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Abstract: With advantages such as high power density, long cycle life, and environmental friendliness, flywheel energy storage
systems hold great promise in applications like renewable energy integration and grid frequency regulation. As the core
component for energy storage, the rotor’s stress distribution and evolution under high-speed rotation directly affect the system’s
safety and reliability. This paper reviews the stress analysis of rotor materials and structures in flywheel energy storage systems,
systematically summarizing current research progress. First, from the perspective of material constitutive properties, it compares
the stress responses of conventional metals (e.g., steel and aluminum alloys) and high-performance composite materials (e.g.,
carbon fiber-reinforced polymers and metal matrix composites) under centrifugal loads, with a focus on the failure mechanisms
of anisotropic materials, high-cycle fatigue stress, and thermo-mechanical coupled stress. Second, in terms of structural design, it
explores the influence of topology optimization, thin-walled hollow structures, and stiffener configurations on stress
concentration and distribution within the rotor, and elaborates on the complex evolution of stress fields under multi-physics
coupling (centrifugal force, temperature, and electromagnetic fields). Furthermore, it summarizes the current applications of
finite element simulation, experimental methods (strain gauges and digital image correlation), and multi-objective optimization
in stress analysis. The study shows that although existing research has revealed the critical influence of material and structural
parameters on stress, challenges remain in areas such as refined modeling of multi-field coupling, integrated material-structure
optimization, and full lifecycle stress prediction. Future research should integrate the development of novel materials with
intelligent design approaches to deepen the understanding of stress mechanisms and provide theoretical support for the
lightweight and high-reliability design of flywheel energy storage rotors for engineering applications.
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1. Introduction

As an emerging physical energy storage technology, flywheel energy storage primarily consists of a flywheel rotor, bearing
system, motor system, vacuum and cooling systems, and power converter, as shown in Figure 1 [1]. Its basic principle is to store
energy through the conversion between mechanical energy and electrical energy by means of a motor. Due to advantages such as
high instantaneous power output and fast response speed, it has been widely applied in fields such as aerospace, marine
propulsion systems, industrial and Uninterruptible Power Supplies (UPS), and grid frequency regulation. Pi [2] systematically
analyzed the energy storage capacity and power characteristics of flywheel energy storage systems, concluding that a single unit
can achieve an energy storage capacity ranging from 0.5 to 100 kW∙h and a power output of 2 to 3000 kW.

Copyright: © 2025 by the authors. Submitted for possible open access publication under the terms and conditions of the Creative
Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
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Figure 1. Structure of a flywheel energy storage system

At present, research on flywheel energy storage systems at home and abroad mainly focuses on composite material flywheel
rotors, disturbance-resistant control systems, safety management of flywheel energy storage, magnetic suspension bearings, and
high-speed motor design. Among these, the material and structural design of the flywheel rotor—key factors influencing both
energy storage density and safety factor—have long been a central focus for researchers worldwide. From the perspective of
flywheel rotor materials, rotors are generally categorized into two types: metallic flywheels and composite material flywheels.
This paper reviews research on flywheel rotor materials over the past fifteen years, with particular attention to the performance
advantages of composite and metallic materials, as well as the key aspects of structural simulation and analysis for different
materials.

As an efficient and environmentally friendly electric energy storage device, the flywheel energy storage system is primarily
composed of five major modules: the flywheel rotor, bearing system, motor/generator, power electronic converter, and vacuum
enclosure. Among these, the flywheel rotor is the physical medium for energy storage; through high-speed rotation, it converts
electrical energy into mechanical kinetic energy. The bearing system—typically magnetic or superconducting bearings—supports
the rotor and reduces frictional losses. The motor/generator integrates bidirectional conversion functions, enabling two-way
transformation between electrical and mechanical energy. The power electronic converter regulates the electrical parameters of
energy input and output. The vacuum enclosure provides a low-resistance operating environment for the rotor, reducing
aerodynamic drag. The working principle can be summarized as follows: during charging, electrical energy from the grid drives
the motor via the power electronic converter, accelerating the rotor to a high-speed state of tens of thousands of revolutions per
minute, thereby converting electrical energy into stored rotational kinetic energy. During discharging, the high-speed rotor
transfers kinetic energy to the generator, which converts it back into electrical energy and feeds it into the grid or load through
the converter.

