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Abstract: Compared to single-decker ball bearings, double-decker ball bearings offer ad-
vantages such as higher speed limits, greater load capacity, and better impact performance.
However, the inclusion of an additional bearing and adapter ring structure increases its
overall mass, limiting its applications. This study addresses the challenges of achieving
lightweight design and impact resistance in double-decker ball bearings. Using bionic
principles, this study analyzes the internal spatial structure and fiber distribution of loofah
to guide the bionic design of the adapter ring in the double-decker ball bearing. A new
bearing structure inspired by loofah characteristics is proposed, and a finite element model
for its mechanical analysis is developed. The structural response of both the new and tradi-
tional double-decker ball bearings is analyzed under varying speeds and impact excitation
conditions. The results indicate that the mass of the new adapter ring is reduced by 25.26%,
with smaller stress variation and more uniform stress distribution in the bionic design. The
overall performance of the new double-decker ball bearing outperforms the traditional
design in terms of deformation, equivalent stress, equivalent strain, and contact stress. The
proposed bionic loofah-inspired double-decker ball bearing meets both lightweight and
impact resistance requirements. The findings provide a theoretical foundation for applying
double-decker ball bearings in high-impact and lightweight applications.

Keywords: double-decker ball bearing; bionic; loofah; finite element analysis; lightweight-
ing; impact resistance performance

1. Introduction

Rolling bearings are crucial components of rotating machinery [1], serving to support
the rotating body, reduce friction, and transmit torque. In terms of traditional single-decker
bearings, Chen [2] established a time-varying stiffness model of four-point contact ball
bearings without clearance and analyzed the stiffness variation law of the case bearing in
one rolling period. Li [3] proposed an unsupervised multi-adversarial transfer learning
fault diagnosis algorithm based on bearing dynamics simulation data. As science and
technology advance, the operating conditions for bearings are increasingly characterized
by high speed, high temperature, and large stresses. Therefore, there is an urgent need to
innovate bearing structural technology, considering factors such as material and design
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to understand the stress distribution and variations under various operating conditions,
ensuring stable performance.

To further increase the bearing’s limiting speed, Anderson [4] proposed a design of a
double-decker ball bearing. Dr. H. Prashad [5-9] introduced the concept and principles
of a double-decker high-precision rolling bearing, presenting comparative tests between
conventional single-decker and double-decker ball bearings. The study results indicated
that double-decker ball bearings outperform conventional single-decker bearings in temper-
ature rise, damping, fatigue, limiting speed, and other factors. Double-decker ball bearings
exhibit smaller deflection and indentation, higher stiffness, better performance, and longer
service life compared to traditional single-decker bearings of the same bore diameter. Dr.
H. Prashad also investigated the deformation of double-decker ball bearings under radial
or axial forces and introduced the concept of equivalent stiffness, integrating it with the
traditional stiffness analysis method for single-decker bearings. Zhu et al. [10-13] examined
the relationship between inner and outer pitch diameters and their effect on the distribution
of rotational speed between the inner and middle rings, as well as the influence of various
factors on the contact angle and bearing stiffness based on their proposed dynamics theory.

//I/I

They proposed a new “1” type double-decker ball bearing, featuring two angular contact
ball bearings mounted side by side in the inner bearing. This new bearing, analyzed for
mechanical properties, is more suitable for high-speed, heavy-load applications and is used
as a protection bearing in magnetic levitation bearing systems. This study also analyzed
the dynamic response of rotor drop in the new double-decker ball bearing, verifying its
superior performance in rotor amplitude, contact stress, and temperature rise. Jin [14]
analyzed the thermal structures of single-decker and double-decker protection bearings,
validating the effectiveness of double-decker ball bearings in reducing temperature rise
through theoretical and experimental methods. Hu et al. [15,16] proposed a new finite
initial value optimization method for solving the quasi-static ball bearing model, extending
it to double-decker ball bearings. They then introduced a method to calculate the speed
transfer characteristics of double-decker ball bearings, developed a corresponding speed
transfer analysis model, and addressed the limitation of considering speed transfer ratio as
a single factor in previous research.

In recent years, the development and application of Tailored Forming technology
have brought significant advancements to bearing design, aiming to enhance the overall
performance and functionality of bearings in a wide range of industrial applications. The
key advantage of Tailored Forming lies in its ability to optimize both the geometry and
material composition for specific applications. Advanced materials with excellent wear
resistance, corrosion resistance, and thermal stability can be selectively integrated into
the bearing structure, thereby increasing its service life and reliability under extreme
operating conditions. Coors [17,18] demonstrated the use of this technology by producing
a high-strength raceway on a shaft through the combination of two different metals with
tailored properties. This clearly shows how combining materials with varying structural
characteristics can significantly enhance overall bearing performance.

