which
parameters are most critical to wheel hub performance [27,28].

In the design, five parameters with relatively low processing difficulty were initially selected.
As shown in Figure 6, the five parameters were thickness (X1) of the ring stiffener, distance (Xz) from
the stiffener to the flange surface, thickness (Xs) of the spoke honeycomb wall, thickness (X4) of the
weight reducing hole and diameter (Xs) of the spoke honeycomb hole.
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Figure 6. Distribution of parameter structure corresponding to target optimization.

The design uses dx response surface optimization module to optimize the wheel hub structure.
As shown in the figure above, 5 main size parameters are defined as optimization parameters, with
wheel hub stress and wheel hub mass as target parameters. As shown in Table 4, the variation ranges
of the five parameters are defined.

Table 4. Variation range of target parameters.

Target parameter Variation range (mm)
X 14-17
X, 7-10
X3 8-12
X4 6-8
X5 26-34

3.1.1. Grey Correlation Degree Analysis of Five Parameters with Wheel Hub Stress and Quality.

“Grey correlation analysis “[13] is a multi-factor statistical analysis method. This method can
identify whether there is a certain degree of correlation between variables by analyzing the grey
correlation degree of data series [29,30]. In wheel hub design, this method can help to analyze how
different parameters of wheel hub affect vehicle performance. In a grey system, the relative strength
of wheel hub stress and mass affected by five target parameters is obtained.

As shown in Figure 7, the correlation coefficients between the five parameter pairs and the wheel
hub stress correspond to 0.5559, 0.5780, 0.5582, 0.6217, and 0.6692, respectively. The analysis results
show that X2, X4,X5 have strong gray correlation to the wheel hub stress. As shown in Figure 8, the
correlation coefficients between the five parameter pairs and wheel hub quality correspond to
0.6926,.5950, 0.6289, 0.7725, 0.6537, respectively. The analysis results show that Xi, X4, Xs have strong
gray correlation with wheel hub quality.

Groy st anaysis

The grey correlation degres between 4, B, C, D, E and stress :
0.3559  0.5780  0.5382  0.6217  0.6992

The grey correlation degree between A, B, C, D, E and mass :
0. 6926 0.5950 0. 6289 0.7725 0. 8337

(a) (b)

Figure 7. (a) Gray correlation degree between target parameters and stress.
Figure 8. (b) Gray correlation degree between target parameters and quality.

According to the linear regression model, formula (8) is the linear regression equation of wheel
hub stress and five parameters, and formula (9) is the linear regression equation of wheel hub mass
and five parameters. As shown in Figure 9, the predicted and actual values are distributed on both
sides of the fitting line, which conforms to linear regression fitting.
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F = 1665.58 + 256.95X, — 401.57X, — 84.11X;s + 0.35X, - X, + 2.08X, ®)
-Xs — 5.61X, - X5 — 19.21X2 + 40.11X2 + 1.85X2

M = 53.27 + 0.061X, + 0.55X, — 1.58Xs — 0.03X, - X, — 0.002X, - X5 )
— (1.17E — 16)X, - X5 + 0.0006X2 — 0.004X?
+ 0.023X2

Predicted vs. Actual
Predicted vs. Actual

Predicted
1

Actual Acual

Figure 9. Fitting diagram of simulation results of predicted value and actual value.

The first three parameters of grey relational degree were determined by grey relational degree
analysis as distance from stiffener to flange surface Xz, thickness of weight reducing hole X4 and
diameter of spoke honeycomb hole Xs. As shown in Figure. 10, the results show that when the two
parameters change at the same time [31], there is a point where the stress value is the smallest, and
the value of the parameter corresponding to this point is  designed,
X2=110.5mm, Xs=17.7mm,X5=118.1mm, the bionic hub with optimized honeycomb structure is
designed and the simulation results are analyzed.

3D Surface 3D Surface

(@ (b)
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3D Surface

(0

Figure 10. (a)Interactive effects of parameters X2 and X4 on stress values; (b)Interactive effects of
parameters X5 and X2 on stress values; (c)Interaction of parameters X5 and X4 on stress values.