Within the entire system, the rotor is undoubtedly the “heart” of the mechanism. As the direct carrier of stored energy, its
mass distribution, material properties, geometric shape, and rotational stability directly influence key performance metrics:
energy density (which is positively correlated with rotor mass and the square of angular velocity), conversion efficiency (limited
by bearing losses, air drag, and electromagnetic losses), service life (determined by fatigue resistance and thermal management),
and safety (dependent on suppressing vibration and deformation at high speeds). If the rotor is poorly designed or the material
performance is inadequate, it can result in increased energy loss, uncontrolled speed fluctuations, or even structural failure—
severely compromising overall system performance.
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In view of this, the present study focuses on key scientific issues related to flywheel energy storage rotors and conducts in-
depth research in two main areas: (1) multi-objective optimization of rotor materials, exploring the development and processing
of novel composite materials—such as carbon fiber-reinforced polymers and metal matrix composites—that offer a combination
of high specific strength, low eddy current loss, and fatigue resistance; and (2) innovative rotor structural design, employing
topology optimization, shape refinement, and multi-physics coupling simulations to optimize mass distribution, support stiffness,
and aerodynamic profile. These efforts aim to enhance energy storage density while reducing operational losses, thus providing
theoretical and technical support for the engineering application of highly reliable, long-lifespan flywheel energy storage
systems.

2. Mechanical properties of flywheel rotor materials

Due to the generally anisotropic nature of composite materials, their mechanical behavior is relatively complex. This leads to
internal structural non-uniformity, and properties such as strength, stiffness, and coefficient of thermal expansion vary with
direction. Therefore, the design and analysis of composite material rotors must differ fundamentally from those of metallic
rotors. To analyze the differences between flywheel rotors made from various materials, Ma et al. [3] compared the energy
storage density and total energy capacity of flywheel rotors composed of titanium alloy, 4340 alloy steel, and epoxy resin–carbon
fiber composite. Under identical rotational speed and geometric dimensions, they examined the internal stress and deformation
characteristics of each material during operation. Finite element analysis showed that the epoxy resin–carbon fiber composite
rotor could withstand the highest rotational speed, exhibited the highest energy storage density, and had the lowest internal stress
and deformation. The titanium alloy rotor demonstrated the highest total energy storage capacity. Although the 4340 alloy steel
rotor could also achieve relatively high energy capacity, it exhibited significantly greater internal stress and deformation. These
findings suggest that research on composite flywheel rotors primarily focuses on enhancing specific energy and reducing
manufacturing costs. The performance parameters of typical composite flywheel materials are presented in Table 1.

Table 1. Performance parameters of typical composite flywheel materials

Material type (GPa) Density(×10³ kg/m³) energy density (Wh/kg)
carbon fiber T-1000 10.0 1.78 945.7
carbon fiber T-700 7.0 1.78 662.0

T700/5028 epoxy resin 7.2 1.80 580~650
High-tension wound carbon fiber 6.8~7.5 1.75~1.82 44.5~50

Three-ring interference carbon fiber 6.5~7.2 1.76~1.80 40~129
T300 carbon fiber 3.5 1.76 134~306
M40J carbon fiber 4.4 1.77 150~280

Kevlar fiber 3.8 1.45 441.1
S fiberglass 4.8 2.52 320.6
E fiberglass 3.5 2.54 231.9

In the field of high-speed flywheel energy storage, composite material flywheel rotors, due to their excellent specific strength
and modulus characteristics, can achieve a rotational speed increase of 20% to 40% compared to traditional metal rotors.
However, the higher rotational speeds introduce additional risks and technical challenges, particularly uneven stress distribution
within the rotor that can cause damage and delamination, thereby limiting the maximum achievable speed. Against this
background, to further understand the mechanical properties of composite materials, Song et al. [4] established a mechanical
model of composite material energy storage flywheels based on finite element theory. They conducted tensile tests on carbon
fiber composite rings of varying thicknesses and ring radii. Their results showed that carbon fiber composites exhibit significant
thickness and scale effects. When the inner diameter of the ring is fixed, its radial tensile strength decreases linearly with
increasing ring thickness; conversely, when the ring thickness is constant, the radial tensile strength increases with increasing
inner diameter. Zong et al. [5] performed structural strength analysis on flywheel rotors made from carbon fiber laminates. Using
section thickness (40 mm and 10 mm) as a variable, they simulated tensile and rotational loading on ring specimens, finding that
rotors with larger section thickness are more prone to delamination failure. Furthermore, by varying the inner and outer
diameters of the rings (60/70 mm and 120/130 mm), they established a damage model and measured ultimate loads of 222.2 kN
and 308.0 kN for the two specimens, respectively. Regarding the strength of composite rotors, Zhang et al. [6] employed finite
element methods to conduct modal analyses on flywheel rotors made from 35CrMo alloy steel and carbon fiber composite
materials. They found that carbon fiber composite flywheel rotors exhibit higher rotor strength safety factors and speed safety
margins, meeting the strength requirements of a 75 kW, 28,000 rpm embedded permanent magnet motor flywheel energy storage
rotor.
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Composite material flywheel rotors, owing to their high specific strength, lightweight characteristics, and design flexibility,
significantly outperform metal rotors in terms of energy storage density and maximum rotational speed. However, the anisotropy
inherent to composite materials results in complex nonlinear stress behaviors. The radial tensile strength exhibits a negative
correlation with thickness, and the risk of delamination failure increases as the cross-sectional thickness grows. Additionally,
composite flywheel rotors demonstrate a size effect, whereby, at the same thickness, increasing the inner diameter can enhance
radial strength by approximately 38%.