Achieving lightweight structures with desirable properties has been a key research
focus. In recent years, engineering bionics has gained significant attention, leading to the
development of numerous biomimetic structures. In various fields, mimicking natural bio-
logical structures effectively leads to lightweight designs with improved properties. Zheng
et al. [19] developed a lightweight, high-strength thermal insulation material by modeling
the structure of a bird’s nest; Huang et al. [20] reduced the weight of the hydraulic drive
unit for the leg joints of a hydraulic quadruped robot using a bionic fishbone rib structure,
resulting in significant performance improvements; Zou et al. [21] enhanced specific energy
absorption by designing a pipe with a bionic bamboo structure; Yang et al. [22] introduced
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a petal-like structure based on the original circular honeycomb design, achieving nearly
twice the specific energy absorption of the circular honeycomb structure under the same
impact conditions; and Chen et al. [23] combined the bionic beetle sheath wing structure
with a honeycomb design to create a new structure with enhanced compressive strength. In
recent years, the concept of metal foam materials has emerged as a promising innovation in
the field of lightweight materials. Metal foams feature a porous structure and low density,
offering significant advantages in weight reduction, energy absorption, and mechanical
performance. The growing demand for energy-efficient and high-performance materials
across various industries, including automotive, aerospace, and construction, has sparked
increased interest in metal foams. These materials are seen as a solution for meeting the
evolving requirements for enhanced performance while minimizing weight. Jiang [24] dis-
cussed the compression behavior, energy absorption characteristics, and design guidelines
of ultra-light metal foams, highlighting their applications in the aerospace and automotive
industries. Metal foam structures can now be fabricated using laser-induced foaming
techniques, where the porosity and pore size of the samples can be adjusted by varying
the amount of foaming agent. Specific porosity levels contribute to the enhancement of
the performance of metal foam structures. Pape et al. [25] demonstrated that increasing
porosity can be achieved by mixing different foaming agents and further highlighted the
influence of specific foaming agents and their mixtures on the resulting porosity.

Building on the previous study, double-decker ball bearings offer advantages in
limiting speed, stiffness, damping, and temperature rise, effectively mitigating the adverse
effects of bearing failure. However, the increased mass and volume from the addition of a
single-decker bearing and adapter ring limit its application in lightweight microdevices.
Current research primarily focuses on the mechanical characteristics of double-decker ball
bearings, with few studies addressing their lightweight design or the integration of bearing
structure and engineering bionics. This paper proposes a bionic double-decker ball bearing
structure inspired by loofah, utilizing its fiber arrangement and internal spatial structure.
The design aims to reduce the bearing’s mass while maintaining its strength under impact
loads. A finite element simulation model for double-decker ball bearings is developed,
and the simulation results for both traditional and new designs under various working
conditions are obtained. A comparative analysis of the simulation results is conducted to
verify the feasibility of the bionic loofah double-decker ball bearing structure, providing
a theoretical foundation for the lightweight design and application of double-decker ball
bearings in lightweight contexts.

2. Bionic Loofah Double-Decker Ball Bearing Adapter Ring
Structure Design

The double-decker ball bearing consists of a Class I bearing, a Class Il bearing, and
an adapter ring. The outer ring of the Class I bearing, the adapter ring, and the inner ring
of the Class Il bearing are connected through interference assembly, forming the central
ring of the double-decker ball bearing. The inner ring of the Class I bearing is mounted on
the shaft, while the outer ring of the Class II bearing is mounted in the housing. Double-
decker ball bearings can be categorized into I and Z types [26]. This study focuses on the I
type, as shown in Figure 1. Excluding the Class I and Class II bearings, the quality of the
adapter ring significantly affects the overall performance of the double-decker ball bearing.
Therefore, a biomimetic structure is proposed for the adapter ring in this study.
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Figure 1. Schematic diagram of “I” type double-decker ball bearing structure.

&

Double-decker ball bearing

2.1. Structural Prototype Analysis of Loofahs

The bionic prototype for the design in this paper is based on the structure of loofah.
As the luffa fruit ripens, it undergoes drying and dehydration, developing a unique spatial
network structure characterized by interdigitating fiber bundles, i.e., the structure of loofah.
This structure is also referred to as loofah sponge because of its similarity to the porous
structure of sponges. The macrostructure of loofah is cylindrical, with several cavities
typically distributed across its cross-section to store seeds. The microscopic structure
of loofah consists of multiple layers of longitudinal and transverse mesh fiber bundles,
forming cavities of various sizes and shapes, along with dense holes within the bundles.
Depending on the fiber arrangement, a loofah sponge cylinder can be divided into four
regions: an inner surface, outer surface, interlayer, and core [27]. On the inner surface, the
thickest fiber bundles of the loofah run longitudinally, aligning with the internal channels,
almost parallel to the loofah’s longitudinal axis [28]. On the outer surface, the thickest
fiber bundles of the loofah align along the axial direction. In the interlayer region between
the inner and outer surfaces, fiber bundles extend in all three directions [29]. Studies
show that loofah fibers form a fiber cluster structure, with each fiber consisting of multiple
microfibrils. The cell cross-section contains cavities, and the microfibrils are arranged in a
helical shape [30]. These unique structural properties significantly affect the mechanical
properties of loofah. Analysis of fibers from different parts of loofah reveals that fibers
on the outer wall are typically longer and thinner, resulting in a compact outer portion.
In contrast, fibers on the inner wall are generally shorter and thicker, leading to a sparser
inner wall. The fibers between the two walls grow diffusely and spread throughout the
pores. In contrast to the ring walls, the core fibers are loosely interconnected, with coarse
single fibers running along the centerline of the loofah sponge. These features combine to
give the loofah a gradient density and pore distribution. The specific structure of loofah is
illustrated in Figure 2.

