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Automotive wheels are critical components for vehicular safety, with the rim subjected primarily to 
radial bending loads during operation. Balancing rim thickness and structural integrity under these 
loading conditions is imperative. This paper develops and validates an innovative shape optimisation 
approach utilising the 90° wheel impact test methodology. A simplified 2D finite element model 
was formulated for rim optimisation to address the computational inefficiency of conventional 3D 
simulation-based optimisation in product development while exploiting rim geometry’s rotational 
symmetry. The design of experiments technique was employed to identify key stiffness-influencing 
factors and their interactions. Subsequent shape optimisation, guided by analytical insights, yielded an 
engineered rim configuration. Comparative 3D simulations of 90° impact performance demonstrated 
a 0.51 mm reduction in inner rim flange deformation alongside a 59 g mass reduction, achieving dual 
objectives of enhanced structural performance and lightweighting. This streamlined optimisation 
methodology significantly enhances development efficiency while providing engineers with critical 
insights into parametric influences on rim strength characteristics.
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The lightweight design of vehicles helps to reduce energy consumption and carbon emissions1. For spinning 
components such as wheels, the energy loss due to increased mass is 1.5 times that of non-rotating components2. 
Therefore, any weight control of the wheel is favourable for energy saving and carbon emission reduction for 
vehicles.

Currently, the primary approaches of wheel lightweight design include: (1) the extensive use of lightweight 
materials, such as aluminium alloy2,3, glass fibre4,5, magnesium alloy6, and carbon fibre7; (2) innovative assembled 
wheel designs, such as magnesium-aluminium alloy assembled wheels8,9 and lightweight alloy assembled wheels 
using multiple connection methods10 (e.g., riveting and adhesive bonding); (3) biomimetic designs of wheel 
structures11. The manufacturing of fibre material wheels and magnesium alloy wheels presents challenges, and 
the costs are relatively high12,13, which limits their applications and is only suitable for racing cars or supercars. 
Modular wheel technology requires further development and has yet to be widely promoted. There is limited 
research on biomimetic wheels, and production and processing challenges remain. As a lightweight material, 
aluminium alloy materials are aesthetically pleasing14 and have several advantages, such as good corrosion 
resistance, formability, and recyclability15, and effectively balance lightweight and cost requirements, making 
them widely used for vehicle wheels.

Although lightweight wheels enhance vehicular dynamic response characteristics16, the design process 
encounters significant challenges. This involves reconciling mass reduction objectives17 with compliance to 
critical safety protocols encompassing dynamic bending fatigue resistance, radial fatigue endurance, and 
impact resilience specifications. Of these performance criteria, structural crashworthiness assumes particular 
importance in impact-load-bearing configurations18, mandating comprehensive validation through standardised 
impact testing methodologies to verify operational integrity under transient loading conditions.

As one of the wheel impact tests, the 90° impact test assesses wheel strength against perpendicular impacts 
during driving according to the QC/T 991-2015 standard19, which encounters road pits or frontal stone 
impacts. During the test, the wheel rim primarily withstands radial bending loads. The wheel’s performance is 
evaluated by measuring the deformation of the inner rim flange of the wheel or the cracking range of the wheel 
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circumference at the rim after the test. Optimising rim structure is beneficial for enhancing the strength of the 
rim. However, traditional rim optimisation mainly depends on engineers’ experience by increasing the angle of 
the rim groove bottom or adding the local thickness of the rim20 and then evaluating wheel strength through 
simulations or tests. Experience-based optimisation methods exhibit certain limits. For example, increasing rim 
thickness will result in greater wheel weight, which affects heat dissipation21 and leads to the deterioration of the 
brake system and tyres22. Additionally, the wheel impact test is inherently destructive, and even the rim design 
needs to repeat modifications until it meets the requirements. This results in prolonged product development 
cycles and increased costs.