3. Composite material flywheel rotor manufacturing process

3.1. Winding and curing process

Currently, two widely studied manufacturing processes are composite material winding and curing, and interference fit assembly
with press-fitting forming. The winding and curing process mainly uses high-strength carbon fibers as reinforcement combined
with epoxy resin as the binder to form a composite material. According to the mechanical requirements of the flywheel rotor, the
material is wound at specific angles onto a mold. The curing process involves uniformly impregnating the fiber assembly with
resin during or after winding to fill the gaps between fibers, followed by heat treatment to tightly bond the entire structure. The
winding and curing process can be further classified into several mainstream methods: dry winding molding, semi-dry winding
molding, and wet winding molding.

Dry winding molding uses prepreg yarns or prepreg tapes as raw materials, which have been pre-impregnated with resin.
These materials are softened to a tacky state through heating on a winding machine and then wound onto the mandrel for
shaping. Compared to dry winding, wet winding molding does not require pre-preparation of prepreg materials; instead, fiber
bundles are directly impregnated with liquid resin in a resin bath and immediately wound. This eliminates intermediate steps
such as prepreg drying and storage, significantly shortening the production cycle and enabling the formation of composite
products with specific structures and properties by integrating the resin matrix and fiber reinforcement [7]. The process flow
diagram of the wet winding technique is shown in Figure 2.

Figure 2. Process flow diagram of the wet winding technique

Song et al. [8] investigated a flywheel rotor with a composite rim structure formed by fiber winding on a metal hub. They
developed a direct winding process of T800H carbon fiber composite rims onto a 7050 aluminum alloy hub, enabling the
flywheel rotor to operate normally. Chen et al. [9] studied the effects of fiber winding tension on the deformation of composite
flywheel rotors. Using various materials—including S6 glass fiber, T700SC and T800SC carbon fibers, E-8012 epoxy resin, and
Al7075 aluminum alloy as the flywheel hub—they established a 1/8 model in ABAQUS to simulate the influence of Constant
Tension Winding (CTW) and Variable Tension Winding (IPWVT) on rotor deformation and failure. The results indicated that
deformation within the elastic range effectively characterizes the stress state of composite layers, and that variable tension
winding reduces plastic deformation of the hub. When the relative thickness      > 1.3, the influence of outer winding on the
mandrel deformation diminishes, and curing relaxation is independent of tension. The magnitude of winding tension directly
affects the structural strength and performance of the flywheel. Excessive tension may overstretch the fibers and degrade
material properties, whereas insufficient tension leads to loose fiber bonding, increasing the risk of loosening at high rotational
speeds and compromising the rotor’s integrity. To increase the maximum rotational speed achievable by rotors manufactured via
winding processes, Hui et al. [10] employed an innovative high-tension winding technique to induce interference fit between the
composite jacket and the hub. They analyzed the effects of winding tension and interference fit between the hub and shaft on
compressive stresses at the interface of glass fiber and carbon fiber rotor materials under 30,000 RPM and varying operating
temperatures. This method effectively increased the laminated composite stress by 30 to 60 N. Because traditional fiber-wound
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composite flywheels exhibit high circumferential strength but only about 1% of that in radial strength, they are highly susceptible
to delamination caused by radial tensile stresses during high-speed rotation, limiting the increase of total stored energy. Although
interference fits or tensioned winding processes can mitigate radial stresses, large-size flywheels are difficult to machine
accurately, making it challenging to ensure manufacturing precision. Therefore, Tang et al. [11], based on the rule of mixtures to
derive elastic constants, established mechanical equations for radial compressive stress in single-layer and multilayer flywheels
and designed and fabricated a six-layer interleaved flywheel. This process achieves radial compressive stress to counteract
centrifugal tensile stress, effectively preventing radial delamination. Meng [12] utilized a multi-ring interference-fit structure
composed of an aluminum alloy hub and composite rim rings. By cooling the hub with liquid nitrogen and subsequently
assembling the rings, thermal expansion generates a pre-compressive stress that offsets radial tensile stresses during high-speed
rotation, thereby optimizing the fiber winding forming process and improving energy storage density. After optimization, the
flywheel rotor achieved a total energy storage of 3.6 kWh and an energy density of 129 Wh/kg, representing a 49% increase over
elastic design, with a maximum rotational speed of 42,038 rpm. Dai [13] developed a manufacturing process for a plain-woven
laminated composite flywheel to address the delamination tendency of fiber winding processes. The woven structure consists of
circumferential yarn bundles continuously woven as single fiber bundles, with radial yarn bundles arranged in a radial
distribution to achieve radial reinforcement.