Thick and short Fiber divergence growth Vertical distribution

TG

Thin and long

Circumferential distribution Fiber loose connection

Figure 2. A schematic diagram of the structure of loofah.
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2.2. Bionic Design of Adapter Ring Structure

Studies have shown that the core fibers of loofah have a negligible effect on its overall
mechanical properties. Therefore, the fiber distribution characteristics of the core are not
considered in this bionic design. The shape of the internal cavity of loofah, shown in
Figure 2, is elliptical and serves as the basic design element. An elliptical shape with a long
diameter of 2 mm and a short diameter of 1 mm was selected, with a total of three elliptical
rings arranged in the circumferential direction. The radial cross-section of the selected
loofah structure contains three cavities, spaced 120° apart in the circumferential direction.
The three cavity features are extracted and applied to the radial cross-section of the adapter
ring. The outer ellipse is laterally distributed and removes less volume, mimicking the struc-
tural characteristics of loofah’s outer wall. The inner ellipse is longitudinally distributed,
with a higher density of distribution, removing more volume, thus mimicking loofah’s
interlayer structure towards the inner wall. The geometric element analysis of bionic design
in this paper is as follows: the short diameters of adjacent ellipses are positioned at a
120° angle, forming a specific pattern along the axis of the ring. This elliptical pattern is
evenly distributed, with a total of five groups aligned along the axis. Moreover, the design
incorporates 18 additional groups arranged circumferentially through rotational cutting,
creating a complex, yet regular, pattern of holes in the structure. Based on this arrangement,
the porosity concentration of the biomimetic adapter ring structure is calculated to be 25%.
This high porosity is a key feature of the biomimetic design, as it contributes to better energy
absorption and load distribution by allowing for more extensive deformation throughout
the structure. The strategically placed elliptical holes help distribute the strain more evenly,
which enhances the overall stability and performance of the bearing. This arrangement
ensures that the adapter ring can effectively absorb impact and cyclic loads, thus improving
its durability and reducing the risk of localized failures typically seen in solid structures.
A detailed schematic is shown in Figure 3. In terms of manufacturability, the biomimetic
adapter ring is compatible with additive manufacturing technologies such as Selective
Laser Melting (SLM) or Laser Powder Bed Fusion (LPBF). These technologies allow for
precise control over the porosity geometry and spatial distribution based on digital CAD
models, enabling the high-fidelity fabrication of the proposed structure.
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Figure 3. Schematic structure of bionic loofah adapter ring.
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2.3. Analysis of Energy Absorption in Bionic Structures

Under the simulation conditions and given the selection of structural steel as the
model material in this paper, the bionic structure can be approximated as presenting a
linear elastic response process, with the stress () and strain (e,) relationship as [31]

o = Ee, 1)

The energy absorbed in the process of impact resistance (E;) is the envelope area under
the load-displacement curve:

O
Ea= /O F(6)ds @)

In Equation (2), F is the impact force; 6 is the deformation.
E, s is the energy absorbed per unit mass of the bionic structure and is an important
parameter for measuring the energy absorption capacity, which is expressed as

Ess = Eq/my, 3)

In Equation (3), my, is the total mass of the buffer structure.

F, is the average value of the impact load during the whole impact process, and its
expression is the ratio of the absorbed energy (E,;) and the effective deformation displace-
ment (x):

Fn = Eq/x 4)

In Equation (4), F, is the peak load, and the porous cavity structure increases the
deformation (6) of the bionic structure, which leads to a greater amount of energy (E,)
absorbed by the structure under the same load condition. In addition, since the structure
adopts a porous cavity structure, the mass () decreases, and the energy absorbed by the
buffer structure per unit mass (E; ) increases. Therefore, the bionic structure theoretically
exhibits energy-absorbing properties.

3. Finite Element Analysis of Double-Decker Ball Bearing
3.1. Selection of Double-Decker Ball Bearing Type

Angular contact ball bearings feature a unique structural design that causes the contact
point between the bearing ball and the inner and outer raceways to form a specific angle,
allowing the bearing to simultaneously support radial and axial loads in both directions.
Due to their high reliability and low power consumption, angular contact ball bearings
are widely used in rotating machinery systems [32]. Based on the aforementioned factors,
this paper selects angular contact ball bearings for both the Class I and Class II bearings
in the double-decker ball bearing design. The bearing products selected for this study are
from SKF Group in Sweden, specifically the angular contact ball bearings of types 7204
ACD_P4A and 7211 ACD_P4A, which serve as the Class I and Class II bearings in the
double-decker ball bearing design. The specific bearing parameters are provided in Table 1.

Table 1. Geometric dimensions of double-decker ball bearings.

Bearing Type
Parameters

7204 7211

Number of spheres Z 13 16

Breadth B/mm 14 21

Sphere diameter Dw/mm 7.938 14.288

Inside diameter d/mm 20 55

Outside diameter D/mm 47 100

Contact angle «/° 25 25
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3.2. Finite Element Model Analysis Setup for Double-Decker Ball Bearing