3. Results

The stress nephogram and displacement of the bionic wheel of the optimized honeycomb
structure in working condition 1 are shown in Figure 11.1. The maximum stress occurs in working
condition 1, with the maximum stress being 106.59MPa and the maximum displacement being
0.22mm. In the second working condition, as shown in Figure 11.2, the maximum stress of the bionic

wheel of the optimized honeycomb structure is 99.144MPa and the maximum displacement is
0.22mm.

106.59 Max
94.744
82901
71.058
50.215
47.372
35.529
23.686
11.843
3.4695-5 Min|

0.22209 Max
019741
017274
0.14806
0.12338
0.008706
0.07403
0.049353
0.024677

0 Min

Figure 11.1. stress nephogram and displacement of the bionic wheel of the honeycomb structure after
optimization under working conditions.
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99.144 Max
aa.128
Tz
66.096
55.08
44.064
33,048
22.032
11.016
3.7232e-5 Min

0.22528 Max
0.20025
0.17522
0.15018
0.12515
0.10012
0.075092
0.050061
0025031

Q Min

Figure 11.2. stress nephogram and displacement of the bionic wheel of the optimized honeycomb
structure under working condition 2.

ooy

| D

[
4.217e+005

Max = Beyond Cutoff
At Node 214010

Min = 4 217E5
At Node 82684

Figure 12. Fatigue life analysis results of bionic wheel with optimized honeycomb structure.

As shown in Table 4, the mass of the bionic hub of the optimized honeycomb structure obtained
by finite element analysis is 31.17Kg. Compared with the result of the finite element analysis, the
response surface optimization analysis results show that the mass is 29.89Kg, the error is 4.2%, and
the maximum stress is 109.34MPa, the error is 2.5%, which meets the error requirements of the
optimization model.

Table 5. Comparison of analysis results of finite element analysis optimization and response surface
optimization.
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Finite element analysis Response surface optimization design error

Mass(Kg) 31.17 29.89 4.2%
stress(MPa) 106.59 109.34 2.5%
Conclusions

In this study, the wheel hub was optimized by two different optimization methods, aiming at
improving the fatigue life of wheel hub and reducing the quality. The optimization results show that
the maximum stress is reduced by 8.7% and the wheel hub mass is reduced by 12.13% under the
response surface optimization analysis method. In addition, the bending fatigue life of the optimized
honeycomb bionic wheel hub is predicted. The result shows that under the stress of 109.34MPa, the
load times are at least 4.217e+005, which meets the minimum cycle times required by the national
standard for wheel hub bending fatigue experiment.

(1) Two optimization results show that the maximum stress under the response surface
optimization analysis method is 109.34MPa, which is 8.7% lower than the maximum stress of
ordinary wheel hub of 119.77MPa.This change shows the effectiveness of optimization in
alleviating wheel hub stress.

(2) The mass of ordinary wheel hub is 34.02Kg, and the mass of wheel hub after optimization is
29.89Kg by response surface optimization method, which is reduced by 12.13%. The lightweight
wheel hub not only improve the fuel economy of the vehicle, but also improve the handling
performance of the vehicle.

(3) The bending fatigue life of the bionic wheel of the optimized honeycomb structure is predicted.
Under the stress of 109.34MPa, the load times will be at least 4.217e+005, and the position is at
the connection with the half-shaft. It is higher than the design requirements of the strengthening
coefficient 1.6, and meets the requirements of the minimum cycle number of bending fatigue test
of wheel hub in GB/T 5334-2021[4].

In summary, through the optimization of honeycomb structure, the maximum stress of wheel
hub is significantly reduced, the quality is also reduced, and the bending fatigue life is guaranteed to
meet the national standard. Such optimization results not only prove the effectiveness of the
optimization method, but also provide strong support for the performance improvement of wheel
hub.

Data Availability Statement: We encourage all authors of articles published in MDPI journals to share their
research data. In this section, please provide details regarding where data supporting reported results can be
found, including links to publicly archived datasets analyzed or generated during the study. Where no new data
were created, or where data is unavailable due to privacy or ethical restrictions, a statement is still required.
Suggested Data Availability Statements are available in section “MDPI Research Data Policies" at
https://www.mdpi.com/ethics.
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