3.2. Interference fit assembly and press-fitting forming process

Interference fit assembly is currently a widely studied manufacturing process. To improve the overall strength and stiffness of the
flywheel, thereby further increasing its energy storage density, the metal hub and composite rim can be assembled using an
interference fit. Due to the tensile properties of composite materials, the interference fit generates a pre-tightening force at the
contact interface between the two components, which enhances the overall mechanical performance of the flywheel. Tang et al.
[14] designed a magnetically suspended outer rotor flywheel with a metal hub and three composite rings assembled via
interference fit. Using a sequential quadratic programming method, the rotor was optimally designed, resulting in a 34.5%
increase in both energy storage capacity and energy storage density. Since interference fit assembly relies on the pre-tightening
force generated by the fit between components, the magnitude of the interference and the elastic moduli of the materials involved
play decisive roles. Excessive interference can cause local stress concentrations in the composite parts, potentially leading to
material cracking and significantly compromising the flywheel’s safety. Conversely, insufficient interference reduces the contact
pressure and friction between the metal hub and composite rim; during high-speed operation, slight slip may occur at the contact
interface, adversely affecting flywheel stability and reducing overall performance. Liang et al. [15] analyzed the interference fits
of all mating components in a 10 kW·h magnetically suspended energy storage flywheel rotor under static and extreme rotational
speeds. None of the components exceeded their material strength limits, and no separation occurred at the interference contact
interfaces. Li et al. [16] developed design criteria and methods for the interference fit of multilayer jacketed motor rotors,
ensuring sufficient contact pressure between rotor components under static and dynamic conditions and preventing delamination
during high-speed rotation.

Tang et al. [17] established stress analysis models for rotors based on plane stress analytical methods and finite element
methods, concluding that adding a metal hub, increasing the thickness of the composite outer ring, and enlarging the interference
fit between the middle and outer rings can enhance the rotor’s strength, maximum rotational speed, and energy storage density.

4. Optimization design of composite material flywheel rotor structures

In composite flywheel rotors, to meet the stress demands of high-speed rotation, composite rims are assembled onto high-
strength steel or titanium alloy hubs using interference fit methods. Due to the complex mechanical properties of composite
materials, simple structural designs of composite flywheels significantly limit the full utilization of their material capabilities.
This is especially true in systems where the flywheel is subjected to high-speed rotational centrifugal forces and complex stress
fields. Single-layer laminate designs are prone to stress concentration and delamination failure. When the flywheel operates at a
constant angular velocity, the mechanical equilibrium equation for the composite rim structure [13] is as follows:

(1)

In the equation,     and     denote the radial and circumferential stresses, respectively;     and     represent the density and
rotational speed, respectively.

In flywheel structures, the most significant factor affecting the radial and circumferential stresses in the composite rim is the
interference fit magnitude between the rims. As the interference increases, the radial stress experienced by the composite rim,
which is compressive stress, increases significantly, and the circumferential stress, typically tensile stress, also rises markedly.
Additionally, an increase in the friction coefficient at the rim contact interface leads to localized stress concentration in the
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assembled rim, influencing the tendency for slip at the contact surface during rotation. Structural parameters such as the rim
inner diameter, hub outer diameter, rim thickness, hub size and stiffness, and rim width also impact the stress levels in the rim.