Numerical simulation has been increasingly used to replace traditional impact tests and explore lightweight 
design solutions for wheels23, such as topology and shape optimisation24,25. Hu et al.26 identified rim and flange 
thickness as design variables and conducted an optimised wheel design based on radial and bending fatigue 
tests, achieving a 5.42% reduction in weight. Sun et al.27 established an optimisation model of a wheel that 
comprehensively considers the effects of rim stiffness, modal characteristics, and bending fatigue life, resulting 
in optimised structural parameters for the wheel. Wang et al.28 used spline curves instead of straight lines and 
arcs to establish the rim cross-section model, implementing parametric modelling by adding dimensional 
constraints, and applying a multi-island genetic algorithm combined with sequential quadratic programming 
optimisation methods for the rim optimisation, achieving a weight reduction of 7.1%. Wang et al.29 proposed 
a shape optimisation method based on the force path analysis, visualising the force transmission paths within 
the rim cross-section and determining the final shape through parameter optimisation methods, subsequently 
confirming the optimised results via simulations and tests. Yang et al. 30 investigated the effects of different rim 
structural dimensions on the radial fatigue stress of the inner rim flange, optimising the weak areas of the rim 
and verifying the optimised wheel through rig tests and field trials. These findings indicated decreased cracks in 
the optimised rim, significantly enhancing the wheel’s lifespan.

The structural optimisation of wheel rims through numerical simulations demonstrates significant technical 
merits. However, the multivariate nature of rim geometrical parameters and insufficient understanding of their 
individual and interactive effects on structural integrity frequently led to suboptimal optimisation efficiency. 
This inefficiency stems from the computationally intensive 3D simulation analyses required by conventional 
approaches, which struggle to meet contemporary requirements for accelerated wheel development cycles. The 
study addresses these challenges by establishing a simplified 2D finite element model based on standardised 
90° impact test protocols. Through the systematic design of experiments (DOE) methodology, the research 
quantitatively elucidates the influence patterns, weight coefficients, and parameter interactions governing rim 
structural performance. Subsequent implementation of shape optimisation led to an enhanced rim configuration 
that was ultimately validated through comprehensive 3D dynamic simulation analyses.

The 90° impact test and simulation
90° impact test
The experimental configuration for the 90° impact test is presented in Fig. 1. The wheel-hub assembly undergoes 
vertical fixation to a rigid support structure that is directly coupled to the ground foundation. Precise axial and 
circumferential positional adjustments ensure impact localisation between the rim centreline and inner flange 
region. The operational sequence comprises three distinct phases: (1) Vertical positioning of the impact hammer 
through elevation reduction to establish tyre proximity and enable axial coursework alignment; (2) Controlled 
axial displacement of the support structure to achieve concentric correspondence between the tyre cross-
sectional centroid and hammer impact surface periphery; (3) Angular orientation optimisation through wheel 
rotation to position the designated impact zone (typically co-located with the valve stem orifice) perpendicularly 
beneath the impact hammer’s axis of trajectory.

Following the alignment of the testing apparatus, the hammer assembly is elevated to a predetermined vertical 
elevation and subsequently gravity-released to impart impact loading on the wheel-tyre system. Upon impact 
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Fig. 1.  The setup of the 90° impact test. (a) Schematic diagram of the test, (b) Physical image of the test.
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termination, the hammer mechanism undergoes retraction from the tyre interface to facilitate elastic recovery 
of the rim structure. After a stabilisation period of approximately 60 s, the permanent plastic deformation of 
the inner rim flange is quantitatively assessed through metrological procedures illustrated in Fig. 2, with this 
deformation metric serving to evaluate rim strength and inform structural optimisation requirements. The 
QC/T 991-2015 standard defines rim deformation as the diametral dimensional differential between pre-impact 
and post-impact conditions at the localised impact zone.

Simulation of the 90° impact test
A mass-produced aluminium alloy wheel with nominal dimensions 20 × 9.0 J was selected for this investigation, 
paired with a 275/45 R20 pneumatic tyre. A 3D finite element model was developed based on the 90° impact 
testing specifications, as shown in Fig. 3. The initial moment of the wheel impact simulation occurs when the 
hammer contacts the tyre. Since the tyre needs to be inflated before the impact simulation, and tyre inflation 
causes tread displacement, a specific distance between the tread and the hammer has been left in advance to 
ensure that the tyre is fully inflated without any interference. The distance is determined through inflation 
simulations, yielding a value of 3.5 mm.