A finite element model of a double-decker ball bearing is developed in this paper,
with the Class I bearing designated as 7204, the Class II bearing designated as 7211, and
the adapter ring thickness set to 4 mm. The stress concentration during bearing operation
primarily occurs in the contact zone between the balls and the inner and outer raceways.
Consequently, the chamfer and transition fillet of the inner and outer rings have negligible
effect on the simulation results. Therefore, these features are omitted from the model to
simplify the simulation calculations. Additionally, simulating bearing rotation requires
numerous computational nonlinear contacts, which may result in excessive computation
and hinder convergence. To reduce the computational load, the bearing model omits the
cage structure, thereby reducing the number of contact pairs. The three-dimensional model
of the double-decker ball bearing is imported into finite element analysis software, where
contact pairs between the bearing balls and the inner and outer raceways are established
for each stage, with frictional contact defined. The friction factor is set to 0.001 to simplify
calculations. In this simulation, since the focus of this study is on the structural response
rather than the energy dissipation mechanism, it is assumed that a low friction coefficient
(CoF =0.001) is applied at the contact interface under ideal lubrication conditions. By setting
such a low friction coefficient, the model assumes that the primary interaction at the contact
interface is rolling contact, rather than the typical sliding contact under ideal lubrication
conditions. However, under real-world dynamic or impact loading conditions, especially in
angular contact ball bearings, sliding contact is inevitable. Even with lubricants containing
anti-wear additives, the effective friction coefficient under actual conditions typically rises
to around 0.1. This assumption isolates the deformation effects of the structure under
impact loading, avoiding the complexity of frictional losses. The adapter ring is connected
to the outer ring of the Class I bearing and the inner ring of the Class II bearing through
an interference fit, forming the central raceway of the double-decker ball bearing. The
adapter ring is set as a bonded contact with the Class I bearing outer raceway and the
Class II bearing inner raceway. The selected mesh type is tetrahedral, which meets the
quality requirements. The aspect ratio of most of the meshes is below 5, and the Jacobian
parameter is around 1. For the finite element model of the double-layer solid adapter
ring ball bearing, a total of 1,137,122 nodes and 777,779 elements were created. The finite
element model of the biomimetic adapter ring for the double-decker ball bearing was
created with 1,373,089 nodes and 927,027 elements. The contact area between the bearing
balls and the raceways was refined, with the mesh size at the contact surface between the
Class II bearing balls and raceways set to 0.8 mm and the mesh size at the contact surface
between the Class I bearing balls and raceways set to 0.6 mm. The mesh size for the adapter
ring is 1 mm. The overall mesh, contact surface mesh, and adapter ring mesh divisions, as
well as the application of boundary conditions, are shown in Figure 4.

AISI 52100 is a high-carbon chromium alloy steel known for its excellent hardness,
wear resistance, and ability to withstand high mechanical stresses. Due to its widely recog-
nized performance in bearing applications, AISI 52100 steel was chosen as the material for
the finite element analysis simulation in this study. Its superior properties make it particu-
larly well suited for simulating bearing performance under dynamic loading conditions.
The specific material parameters are provided in Table 2. In this study, the simulation
material (AISI 52100) was modeled as a linear elastic material in the finite element analysis,
without introducing elastoplastic behavior or yield criteria. The simulation setup was
intended to simplify the analysis process, focusing on comparing the overall mechanical
response trends of different adapter ring structures under impact loading, rather than simu-
lating local material yielding or failure behavior. Due to the linear elastic assumption, even
if the local contact stress exceeds the typical yield strength of AISI 52100, the simulation still
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calculates the response elastically, and thus, plastic deformation or residual deformation
phenomena are not represented.

Grid model

Boundary condition model

The Class II bearing outer ring is fixed
Radial impact is applied to the Class I bearing inner ring

The Class I bearing inner ring applies rotational speed

Figure 4. Schematic diagram of mesh and boundary conditions for double-decker ball bearing.

Table 2. AISI 52100 parameters.

Material Density/(kg/m?) Modulus of Elasticity/GPa  Poisson’s Ratio
AISI 52100 7810 200 0.3

The applied boundary conditions and loads are as follows:

(1) Constrain the degrees of freedom of the nodes on the outer surface of the outer ring
of the Class II bearing in all directions.

(2) Constrain the axial translational degrees of freedom of the bearing balls and raceways
in the Class I bearing, bearing balls and inner raceway in the Class II bearing, and the
adapter ring.

(3) Release the radial translational degrees of freedom of the bearing balls and raceways
in the Class I bearing, bearing balls and inner raceway in the Class II bearing, and the
adapter ring.

(4) Apply arotational speed on the inner surface of the inner ring of the Class I bearing,
and apply an impact acceleration in the positive z-axis direction on the inner surface
of the inner ring of the Class I bearing.

This study conducts a simulation analysis of impact accelerations at levels of 100, 200,
300, 400, and 500 mm/s? under rotational speeds of 1000, 1500, 2000, 2500, and 3000 rpm.
In standard impact resistance evaluations, external shock excitations are typically idealized
into simplified waveforms such as the half-sine, double half-sine, sine, triangular, and
double-triangular pulses [33]. In the present analysis, a post-peak sawtooth waveform is
selected due to its distinct characteristics and practical advantages. Post-peak sawtooth
pulses are widely used in various engineering domains, particularly in experimental
scenarios that demand precise shock reproduction, such as in aerospace engineering,
mechanical testing, and electronic component validation. Unlike conventional waveforms,
the post-peak sawtooth pulse exhibits a sharply defined peak followed by an abrupt descent.
This steep waveform transition intensifies the shock loading effect, inducing significant
stress within a very short duration. Such dynamic features make it particularly effective in
simulating high-intensity impact conditions. Moreover, the post-peak sawtooth waveform
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offers high repeatability and ease of implementation in laboratory environments. With
the aid of appropriate pulse shaping devices, it can be reliably generated to mimic real-
world impact scenarios. For these reasons, the post-peak sawtooth pulse is adopted as the
excitation input in this study, as illustrated in Figure 5.

550
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Figure 5. Schematic diagram of impact excitation.

This study focuses on the double-decker ball bearing and develops a finite element
model for its analysis. This paper examines the deformation, equivalent force, equivalent
strain, contact stress, and safety coefficient of the bearing’s inner ring under varying
impact accelerations and rotational speeds. Two bearing structures are considered: the
traditional Solid Bearing Structure (5BS) and the Biomimetic Bearing Structure (BBS). We
calculated that, under one of the working conditions, the radial impact load was equivalent
to 1200 N. Under the static analysis, the finite element simulation obtained a maximum
contact stress of 7774 MPa, and the theoretical calculation of the maximum Hertz stress was
7672.92 MPa. The calculated values were similar to the simulation results. The correctness
of the simulation has been validated.