Currently, the mainstream research direction focuses on simulation studies of multi-ring composite interference-fit structures.
By varying parameters such as the layup sequence of composite flywheel materials, the number of material rings, and flywheel
dimensions, simulation analyses are conducted to optimize the performance of the flywheel during operation. Initially, Kale et al.
[18] developed a one-dimensional, plane-stress, axisymmetric flywheel model based on Krack’s description and designed a four-
rotor flywheel composed of metal and composite rims with rim separation constraints. Comparative analysis revealed that multi-
rim composite rotors with specific material sequences assembled by interference fit outperform single-rim composite flywheels
and metal flywheels in terms of total and specific energy, while also offering advantages of lighter weight and higher operational
speeds.

Currently, research on composite material structural design mainly focuses on simulation studies of flywheel rotor structures.
Ren et al. [19] established a multilayer interference-fit composite material stress analysis model tailored to the structural
characteristics of flywheels. They investigated the radial and circumferential stress distributions of carbon fiber T300, carbon
fiber T800, and glass fiber rims operating at 15,000 rpm. Based on these stress characteristics, they concluded that an inner layer
of low-cost glass fiber, a middle layer of carbon fiber T300, and an outer layer of higher-cost carbon fiber T800 produce the most
uniform stress distribution with minimal gradient variation. However, this optimization method, which only varies the layup
sequence, is relatively simple. To simplify the composite flywheel optimization problem while better considering material
mechanical properties and improving energy storage density, Michael et al. [20]. proposed a zoning material selection principle
of “low modulus–high strength material + high modulus–high strength material.” In constant stress regions, low-density, low-
modulus but high-strength M46J/epoxy material is used, while in constant thickness regions, high-modulus T1000G/epoxy
material is selected. This approach reduces stress non-uniformity caused by material self-weight and suppresses deformation of
the composite during high-speed rotation, thereby increasing the maximum rotational speed. Liu et al. [21] selected T700/AG80
carbon fiber reinforced resin composites and employed a three-layer multi-ring fiber winding structure. They simplified the
energy storage density optimization problem of the composite flywheel rotor into a nonlinear programming problem with
multiple variables and a single objective. Using a particle swarm optimization algorithm, the optimized hub outer diameter was
170 mm; the interference fits between the hub and inner ring and between the inner and outer rings were both 0.3 mm; and the
radial thicknesses of the inner and outer ring layers were 15 mm, resulting in a 22.8% improvement in energy storage density. Li
et al. [22] used three-dimensional finite element methods to analyze the effect of the taper size at the contact surfaces of
multilayer interference-fit composite rims and metal hubs on radial stress distribution in flywheel rotors. They found that the
taper size has a minor effect on rim radial stress distribution and that changes in taper size correlate positively only with the
magnitude of radial stress at axial edge locations of the rotor.

To accommodate varying performance requirements of composite flywheel energy storage rotors in different application
scenarios and improve their robustness, Wen et al. [23] proposed a displacement-based optimization method for multi-ring
flywheel structures. This method considers four performance indicators under different application conditions: energy per unit
mass, energy per unit volume, energy per unit cost, and energy per unit mass cost, providing theoretical support for lightweight,
low-cost, and high-reliability design of flywheel energy storage systems. In terms of applications, Pish [24] designed a robust
composite flywheel for use in microgrids, achieving high energy density and long-term mechanical stability for microgrid
systems.

5. Future development trends

5.1. Innovations in composite materials

The primary factor currently limiting the maximum rotational speed of flywheel energy storage systems remains the mechanical
performance of composite materials. Traditional composite flywheels exhibit radial strength only about 1% of their
circumferential strength. Moreover, due to the anisotropic nature of composite materials, stress distribution during rotation is
non-uniform. When stresses generated during rotation exceed the maximum allowable stress of the composite, the rotor deforms
under centrifugal forces, causing stress concentration in the hub–rim transition zone, and potentially leading to slip and
delamination hazards. Therefore, continued exploration of novel composite materials is essential to improve reliability and
stability under high-speed operation, reduce manufacturing costs, and further enhance the flywheel’s energy storage density and
maximum rotational speed. The UT-CEM Laboratory in the United States developed a Carbon Nanotube (CNT)-doped epoxy
resin by incorporating 0.5-1% CNTs, creating a CNT-modified resin capable of increasing interlaminar shear strength by 30-50%
while reducing matrix creep rates. Rotational tests of the CNT-modified resin material demonstrated that after 1,000 hours of
operation at 120,000 rpm, the interlaminar stress decay rate decreased from 25% to 8% in the CNT-reinforced system.
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5.2. Manufacturing processes