The wheel is discretised using 4-node tetrahedral elements31 with a uniform element size of 5 mm. The tyre 
model is constructed through a sequential process involving manual discretisation of the half cross-sectional 
profile (including bead components), followed by rotational, mirroring, and node-merging operations to 
generate three-dimensional tyre elements, as illustrated in Fig. 4. Reinforcement components (belt and carcass) 
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Fig. 4.  Three-dimensional tyre elements.
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Fig. 2.  The measurement of deformation. (a) Measurement method, (b) Measurement of inner rim flange 
deformation.
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are discretised with a characteristic element size of 15 mm. Given the hammer’s substantially higher stiffness 
relative to both the tyre-wheel assembly and its mechanical irrelevance to the study’s objectives, the hammer 
is modelled as a rigid body employing a coarser element size of 30 mm. Figure 5 presents the resulting finite 
element meshes for the belt reinforcement layers, carcass structure, and impact hammer assembly.

Materials
The tyre rubber exhibits a 1200 kg/m3 density and follows the Yeoh hyperelastic material model with coefficients 
C10 = 0.771 MPa, C20 = − 0.386 MPa, and C30 = 0.197 MPa. The simulation neglects strain rate dependency effects 
in the rubber material32. The carcass and belt components, modelled as discrete layers of uniformly distributed 
fibre reinforcements embedded within the rubber matrix, have their respective material properties detailed 
in Table 1. Mechanical characteristics for the aluminium alloy wheel, impact hammer, and bead assembly are 
summarised in Table 2.

The tyre fulfils a critical energy-absorbing function while significantly affecting resultant rim deformation. 
Model calibration involves the refinement of iterative belt and carcass material parameters through multiple 
impact simulations to achieve tyre modelling fidelity33.

Since the maximum impact stress exerted on the wheel during testing exceeds the yield strength of the 
aluminium alloy, the incorporation of hardening characteristics becomes imperative34, demonstrating the 
material’s post-yield mechanical behaviour. Notably, the impact zone in the 90° impact test occurs proximal 
to the inner rim flange, differing fundamentally from 13° impact analyses where deformation mechanisms 
manifest at the outer rim and spoke assemblies. Consequently, the constitutive properties of spoke components 
are excluded from consideration. Material specimens harvested from the inner rim flange yield the hardening 
curve through standard tensile testing protocols, as illustrated in Fig. 6.

Boundary conditions
In the finite element model, the structural stiffening effect induced by tyre inflation pressure is incorporated 
by applying 0.255  MPa uniform pressure on the inner cavity surface bounded by the tyre-rim interface. 
Gravitational effects are explicitly considered in the simulation. The wheel mount hub is subjected to fixed 
constraints reflecting its rigid connection to ground-anchored supports, with bolt preload effects omitted from 
the analysis as per the schematic configuration presented in Fig. 7.

The hammer is imposed by an initial velocity obtained from the theory as indicated in Eq. (1):

	 v0 =
√

2gh� (1)

where h is the falling height of the hammer, and g is the gravity acceleration (9.8 m/s2).

Material name Density (kg/m3) Young’s modulus (GPa) Poisson’s ratio

Wheel 2700 71 0.33

Hammer 3.5E5 210 0.3

Bead 7800 210 0.3

Table 2.  Material parameters of wheel, hammer, and bead. The density of the hammer is a virtual value, which 
is calculated based on the mass and volume of the hammer.

 

Material name Young’s modulus (GPa) Poisson’s ratio Density (kg/m3) Section area (mm2) Cord spacing (mm) Angle with the tyre meridian plane (°)

Carcass 10 0.4 1200 0.241 1 0

Belt 1 200 0.3 7800 0.141 1.176 63

Belt 2 200 0.3 7800 0.141 1.176 117

Table 1.  Cord material parameters.
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Fig. 5.  Meshing results. (a) Hammer, (b) Carcass, (c) Belt 1#, (d) Belt 2#.
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Two test and simulation sets were performed at 209 mm and 228 mm hammer drop heights, yielding initial 
velocities of 2024.0 mm/s and 2114.0 mm/s, respectively. A general contact algorithm was implemented given 
the transient impact duration, negligible frictional energy dissipation35, and complex interfacial interactions 
(Fig. 8). This approach accounts for tyre self-contact during severe deformation through “Normal Hard Contact” 
normal behaviour and “Tangential Frictionless” tangential properties to monitor surface response characteristics.

