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Abstract: Solid lubricating coatings represented by layered materials, such as graphite and molybdenum disulfide (MoS;), have
extremely low friction coefficients and wear rates and are currently considered superior lubricating materials in many fields. However,
as a typical interfacial process, the performance of solid lubricants is largely dependent on environmental factors such as humidity.
Due to the significant technical challenges encountered by experimental methods in real-time and in situ detection of the dynamic
evolution process of friction interfaces, theoretical research plays an increasingly important role in revealing material lubrication
behavior and mechanisms. Starting with classical friction analytical models, this paper reviews and summarizes commonly used
atomic-level theoretical research methods, including classical molecular dynamics (MD) simulations, first-principles static potential
energy surface (PES) calculations, and ab initio molecular dynamics (AIMD) simulations. Classical analytical models, such as the

Prandtl-Tomlinson and Frenkel-Kontorova-Tomlinson models, are the foundations for understanding the friction behavior of materials.
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Although these models ignore many realistic factors of materials, they can clearly reflect the basic physical characteristics of friction,
such as specific stick-slip and continuous low-dissipation sliding behaviors. Based on analytical models, a classical MD simulation is
further introduced, which can better consider atomic details and further investigate the friction, adhesion, wear, and lubrication
behaviors of materials. The accuracy of classical MD depends on the preset force field, and the simulation results are usually based on
the material structure and morphology, such as the puckering effect and evolution of interface quality. However, due to the complexity
of realistic environments, the friction process often involves many electronic interaction mechanisms that classical MD cannot handle,
such as complex coupling behaviors among the substrate, lubricating film, and environmental substances. Density functional theory
(DFT) calculation is suitable for revealing these electronic interaction mechanisms, as it can provide all the ground-state properties of
materials by solving the electronic wavefunction. In friction research, DFT can be used to simulate the PES of sliding interfaces,
reflect the difficulty of sliding, and reveal the electronic origin of PES fluctuations. Therefore, exploring the complex interactions
between various environmental substances, material substrates, and defect sites as well as the effects of environmental substance
adsorption, aggregation, and diffusion on the long-term stability of coatings is necessary. However, although static DFT calculations
can accurately reveal the electronic interaction mechanism, they cannot consider the dynamic evolution process involved in friction,
such as the dynamic disturbance of environmental water molecules and the internal stress generated by interface sliding. AIMD
simulations are ideal in that they consider both electronic interactions and the dynamic evolution of friction. In addition to reviewing
existing AIMD simulation models, this work introduces a new “slow growth” AIMD simulation method and conducts systematic
verification calculations in representative MoS, systems, revealing the effectiveness and accuracy of the “slow growth” method in
studying material friction behavior. Compared with classical MD, AIMD simulations have the problems of small scale and slow speed,
which severely limit their application. With the development of artificial intelligence technology, machine-learning methods have
been used to train MD force fields based on AIMD calculation data, opening the door to a comprehensive exploration of macroscopic
engineering problems using computational simulations. Accordingly, this work introduces an “on the fly” machine-learning method,
which can continuously train and improve the force field during the AIMD calculation process, greatly accelerating the calculation
speed while ensuring the accuracy of the calculation to a certain extent. The summary and outlook of the theoretical simulation
methods in this work can help to better understand the microscopic lubrication mechanism of materials in complex environments in
the future and guide the design of advanced lubricating coatings.
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