Different manufacturing processes have their own advantages and disadvantages. For composite flywheels, the current
mainstream manufacturing methods are winding curing and interference fit assembly. However, both face challenges such as
difficulties in assembly precision and stress control, as well as relatively high process costs and long production cycles. In
winding curing processes, controlling the winding tension is paramount. Insufficient winding tension may increase the risk of
delamination in the flywheel rotor, whereas excessive tension can cause stresses that exceed the critical maximum stress of the
composite material itself. Regarding interference fit assembly, accurately calculating the interference magnitude is crucial. If the
interference is too small, the contact pressure and friction force between the metal hub and composite rim decrease, adversely
affecting the flywheel’s stability. Conversely, excessive interference can induce localized high stresses in the composite rim,
compromising the flywheel’s safety. Therefore, when designing interference fit assemblies, various factors influencing the
interference magnitude must be considered. For example, the high temperatures generated during high-speed rotation can cause
material expansion, affecting the interference at the rim contact interface. Consequently, exploring novel manufacturing
techniques for flywheel rotors is a direct means to enhance structural safety and stability. An ideal manufacturing process should
be simple, require minimal manufacturing equipment, maximize material utilization and process flexibility, and produce
flywheels with high stability and low risk of failure.

5.3. Flywheel rotor structures

Currently, most domestic research on composite flywheel rotor structures focuses on static and dynamic simulations using
software such as ANSYS and Abaqus, primarily employing finite element analysis to predict stress distributions under high-
speed rotation. This simulation-heavy, practice-light approach is mainly due to the high experimental costs, manufacturing
process barriers for flywheel rotors, and inherent safety risks. Consequently, most studies remain at the simulation stage. An
effective flywheel structure should be capable of accommodating various real-world factors that reduce energy storage density.
Additionally, it should implement a highly adaptable evaluation system tailored to different application conditions. Such a
system would guide targeted rotor design and enable the analysis of discrepancies between simulated and actual operational
conditions. By complementing mature simulations with practical experimentation, the structural design of flywheel rotors can be
advanced toward large-scale applications in fields such as microgrids and rail transit.

6. Conclusion

As a core approach to efficient physical energy storage, flywheel energy storage technology critically depends on the stress
analysis of rotor materials and structures to ensure high system reliability and energy density. This paper systematically reviews
the research progress on the mechanical properties of flywheel rotor materials, manufacturing processes, and structural
optimization, revealing the following key conclusions:

6.1. Breakthroughs and challenges in material performance

Composite materials, exemplified by T1000 carbon fiber achieving an energy storage density of 945.7 Wh/kg, significantly
outperform traditional metals due to their high specific strength. However, anisotropy-induced radial stress concentration—
where radial strength is only about 1% of circumferential strength—remains a bottleneck for increasing rotational speed. Novel
materials such as Carbon Nanotube (CNT)-modified resins, which enhance interlaminar shear strength by 30–50% and suppress
creep, offer new avenues for breaking speed limits, demonstrated by stable operation at 120,000 rpm over extended durations.

6.2. Refined control of manufacturing processes

In winding curing processes, tension control (e.g., variable tension winding IPWVT) and the design of interference fit magnitude
in assembly directly govern rotor stress distribution. The wet winding process, favored for its efficiency, requires balancing
winding tension and resin impregnation quality. Interference fit assembly depends on precise calculation of interference
magnitude—excessive interference risks cracking, whereas insufficient interference may cause slippage. Optimization must
integrate multiphysics coupling models.

6.3. Collaborative innovation in structural design

Multi-ring hybrid structures (e.g., layered glass fiber/carbon fiber designs) and topology optimization effectively balance stress
distribution, leading to energy density improvements between 22.8% and 49% (e.g., optimized flywheels by Meng Zhihua
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achieving 129 Wh/kg). Future work should deepen synergy across “materials–structure–process”: developing high-temperature-
resistant, low-creep matrix materials; exploring additive manufacturing and other low-stress forming technologies; and
employing deep learning for full life-cycle stress prediction.

6.4. Urgency of industry-academia-research integration

Current research remains simulation-centric (e.g., ABAQUS, ANSYS), with experimental validation limited by cost and safety
risks. Future efforts should establish a closed loop of “simulation–pilot testing–engineering,” promoting large-scale deployment
of flywheel energy storage in microgrids and rail transit applications, thereby supporting the construction of new power systems
under the dual carbon goals.
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