3.3. Simulation Result Analysis

This paper presents simulations of solid adapter ring structure double-decker ball
bearings and bionic loofah adapter ring structure double-decker ball bearings at speeds
ranging from 1000 rpm to 3000 rpm. The specific simulation results are presented in
box-and-whisker plots for further analysis. In the box plots, the same color indicates the
distribution of resultant response data across the 1000 to 3000 rpm range under identical
shock excitation conditions for both structures.

3.3.1. Deformation Analysis

The displacement data analysis of the simulation results is shown in Figure 6. The
displacement in Figure 6 reflects the overall displacement response of the model under
impact loading. It is important to note that this displacement includes not only the internal
elastic deformation of the structure but also the rigid body motion caused by impact and
rotation, particularly the rigid body displacement in the free end or partially constrained
regions. Specifically, due to the presence of partially unconstrained boundary regions in
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the simulation, a certain degree of overall drift or displacement occurs during the impact
loading process. This overall motion is not equivalent to structural failure or material
yielding, but it is included in the deformation calculation, which leads to larger numerical
results in the simulation.
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SBS BBS
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Figure 6. Displacement result response.

By comparing the responses of the two structures, it can be observed that the free
end displacement response of the SBS structure is larger, with a more significant overall
displacement. This indicates that its structural stiffness is lower and cannot effectively sup-
press the rigid body motion caused by impact. In contrast, the BBS structure demonstrates
better displacement suppression, with a more optimized stiffness transmission path. At low
impact accelerations (100 mm/s? and 200 mm/s?), the displacement of the BBS structure is
significantly smaller than that of the SBS. At moderate impact accelerations (300 mm /s?
and 400 mm/s?), the displacement of the SBS structure is larger, while the displacement of
the BBS is smaller. At high impact acceleration (500 mm/s?), the displacement of both the
SBS and BBS structures decreases slightly. Overall, the BBS structure has a better ability to
suppress impact compared to the SBS structure, although the variability and fluctuation in
displacement responses are greater.

In this study, the micro-deformation simulation results of the double-decker ball
bearing structure under specific working conditions are presented, with the deformation
contour map shown in Figure 7. In general, the deformation of the SBS structure is
larger than that of the BBS structure, effectively confirming the superior deformation
resistance of the BBS structure. As shown in Figure 7, the maximum deformation initially
occurs at the class I bearing ball. As the impact load increases, the maximum deformation
shifts to the contact area between the class I bearing ball and the class I bearing inner
ring raceway. This phenomenon occurs earlier in the BBS structure compared to the SBS
structure. Additionally, the BBS structure, through the larger deformation of the biomimetic
adapter ring, adjusts the overall structure to distribute the deformation more evenly. This
results in a more uniform deformation distribution throughout the entire double-decker
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ball bearing structure, facilitating the regulation of overall deformation and the reduction
in peak deformation values.
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Figure 7. A schematic diagram of the deformation distribution of the double-decker ball bearing
under different impacts at 1000 rpm.

3.3.2. Equivalent Stress Analysis

As shown in Figure 8, there is a notable difference between the SBS and BBS structures
under varying impact accelerations. The SBS structure exhibits higher equivalent force,
particularly at low impact accelerations (100 mm/s? and 200 mm/s?). As the impact
acceleration increases, the equivalent force decreases gradually and stabilizes at 500 mm/s?.
In contrast, the BBS structure exhibits lower and more concentrated equivalent force,
especially at high impact accelerations (400 mm/s? and 500 mm/s?), demonstrating better
stability, consistency, and fewer outliers. The BBS structure exhibits lower equivalent stress
in the same region. This reduction in stress is due to the biomimetic design, which promotes
improved stress distribution, helping to more evenly spread the stress across the bearing.
This reduces the likelihood of high localized stress and enhances the overall durability of
the bearing. These results indicate that, compared to the traditional SBS structure, the BBS
design not only improves load distribution but also provides better performance in terms
of reducing high stress concentrations.

Under radial impact loading, a detailed evaluation of the stress distribution in the
outer ring of the Class I bearings was conducted, as shown in Figure 9. The finite element
analysis results indicate that the stress is concentrated in various regions of the bearing
outer ring; however, no distinct hook stress distribution was observed, which is typically
associated with high localized stress gradients at geometric corners or abrupt structural
features. Instead, the maximum stress was found near the contact area between the
bearing and the adjacent surfaces, rather than at structural transitions or corners. This
observation suggests that the outer ring design maintains smooth geometric continuity,
with no apparent discontinuities, further indicating that the structure of the outer ring is
robust under typical operating conditions. Additionally, as shown in Figure 9, the stress
peaks in the BBS structure are significantly lower than those in the SBS structure. The BBS
structure exhibits a more uniform internal load distribution, with a weaker tendency for
localized stress concentration compared to the SBS structure.
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Figure 9. A schematic diagram of the stress distribution on the outer ring of the Class I bearing under

different impacts at 1000 rpm.