Simulation procedure
The simulation of the 90° impact test is conducted in three steps:

(1) Inflating the tyre; (2) Assigning the initial velocity to the hammer; (3) Simulating the impact.
All steps are executed using the Abaqus/Explicit solver.
The tyre inflation was completed in 0.003 s for the first step. So, the duration of the first step is 0.003 s.
In the second step, a time interval of 1×10−8 s is assigned to impose the hammer with an initial velocity to 

neglect the falling displacement over an extremely short time.
In the third step, the impact duration is set to 0.25 s to ensure the hammer rebounds after reaching the lowest 

point, and the inner rim flange restores elastic deformation, allowing for the acquisition of the final plastic 
deformation at the impact region.

Test and simulation results
The results of the 90° impact tests and corresponding simulations are illustrated in Fig. 9 and Table 3, 
demonstrating a maximum relative error of 5.04%, deemed negligible in engineering contexts. These outcomes 
validate the precision of the finite element model and provide a robust basis for subsequent rim structural 
optimisation.

Optimisation of the rim structure
Rim structure optimisation aims to develop lightweight rim configurations that meet stringent strength 
requirements. While the rim exhibits numerous structural parameters, three-dimensional (3D) simulation-

Fixed constrain

Fig. 7.  The fixed constraint on the hub.

 

Plastic strain

Y
ie

ld
 s

tr
es

s 
(M

P
a
)

Fig. 6.  Hardening characteristic of the aluminium alloy.
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based optimisation proves computationally intensive and inefficient, presenting significant challenges in meeting 
contemporary wheel development timelines.

Considering that the rim is a rotational symmetry component about the wheel axis with constant cross-
sectional geometry, in addition, studies have shown that increasing the stiffness of the rim cross-section helps 
enhance the wheel’s strength. Therefore, the rim’s cross-sectional profile has been selected as the primary 
investigative focus. The loading scenario can be effectively represented by a radial concentrated load F, facilitating 
the development of a simplified two-dimensional finite element model for 90° impact analysis, as illustrated in 
Fig. 10. While the geometrical profile of rim flanges (inner and outer) and bead seats remains constrained by tyre 
assembly requirements, their wall thickness remains adjustable per operational specifications. Consequently, the 
central region of the rim cross-section has been designated as the principal optimisation domain.

The Design of Experiments (DOE) procedure was implemented via the HyperStudy software platform 
integrated with OptiStruct as the finite element solver. The DOE methodology was applied to investigate the 
primary influencing factors on rim stiffness and their interrelationships. After this analytical phase, a structural 
optimisation strategy for the rim was formulated based on the parametric analysis outcomes, employing the 
shape-optimisation capabilities inherent in OptiStruct software to execute the rim geometrical optimization.

Design of experiment
The rim structural parameters were modelled within OptiStruct software, with the Design of Experiments’ (DOE) 
full-factorial approach being utilised to analyse their effects on mechanical stiffness and parametric interactions. 
This methodology enables systematic investigation of variable influence relationships on performance objectives 
through minimal experimental iterations25, supported by statistical analysis techniques in post-processing stages 

Impact height (mm)

Deformation of the inner rim flange

Relative difference (%)Test value (mm) Simulation value (mm)

209 16.32 17.12 4.90

228 19.44 18.46 5.04

Table 3.  Test and simulation results.
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Fig. 9.  Test and simulation results.
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Fig. 8.  Types of contact during the impact process. (a) The contact between tread and hammer, (b) The 
contact between bead and flange, (c) The contact between tyre and rim, (d) The self-contact of tyre.
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to discern principal contributing factors36. The procedural schematic of this DOE implementation is illustrated 
in Fig. 11.

Definition of shape variables
Firstly, the design and non-design spaces are defined in OptiStruct, as shown in Fig. 12. The material parameters 
of the rim (i.e., wheel) are given in Table 2. The element size is set to 0.5 mm to maintain the similarity between 
the discretised mesh model and the geometric model of the rim cross-section, and the element type is selected 
as shell elements with a thickness of 1 mm.

