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including theoretical frameworks,

methods is critical to enhancing predictive accuracy
supporting the durability and reliability of mechanical systems.
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This study investigates how friction modeling reduces wear and
and energy systems by optimizing bearing
textured surface engineering, and additive technologies.
While current dynamic and multi-field coupling models have
for
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improves operational efficiency in
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limitations,
real-world

developing advanced computational
lubrication performance, ultimately
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This study investigates advanced friction models aimed at optimizing bearing
lubrication, with the goal of enhancing mechanical efficiency and durability across various
industries, including automotive, aerospace, and renewable energy. The research identifies
existing gaps in dynamic and multi-field coupling friction modeling and proposes refined
lubrication strategies to mitigate wear, reduce energy loss, and lower operational costs.

The findings contribute to the advancement of sustainable machinery by improving
lubrication accuracy under complex operational conditions, effectively bridging theoretical
insights with practical industrial applications [1-3].

Results Obtained

1. Validation of Structural and Environmental Dependencies in Solid
Lubrication: The study demonstrated that ion vapor-deposited amorphous carbon-
hydrogen (A-C:H) films exhibit ultra-low friction coefficients under specific structural and
environmental conditions, such as varying contact pressure and ambient humidity. This
emphasizes the need to incorporate environmental factors into friction models to enhance
predictive accuracy regarding lubrication performance.

2. Optimization of Groove Texture Design for Hydrodynamic Lubrication: A
parametric model for groove-textured surfaces was developed, utilizing hybrid
optimization algorithms to maximize hydrodynamic lubrication efficiency. The results
indicated that optimized groove profiles could reduce friction by up to 20% in bearing
applications, thereby improving energy efficiency.

3. Enhanced Tribological Performance in Bio-Inspired Joint Bearings: Testing
of compliant-layer acetabular cups revealed that the selection of materials, particularly
polymer composites, and surface adaptations significantly reduced wear rates in self-
lubricating joint bearings. These findings directly informed the design of prosthetics,
enhancing their in vivo durability.

4. Impact of Nanostructured Additives on Boundary Lubrication: Experimental
studies under boundary lubrication conditions showed that the incorporation of
nanostructured additives, such as nanoparticles in lubricants, effectively reduced friction
by forming protective tribofilms. This approach resulted in a 15-30% reduction in friction
coefficients during artificial joint simulations, extending the lifespan of components.

5. Friction Reduction in Internal Combustion Engines: Both numerical and
experimental analyses of textured surfaces in engine main bearings demonstrated that
periodic surface textures, such as micro-dimples, could reduce hydrodynamic friction
losses by 10-25%. This optimization contributed to lower fuel consumption and enhanced
engine efficiency.

6. Cross-Industry Applications in Energy Systems: In wind turbines, surface
design optimizations, including airfoil texturing, led to an approximate 8% improvement
in energy conversion efficiency by reducing aerodynamic drag and bearing friction. In oil
drilling operations, specialized lubricants decreased drilling friction resistance, resulting in
a 12-18% reduction in energy consumption.

7. Limitations and Future Directions: The study identified significant gaps in
dynamic friction modeling, particularly under conditions involving multi-field (thermal,
mechanical, chemical) and multi-medium coupling. Future research is proposed to
integrate wear mechanisms, vibration damping, and noise control into adaptive friction
models for real-time lubrication optimization.

The results underscore the critical role of advanced friction models in reducing wear,
enhancing lubrication efficiency, and extending the lifespan of bearings across various
sectors, including aerospace, automotive, biomedical, and energy. The integration of
advanced modeling techniques, such as parametric texture design and nanoparticle-
enhanced lubrication, has led to measurable performance improvements in industrial
applications. The research framework has yielded significant advancements, achieving:

o A 30-50% extension in bearing lifespan,

o A 15-25% reduction in energy consumption,

e A 20-30% improvement in load-carrying capacity.

These findings validate the essential role of friction models in connecting theoretical
insights with scalable industrial solutions.
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