Based on the simulation results of the equivalent stress in the inner ring of the Class

I bearing, as shown in Figure 10, it is clear that the maximum stress occurs at the contact

point between the inner ring and the bearing ball. The finite element analysis indicates that

the SBS structure exhibits higher stress values compared to the BBS structure. Specifically,

in the contact area, the SBS structure shows greater localized stress, suggesting a higher

risk of material fatigue or failure at these points under dynamic loading conditions.
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Figure 10. A schematic diagram of the stress distribution on the inner ring of the Class I bearing
under different impacts at 1000 rpm.

3.3.3. Equivalent Strain Analysis

As shown in Figure 11, the distribution trend of equivalent strain for both SBS and BBS
structures under varying impact accelerations highlights the differences in their deforma-
tion performance. Overall, the equivalent strain of the SBS structure is higher than that of
the BBS structure, with larger deformation under low impact accelerations (100 mm/ s2 and
200 mm/s?), particularly peaking at 200 mm/s?. However, it also shows greater dispersion
and instability. As the impact acceleration increases to the medium range (300 mm /s?
and 400 mm/s?), the equivalent strain of SBS gradually decreases, the distribution range
narrows, and the deformation becomes more consistent. At high impact acceleration
(500 mm/s?), the equivalent strain of SBS rises slightly, but the distribution becomes more
concentrated, and performance stability improves. In contrast, the equivalent strain of the
BBS structure is smaller than that of the SBS at all impact accelerations. The strain distribu-
tion is more concentrated and less discrete, particularly at high impact accelerations (e.g.,
500 mm/s?), demonstrating better stability and consistency. Therefore, the BBS structure is
better suited for applications requiring stricter deformation control and stability.

The strain contour maps for the adapter ring structure under specific working condi-
tions are shown in Figure 12, illustrating the deformation distribution of both the solid and
biomimetic adapter rings. It is clear that the deformation distribution of the biomimetic
adapter ring is more uniform compared to the solid adapter ring, which displays a more
concentrated deformation pattern. In the solid adapter ring, specific areas exhibit higher
strain, which can lead to localized stress concentrations and potentially cause material
failure or fatigue over time. On the other hand, the biomimetic adapter ring distributes
the deformation more evenly across its structure, effectively minimizing the risk of such
localized failure. Moreover, the strain values of the biomimetic adapter ring are slightly
higher than those of the solid adapter ring. This indicates that the biomimetic design
allows for a more extensive deformation, which is spread uniformly over the surface. This
characteristic enables the biomimetic adapter ring to absorb and dissipate energy more
efficiently, enhancing its performance by improving load distribution and reducing stress
concentrations. While the strain is higher, the biomimetic adapter ring offers better overall
stability, energy absorption, and durability, making it a more reliable choice for bearing
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applications. In summary, although the biomimetic adapter ring experiences slightly higher
strain, its more uniform deformation distribution contributes to improved bearing stability,
energy absorption, and overall performance.
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Figure 11. Equivalent strain result response.
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Figure 12. A schematic diagram of the strain distribution of the adapter ring under different impacts
at 1000 rpm.

Figure 13 shows the equivalent elastic strain distribution contour maps for two differ-
ent adapter ring structures, SBS and BBS, under different impacts at the same rotational
speed. The image illustrates the deformation distribution of the entire bearing structure
under specific loading conditions. The SBS structure exhibits more localized deformation,
with deformation concentrated in specific areas. This indicates that the solid structure
may experience more concentrated stress points, which could potentially lead to failure in
these regions under high loads. In contrast, the BBS structure shows a more uniform strain
distribution, helping to spread the deformation across the entire structure. This potentially
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improves the overall stability and performance under dynamic loading conditions. The
BBS structure performs better in uniformly distributing strain across the entire surface,
which leads to improved performance, especially under high or repetitive loads. In sum-
mary, compared to the SBS structure, the BBS structure demonstrates better deformation
distribution and greater overall stability. This suggests that the biomimetic design offers
advantages in energy absorption and load distribution, which can enhance the structural
performance and lifespan of the bearing.
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Figure 13. A schematic diagram of the strain distribution of the double-decker ball bearing under
different impacts at 1000 rpm.

3.3.4. Contact Stress Analysis

In this contact stress simulation, the high stress values are primarily concentrated
in a very small region at the contact interface, representing a numerical peak commonly
observed in finite element simulations. This occurs in cases with rigid boundary settings,
idealized contact stiffness, or nodes with highly concentrated mesh. Additionally, a local-
ized mesh refinement strategy was applied in the contact region to improve the resolution
of the stress distribution near the contact surface. It is important to note that, although
the stress peak is high, its distribution is very limited, and it has a minimal impact on the
overall force distribution trend and the comparison results of the structure.

As shown in Figure 14, the SBS and BBS structures exhibit distinct characteristics in
terms of contact stress performance. As the impact acceleration increases from 100 mm /s? to
500 mm/s?2, the contact stresses of both structures increase, with the maximum contact stress
of the SBS structure being consistently higher than that of the BBS structure, particularly
under high impact accelerations (400 mm/ s2 and 500 mm/ sz). The results also show that
the SBS structure has a wider stress distribution range, higher dispersion, and more outliers,
suggesting a higher risk of localized failure under high-impact conditions due to greater
volatility. In contrast, the contact stresses of the BBS structure are lower, with a more
concentrated distribution, less dispersion, and fewer outliers, indicating higher stability
and reliability. Therefore, BBS structures are preferable in scenarios that demand higher
stability and reliability.
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Figure 14. Contact stress result response.