Subsequently, the load and boundary conditions are applied. Compared to the inner rim flange, the outer 
rim flange exhibits greater stiffness due to the support provided by spokes; thus, the fixed constraint is applied 
near the outer rim. Furthermore, the radial concentrated load F applied to the rim is set to 1 N, which is exerted 
to the node numbered 4899 (Node-4899), as shown in Fig. 12. To facilitate the subsequent discussion, the 
optimised areas of the rim are labelled, named shape_1, shape_2, shape_3, shape_4, and shape_5, respectively, 
while other areas remain unchanged due to considerations related to the tyre assembly. Specifically, the same 
structure (excluding shape_3) is divided into upper and lower parts when labelling the shape variables. Taking 
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Fig. 12.  Definition of design space and non-design space.
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Fig. 11.  The process of DOE analysis.
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Fig. 10.  A simplified two-dimensional finite element model of 90° impact.
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shape_2 and shape_5 as an example, the cutting amount of shape_2 and shape_5 may vary in actual production. 
Dividing the structure into shape_2 and shape_5 ensures their independence, thereby facilitating the search for 
an optimal solution.

Finally, the shape variables are defined. The optimisation requires reducing the rim thickness while ensuring 
the rim’s strength, and achieving a lightweight rim. HyperWorks’ mesh morphing technology implements shape 
variables, facilitating mesh deformation within distinct rim regions towards material reduction, where positive 
morphing coefficients correspond to thickness decrease. Considering potential reinforcement requirements 
in specific locations which necessitate sectional enlargement, the morphing coefficients’ operational range is 
clamped at [− 1, 1]. In this convention, positive coefficient values induce localised thickness reduction within 
rim components, while negative values produce controlled thickening of critical zones.

The preceding analysis configures control handles at shape_1 through shape_5 to enable directional mesh 
morphing for rim thinning across distinct regions. The “Translate” deformation methodology is implemented 
when defining shape variables, permitting bidirectional deformation along the Y-axis. Considering actual 
product specifications and manufacturing constraints, shape_3 exhibits significantly greater material allowance 
than other regions. Consequently, enhanced mesh deformation parameters are explicitly applied to shape_3. 
Table 4 presents the maximum mesh deformation parameters per shape variable, corresponding to peak 
thinning values. This analysis deliberately excludes geometric parameters associated with transition zone corner 
radii when evaluating structural parameter influences on rim integrity. Subsequent engineering iterations will 
incorporate adjustments to corner radius parameters.

DOE analysis
The DOE methodology is applied to investigate the influence of rim structural parameters on mechanical 
stiffness and their mutual interactions. Within the DOE framework, the independent variables comprise five 
geometric descriptors of the rim structure (shape_1 to shape_5), while the output response corresponds to the 
maximum absolute radial displacement magnitude observed at Node-4899.

A simplified two-dimensional finite element model simulating the 90° impact scenario, developed within 
the OptiStruct environment, is subsequently imported into HyperStudy for parametric analysis. The OptiStruct 
solver is explicitly designated for computational execution. The mesh-deformation coefficients governing shape 
variation parameters are configured with discrete value constraints, implemented through a bounded parameter 
space ranging from − 1 to 1 with 0.5 interval increments, establishing the coefficient set {− 1, − 0.5, 0, 0.5, 1}. 
Shape variable quantification is subsequently derived through systematic interpolation between these discrete 
deformation coefficients and the prescribed maximum material thinning constraints.

	 shape_i = ti × k, i ∈ {1, 2, 3, 4, 5}� (2)

where ti is the maximum thinning value of shape_i (as shown in Table 4), and k is the mesh-deformation 
coefficient.

Taking shape_1 as an example, the maximum thinning value for shape_1 is t1 = 0.5 mm. Consequently, based 
on Eq. (2), the range for shape_1 can be calculated as {− 0.5, − 0.25, 0, 0.25, 0.5} (units: mm). Similarly, the ranges 
for other shape variables can be determined, as presented in Table 5.

The DOE employs a full-factorial design approach25. This methodology encompasses all possible combinations 
of predefined factors, facilitating systematic examination of shape variable configurations across their respective 
value domains. Integration with HyperStudy’s computational solver automates the evaluation of principal effects 
and factor interactions, enabling quantitative determination of parametric influences on rim structural integrity 
and cross-variable interdependencies.