As shown in Figure 15, the maximum equivalent stress and contact stress are concen-
trated between the ball and the inner ring of the Class I bearing. Since the impact direction
is along the positive Z-axis, both the maximum equivalent stress and contact stress occur at
the contact point between the ball and the inner ring of the Class I bearing. The localized
magnification of the contact stress between the inner ring and the heaviest loaded bearing
ball is shown in Figure 15. Since the maximum contact stress is primarily concentrated
in the Class I bearing, contact stress contour maps for the Class I bearing under specific
working conditions were extracted, as shown in Figure 16. These results highlight the key
differences in contact stress between the SBS and BBS structures. In the SBS structure, the
maximum contact stress is concentrated at certain contact points, particularly between the
bearing ball and the inner ring, with significantly higher stress values. This localized high
stress is a concern because it may lead to premature wear or failure of these areas under
dynamic loading conditions. However, in the BBS structure, the peak contact stress is
noticeably lower than the stress levels observed in the SBS structure. This indicates that the
BBS design is more effective in reducing localized contact stress. The biomimetic structure
helps to diffuse stress over a larger area, preventing stress concentration and reducing the
risk of material degradation. This makes the bearing more resilient to wear and more reli-
able over time. By lowering the peak contact stress, the BBS structure contributes to better
long-term performance and extends the bearing’s lifespan, especially under high-impact
and repetitive loading conditions.
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Figure 15. Equivalent stress and contact stress maps of the double-decker ball bearing.
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Figure 16. A schematic diagram of the contact stress of the Class I bearing under different impacts at
1000 rpm.

As shown in Figure 17, the contact stress of the bearing decreases as the bearing speed
increases. The contact stress bar chart for the SBS and the line chart for the BBS at 1000 rpm
show the highest values. In contrast, the charts at 3000 rpm display the lowest values.
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Figure 17. Contact stress simulation data schematic.

3.3.5. Safety Factor Analysis

The simulations conducted for the conditions of 1000 rpm, 2000 rpm, and 3000 rpm,
subjected to impact accelerations of 200 mm/s?, 300 mm/s?, and 400 mm/s?, respectively,
are presented in the safety factor data shown in the cloud diagrams in Figure 18. In
Figure 18, panels A, B, and C correspond to the results for 1000 rpm, 2000 rpm, and
3000 rpm, respectively. The top and bottom of each panel show the results for the SBS and
BBS structures, respectively. From Figure 18, it is evident that the safety factor distribution
for the SBS structure varies significantly across different regions. The red region (low safety
factor) is concentrated closer to the center, indicating higher stress concentrations and a
potentially greater risk of failure in these areas. The blue region (high safety factor) is
located in the outer ring, indicating lower stress and relatively higher safety. The red region
(low safety factor) in the BBS structure is significantly reduced, particularly near the center,
indicating that the improved design alleviates the stress concentration issue. The blue
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region (high safety factor) shows a more uniform distribution, and the overall safety factor

is improved, suggesting a more balanced stress distribution after design improvements.
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Figure 18. Safety factor result response: (A) At a working condition of 1000 rpm; (B) At a working

condition of 1000 rpm; (C) At a working condition of 1000 rpm.
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4. Bionic Loofah Adapter Ring Performance Analysis

According to the theories of material mechanics, when a homogeneous, isotropic
object with a uniform cross-section is subjected to external loads, the stresses are evenly
distributed across its cross-section. However, when holes are present in the cross-section,
they experience dimensional changes under external loads, leading to a sharp increase in
stress around the hole. The stress in regions at a certain distance from the hole decreases
gradually and stabilizes, a phenomenon known as hole-induced stress concentration. The
bionic loofah adapter ring structure designed in this study incorporates specific geometric
features of hole structures. However, the BBS structure exhibits a less significant lagging
trend compared to the SBS structure and shows some improvement. This is because the
bionic structure design is inspired by the structural characteristics of loofah, with hole
positions arranged to mimic those found in loofah’s natural structure.

The pore elements in this study are elliptical, inspired by the seed storage cavities
within loofah. At the microscopic level, the interlocking fibers of loofah form elliptical
pores. The orientation of the elliptical long axis corresponds to the growth direction of the
inner, outer, and interlayer fibers of loofah. The outer wall of the adapter ring is axially
aligned with the long axis of the ellipse. The inner wall of the ellipse is staggered along
its long axis, with a tendency toward a radial orientation. An angle exists between the
long axis of the elliptical holes near the inner wall and the loading direction of the Z-axis
impact acceleration. If the long axis of the elliptical holes is perpendicular to the loading
direction, stress concentrations are likely to occur around the perimeter, leading to uneven
stress distribution. An angle between the two can effectively mitigate stress concentration.
Additionally, multiple elliptical holes are arranged at an angle along the inner wall of the
adapter ring, ensuring uniform distribution rather than isolated holes. Consequently, the
material arrangement and density around each hole are reduced, enhancing the structure’s
flexibility. Hole designs are prone to stress concentration, but optimizing the geometric
arrangement can effectively mitigate this and promote a more uniform structure.

Figure 19 presents the stress values of local radial paths in the SBS and BBS adapter
ring sections, analyzed under the working conditions of 2500 rpm and 500 mm/s?. Using
the coordinate system in Figure 19 as a reference, paths 1 to 4 are defined by the following
start and end coordinates: (0, 23.5) to (0, 27.5), (23.5, 0) to (27.5, 0), (—23.5, 0) to (—27.5,
0), and (0, —23.5) to (0, —27.5). The x-coordinates are chosen as —10, —8, —6, —4, —2, 0,
2,4, 6,8, and 10. The simulation results for the stress values along the specific paths are
shown in Figure 19A-D. In Figure 19, panels A, B, C, and D represent the stress trend
plots for the four paths of the adapter ring, respectively. Since the impact direction is
along the positive z-axis, the maximum stress occurs at path 1, while the minimum stress
occurs at path 4. The stress difference between path 1 and path 2 is significant, with the
bionic adapter ring exhibiting much lower stress values than the solid adapter ring. In
Figure 19, the stress trends at different depths reveal that the bionic adapter ring exhibits
a gentle stress distribution along paths 1, 2, and 4, whereas the solid adapter ring shows
a steeper trend. The stress trends for both rings along path 3 are similar. In Figure 20,
this paper analyzes the stress distribution of the two adapter ring structures along path
1. Table 3 shows the specific values of the stress extremes. The maximum and minimum
stress differences for paths 1 and 2 in the bionic adapter ring are significantly reduced
compared to the solid adapter rings. For paths 3 and 4, the stress differences for both
adapter rings are similar. In summary, the stress distribution of the bionic adapter ring
is more uniform, effectively mitigating the effects of stress concentration on the adapter
ring structure. The equivalent stress contour map for path 1 is shown in Figure 20. In both
structures, the maximum equivalent stress values are relatively high. However, these stress
concentrations are primarily located at the contact edge regions, heavily influenced by
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loading discontinuities and boundary constraints. This is a typical feature of the contact
area, where stress is most intense due to abrupt changes at the boundaries, as indicated
by the higher stress values in the corresponding regions of both the solid and biomimetic
rings. The contact behavior of the adapter ring structure is more complex than predicted by
traditional Hertzian contact theory, as it involves a combination of multi-point and surface
contact characteristics. The adapter ring is not purely elastic and does not follow the simple
model used in classical Hertz theory. Although higher localized stresses are observed, the
biomimetic adapter ring, with its innovative design features, is able to effectively reduce
peak stresses compared to the solid adapter ring. The biomimetic design optimizes load
distribution and enhances the structure’s ability to absorb impact energy, resulting in lower
stress values in the contact area of the biomimetic ring. The optimization results show that
the biomimetic adapter ring is more effective at distributing the load. By reducing peak
contact stresses, the biomimetic design minimizes the risk of material failure, providing

improved durability and performance.

y/(mm)

) Biomimetic adapter ring

: )

C——— Solid adapter ring

l:qui\'alcnl .\lress/- MP::
'/ MPy

> Path1
> Path2
C> Path3
O Path 4

Equivalent sm:ss/ Mf’a
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Figure 20. A schematic diagram of the stress distribution of the adapter ring of path 1.
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Table 3. The stress ranges before and after the design of the adapter ring.
Path 1 Path 2 Path 3 Path 4
Stress range of solid adapter ring/MPa 6009.75 956.44 1397.08 361.656
Stress range of biomimetic adapter ring/MPa 2742.55 355.9 1516.44 388.258

5. Conclusions

This paper addresses the lightweight design and shock resistance issues of double-
decker ball bearings by proposing a bionic loofah-based double-decker ball bearing struc-
ture and conducting modeling and simulation under shock loading. The key findings are
summarized below:

(1) Through the combination of biomimetic porous design and solid design in this study,
we successfully achieved weight reduction in the double-decker ball bearing structure.
By adopting a novel biomimetic loofah structure design, the weight of the bearing
adapter ring was reduced by 25.26%.

(2) The new bearing structure under the simulation condition of 1000 rpm~3000 rpm in
this paper has some improvement in the aspects of deformation, equivalent stress,
equivalent strain, contact stress, and safety factor compared with the original double-
decker ball bearing structure.

(3) The maximum equivalent stress and the maximum contact stress of double-decker
ball bearings appear in the contact between the inner ring of the class I bearing and
the rolling elements, and the contact stress shows a nonlinear decreasing trend with
the increase in bearing speed.

(4) Under radial impact load, the overall stress in the bionic loofah adapter ring in
the axial direction first rises and then declines according to the law of distribution.
Compared to the solid adapter ring structure, the overall distribution of stress in the
bionic adapter ring structure is more uniform, the stress changes are smaller, and the
stress concentration degree is lower.

The bionic loofah structure considered in this paper provides a theoretical basis for
improving the lightweight design of double-decker ball bearings.

6. Future Work

In future research, lightweight materials such as aluminum alloys will be considered
for the production of adapter rings. These aluminum alloys offer good strength, excellent
corrosion resistance, and high formability. Additionally, they possess outstanding damping
properties, which are crucial for reducing vibrations in mechanical systems. The low
density of these materials is particularly advantageous, as it can significantly reduce the
overall system mass without compromising the structural stiffness or load-bearing capacity
of the adapter ring. The present simulation does not explicitly include the effects of bearing
preload and thermal expansion. Bearing preload can affect the contact stiffness and initial
clearance, while thermal expansion may alter the fit and contact pressure distribution. These
factors are critical in real-world applications and will be considered in future studies. We
will incorporate a thermomechanical coupling approach and preload modeling to enhance
the accuracy and applicability of the model under operational conditions. This study
analyzes the bearing’s response under impact conditions based on the assumption of ideal
elasticity. However, in real engineering applications, particularly under high-load impact
or extreme conditions, localized plastic deformation may occur, which would further affect
the contact stress distribution. Future research could incorporate elastoplastic material
models to comprehensively consider material yielding behavior and nonlinear contact
mechanisms, thereby enabling a more accurate assessment of Hertzian contact stress.
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