Analysis results
The DOE analysis enables quantitative evaluation of each shape variable’s effect on rim stiffness and their 
interactive relationships. As illustrated in Fig. 13, variable effects analysis demonstrates that shape_5 (42%) 
and shape_2 (39%) exhibit the most substantial percentage contributions to rim stiffness outcomes. Given the 
negative correlation between shape variables and local rim thickness, increased variable magnitudes correspond 
to wall thickness reduction, reducing rim stiffness and elevated deformation of the inner rim flange. The 
analytical findings support this mechanical response.

Shape variable Shape_1 and Shape_2 Shape_3 Shape_4 and Shape_5

Range (mm) − 0.5, − 0.25, 0, 0.25, 0.5 − 1.5, − 0.75, 0, 0.75, 1.5 − 0.5, − 0.25, 0, 0.25, 0.5

Table 5.  Range of shape variables.

 

Shape variable Shape_1 Shape_2 Shape_3 Shape_4 Shape_5

Thinning value (mm) 0.5 0.5 1.5 0.5 0.5

Table 4.  Maximum thinning value (mesh deformation) of each shape variable.
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The interaction effects among different shape variables are presented in Table 6. The positive values of the 
interaction effects indicate positive interactions among the variables, with larger values reflecting more significant 
interactions. The results indicate that the positive interaction effect between shape_2 and shape_5 is the greatest, 
while the negative interaction effect between shape_3 and shape_4 is the most significant. A comparison reveals 
that the positive interaction effect between shape_2 and shape_5 is significantly greater than the absolute value 
of the negative interaction effect between shape_3 and shape_4, indicating that shape_2 and shape_5 exert the 
most significant influence on rim strength. Therefore, when optimising the rim structure, priority should be 
given to shape_2 and shape_5.

The interaction effects between shape variables are presented in Table 6. Positive interaction effect coefficients 
indicate mutually reinforcing relationships between parameters, with larger absolute values denoting stronger 
interactions. Analysis reveals shape_2 and shape_5 exhibit the most substantial positive synergistic effect, while 
shape_3 and shape_4 demonstrate the most pronounced negative coupling effect. The comparative evaluation 
shows that the positive interaction magnitude between shape_2-shape_5 significantly exceeds the absolute value 
of shape_3-shape_4’s negative interaction, establishing these two parameter pairs as the dominant contributors 
to rim structural performance.

The following conclusions can be drawn from the aforementioned DOE analysis results:

	1.	 The stiffness of the rim is positively correlated with the thickness of different parts.
	2.	 The effects of different shape variables on the rim stiffness are as follows: shape_2 and shape_5 exert the most 

significant influence, while shape_3 has the least. Consequently, the optimisation of the rim should prioritise 
reducing the thickness at shape_ 3.

	3.	 The interaction effects among different shape variables indicate that the positive interaction effect between 
shape_2 and shape_5 is the greatest, while the negative interaction effect between shape_3 and shape_4 is the 
most significant.

Shape optimisation of rim structure
Based on these conclusions, the principal factors influencing rim stiffness are identified as critical parameters 
for structural optimisation. This study employs Shape_2 and Shape_5 as primary design variables for rim 
optimisation, implementing the optimisation strategy through the OptiStruct platform using the following 
methodology (as illustrated in Fig. 14):

The optimisation framework applies the Method of Feasible Directions (MFD)—a gradient-based 
optimisation algorithm that seeks optimal solutions by iteratively following feasible search directions within 
the constraint-admissible domain. Each feasible direction must satisfy two fundamental criteria: (1) constraint 

Shape variable

Interaction effect

Shape_1 Shape_2 Shape_3 Shape_4 Shape_5

Shape_1 0.11 0.09 0.60 0.34

Shape_2 0.11 − 1.79E-7 4.50E-3 5.05

Shape_3 0.09 − 1.79E-7 − 0.02 − 3.58E-7

Shape_4 0.60 4.50E-3 − 0.02 0.06

Shape_5 0.34 5.05 − 3.58E-7 0.06

Table 6.  The interaction effects among various shape variables.

 

Fig. 13.  The influences of shape variables on rim stiffness.
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feasibility through gradient projections and (2) objective function descent through directional derivative 
conditions.

Firstly, shape_2 and shape_5 will be optimised. Given that the stiffness of the rim is positively correlated with 
the thickness of different parts of the rim (Conclusion 1), and shape_2 and shape_5 have the most significant 
influence on the rim stiffness (Conclusion 2), along with the most significant positive interaction effect between 
shape_2 and shape_5 (Conclusion 3), both shape_2 and shape_5 will be thickened to enhance rim stiffness.

Subsequently, shape_1 and shape_4 will be optimised based on the information in Table 6. On one hand, in 
the interaction effects between shape_1 and shape_2, as well as between shape_1 and shape_5, the interaction 
effect between shape_1 and shape_5 is more significant and is positive. Since shape_5 has already been thickened, 
shape_1 must be thinned. On the other hand, in the interaction effects between shape_4 and shape_2, as well 
as between shape_4 and shape_5, the interaction effect between shape_4 and shape_5 is more significant and is 
positive; therefore, to enhance rim stiffness, shape_4 must be thinned.

Finally, shape_3 will be optimised. According to Conclusion 2, since shape_3 has a minimal effect on rim 
stiffness, most material will be removed from this area.

Given that the results of shape optimisation are manifested through mesh-deformation coefficients, the 
validity of the optimisation strategy can be corroborated by analysing the sign conventions of these coefficients. 
As expounded in Sect. “Definition of shape variables”, a positive mesh-deformation coefficient denotes local 
wall thickness reduction in the rim profile, whilst a negative coefficient signifies wall thickness augmentation. In 
accordance with the optimisation framework depicted in Fig. 14, the prescribed sign allocations for each shape 
variable’s mesh-deformation coefficients are comprehensively delineated in Table 7.

Before shape optimisation implementation, initial design variables exhibit zero-initialised mesh-deformation 
coefficients. Finite element analysis records a baseline radial displacement of − 8.826 mm at Node-4899 in the 
pre-optimised configuration, with corresponding spatial displacement mapping illustrated in Fig. 15.

The shape optimisation of the rim incorporates shape_1, shape_2, shape_3, shape_4, and shape_5 as 
geometric design parameters, constrained by maintaining the radial displacement at Node-4899 within 
original specification limits, to achieve mass minimisation. This shape optimisation problem is mathematically 
formulated as follows:

Fig. 15.  The radial displacement of Node-4899 in the initial design.

 

Shape variable Shape_1 Shape_2 Shape_3 Shape_4 Shape_5

Sign of the coefficient + − + + −

Table 7.  The signs of the mesh deformation coefficients.
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Fig. 14.  Optimisation strategy for rim structure.
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


find k, k ∈ [−1, 1]
Shape_i = k · ti, i ∈ {1, 2, 3, 4, 5}
s.t D ≤ D0

f (s) = min M

� (3)

where k is the mesh-deformation coefficient, ti is the maximum thinning value of shape_i, D is the radial 
displacement of Node-4899 in the optimisation process, D0 is the radial displacement of Node-4899 in the initial 
design, M is the mass of the rim.

The optimisation results are presented in Table 8, where negative values indicate local thickening of the rim. 
The signs of the mesh-deformation coefficients for shape_1, shape_2, shape_3, shape_4, and shape_5 are "+", "-", 
"+", "+", and "-", respectively, corresponding to those in Table 7, thus verifying the validity of the optimisation 
strategy.

The optimised rim profile is depicted in Fig. 16, with the associated deformation characteristics of Node-
4899 illustrated in Fig. 17. Comparative analysis with the initial design (Fig. 15) reveals a 0.127 mm reduction in 
radial displacement at Node-4899, from 8.826 to 8.699 mm. This deformation reduction demonstrates enhanced 
bending resistance in the two-dimensional rim cross-section.

The results of the shape optimisation further indicate that:

	1.	 The negative values for shape_2 and shape_5 indicate that thickening is required at these areas. Under 
the condition of the same value of the maximum mesh deformation, the mesh-deformation coefficient of 
shape_5 is 2.4 times that of shape_2, indicating that the thickening of shape_5 is 2.4 times greater than that 
of shape_2, which demonstrates that shape_5 withstands a more significant load.

Fig. 17.  The radial displacement of Node-4899 in the optimised design.

 

Fig. 16.  The result of shape optimisation.

 

Shape variable Shape_1 Shape_2 Shape_3 Shape_4 Shape_5

Mesh-deformation coefficient 0.1924 − 0.1182 1 0.68 − 0.2857

Thinning value (mm) 0.0962 − 0.0591 1.5 0.34 − 0.14285

Table 8.  Results of shape optimisation.
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	2.	 The positive values for shape_1 and shape_4 indicate that some material can be removed from these areas. 
Under the condition of the same value of the maximum mesh deformation, the mesh-deformation coeffi-
cient of shape_4 is 3.5 times that of shape_1, indicating that the thinning of shape_4 is 3.5 times greater than 
that of shape_1, which demonstrates that shape_1 withstands a more significant load.

Consequently, based on the shape optimisation results, for similar rim structures in the future, materials should 
primarily be distributed along shape_5. Conversely, a certain amount of material may be removed from shape_3 
and shape_4 to reduce weight while maximising load-bearing capacity.

Verification of the optimisation with 3D simulation
Engineering modifications of the optimised rim
The baseline rim configuration underwent systematic replacement with the optimised geometry through Catia’s 
“Surface Stitching” module, accompanied by precision engineering adjustments. These modifications comprised 
wall thickness modulation, elimination of sharp geometric discontinuities, and transitional curvature radii 
parameterisation. Post-optimisation mass analysis (Fig. 18) quantifies a 59  g mass reduction versus initial 
specifications.

Verification of rim strength
Optimisation based on 2D simplified models needs to be verified by a posteriori 3D simulation and experimental 
testing to verify its reliability. The limitations are mainly reflected in the simplified assumptions of 3D dynamic 
effects and load paths. The actual results may differ from the full model in local stress and energy distribution, 
but reasonable simplification can significantly improve efficiency.

A three-dimensional finite element model was constructed based on the optimised rim cross-section 
configuration, employing a hammer fall height of 228  mm with other parameters maintained at original 
specifications. The resultant simulation data, presented in the simulation results shown in Fig. 19, revealed a 
measured radial deformation of 17.95 mm at the inner rim flange in the optimised design. This demonstrates 
a 0.51 mm reduction in plastic deformation compared to the 18.46 mm displacement observed in the initial 
configuration. The optimised rim achieves both mass reduction and improved structural integrity, thereby 
confirming the efficacy of the shape optimisation methodology.

Fig. 19..  The radial deformation of the inner rim flange before and after optimisation. (a) Before optimisation, 
(b) After optimisation.

 

Fig. 18.  The result of engineering modifications.
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Conclusions
The 90° impact validation study and computational modelling were performed on a production 20 × 9.0  J 
aluminium alloy wheel. The experimental-simulation correlation demonstrated minimal relative error (δ < 
5.04%), verifying the predictive accuracy of the finite element analysis framework for 90° impact scenarios and 
providing a validated foundation for subsequent rim structural optimisation.

The influence of multiple rim structural parameters on mechanical performance and their interaction 
effects was thoroughly examined through the design of experiments (DOE) analysis. Results demonstrated 
that geometrical parameters shape_2 and shape_5 exhibited the most significant impact on structural integrity, 
with their interaction showing statistical significance. Shape_3 demonstrated the least observable impact on 
load-bearing capacity, establishing this area as the optimal target for mass reduction in weight optimisation 
programmes.

Following design of experiments analysis, the rim underwent systematic shape optimisation. Engineering 
modifications were implemented on the baseline rim configuration, with subsequent finite element analysis 
verifying the optimised structure’s mechanical integrity. Analytical results demonstrated a 0.51 mm reduction in 
radial deformation at the inner rim flange interface. This optimised geometric configuration achieved enhanced 
structural performance while achieving a mass reduction of 59 g through material redistribution strategies.

Through systematic analysis of parametric effects on rim structural integrity and their synergistic interactions, 
targeted implementation of mass optimisation strategies becomes feasible, consequently enhancing R&D 
operational efficiency in wheel system development.

Data availability
The datasets analysed during the current study are available from the corresponding author on reasonable re-
quest.
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