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1. A historical and conceptual gap from friction to phonons

Friction, the resistance arising during relative motion between surfaces, is among the oldest 
known but least fundamentally understood phenomena in science and engineering. It governs 
processes across an extraordinary range of scales from microelectromechanical systems [1] and 
automotive braking [2] to seismic faults [3]. However, despite its critical scientific importance, 
friction has long been confined to phenomenological laws that obscure its true physical origin. The 
empirical foundation of friction was laid in the late 15th century, when Leonardo da Vinci used 
the apparatus shown in Fig. 1(a) to demonstrate that the friction force is proportional to the normal 
load, independent of the apparent contact area, and roughly one-quarter of the normal load [4]. 
These insights remained unpublished until 1699, when Amontons independently rediscovered da 
Vinci’s findings and emphasized that friction is independent of the contact area, the sliding 
velocity, and the contacting materials [5]. A century later, Coulomb confirmed these findings 
using systematic experiments that ultimately gave rise to the Amontons–Coulomb law, which 
continues to inform engineering practice across a broad range of applications. However, Coulomb 
also concluded that other investigations showed Amonton’s law to be inexact, and that further 
detailed investigations were important [5]. While this simplification of the law did enable 
engineering practice for centuries, it fundamentally obscured the dissipative essence of friction, 
i.e., friction is not merely an isolated interfacial shear force but rather a macroscopic manifestation 
of internal energy dissipation within materials. To break through this cognitive bottleneck, a 
fundamental understanding requires moving beyond the empirical frameworks of da Vinci and 
Coulomb into nonequilibrium dynamics that govern frictional dissipation at the atomic scale, as 
illustrated in the inset of Fig. 1(a).

The Prandtl–Tomlinson (PT) model was one of the first attempts to describe friction beyond 
empirical laws [6,7]. As illustrated in Fig. 1(b), it captures sliding by representing the motion of a 
driven particle over a periodic potential. However, to account for energy dissipation, the PT model 
artificially introduces an interfacial damping force that mimics the dissipative process during 
sliding. This simplification can reproduce qualitative experimental trends [8], but it obscures the 
fundamental physics by imposing an artificial damping mechanism that distorts the actual atomic-
scale pathways through which energy is dissipated. In recent decades, researchers have 
progressively recognized the essential role of atomic vibrations in frictional energy dissipation. 
Early theoretical efforts by Sacco et al. [9] and Sokoloff [10–12] pioneered the application of 
Green’s function methods to provide an initial microscopic picture that linked frictional 
dissipation with many-body dynamical behaviors. Kajita et al. [13–16] further advanced Green’s 
function methods by extending them to semi-infinite substrates with the use of iterative 
algorithms. Despite these conceptual advances, existing Green’s function methods have largely 
remained restricted to idealized lattice models and simplified sliding conditions, in which friction 
is introduced through external driving of surface atoms, limiting their ability to describe the 
mutual deformation and the resulting energy dissipation in realistic elastic contacts. In fact, from 
the perspective of energy transduction, the external work performed during the friction process is 
not immediately dissipated at the interface. Instead, it is first stored as an elastic potential energy 
through interfacial elastic deformation, and subsequently released in the form of atomic vibrations. 
In a quantized description, these collective atomic vibrations correspond to phonons, which are the 
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primary carriers of frictional energy dissipation. Therefore, an understanding of the physical 
essence of friction requires a proper accounting of both interfacial interactions and the subsequent 
phonon dynamics in realistic contacting materials. This remains a challenge that continues to drive 
the progressive development of the phonon-based friction theory.

2. Stepwise progress toward a phononic theory of friction

To uncover the phononic origin of energy dissipation in friction, it is essential to clarify how 
phonons are excited during sliding. While it is widely accepted that frictional energy ultimately 
dissipates through phonons, a majority of studies have treated phonons merely as passive carriers, 
overlooking their excitation dynamics [17,18]. To address this gap, we systematically analyzed the 
excitation characteristics of frictional phonons using molecular dynamics (MD) simulations, and 
discovered that the phonon excitation exhibited a discrete frequency spectrum rather than random 
excitation [19]. Specifically, these excited phonons were concentrated at the washboard frequency 
𝑓0 = 𝑣 𝑎 and its harmonics, where 𝑣 is the sliding velocity, and 𝑎 is the lattice periodicity. This 
indicates that atomic-scale sliding on a periodic potential surface corresponds essentially to a 
periodic lattice response, inherently constraining lattice vibrations to discrete frequencies. A 
further analysis demonstrated that when these excitation frequencies approached the resonant 
frequencies of the friction system, the phonon excitation and the resulting energy dissipation were 
amplified, manifesting as pronounced peaks in the friction-velocity curve. This resonance-
enhanced frictional dissipation was also confirmed by experimental observations using an atomic 
force microscope (AFM) [19]. Our findings thus identified the excitation and resonance of 
frictional phonons as key factors that govern energy dissipation. This result provides a physical 
foundation for the construction of a predictive phonon-based theory of friction.

Building on our previous study of friction-excited phonons, we examined the mechanisms that 
underlie energy dissipation in sliding friction. As mentioned above, our MD simulations showed 
that when the excitation frequency of frictional phonons approached the intrinsic resonant 
frequency of the friction system, pronounced peaks appeared in the friction force. Conversely, 
when the excitation frequency deviated from the resonance, the friction significantly decreased. 
This observation indicated that under high-speed sliding, the phonon excitation frequency 
increased proportionally with velocity and moved away from resonance. As a result, friction was 
expected to weaken. However, the classical PT model, conceptualized in Fig. 1(b) as a sphere 
sliding over a periodic substrate, would predict a monotonic increase in friction with the sliding 
velocity. This discrepancy arises because the PT model phenomenologically assumes that there 
exists an interfacial damping force that is proportional to the relative sliding velocity. This 
assumption artificially enhances the energy dissipation at a higher velocity, as described by Ref 
[20]:

𝑚𝑥 + 𝑚𝜇c𝑥
assumed

+ 𝑘(𝑥 ― 𝑣𝑡) = ― ∂𝑉(𝑥)
∂𝑥          (1)

where 𝑚 is the mass of sphere, 𝑥 is its position, 𝑥 and 𝑥 are the first and second time derivatives of 
𝑥, 𝑘 is the spring constant that connects the slider to the support, 𝜇c is the assumed classical 
damping coefficient, t is the time, and 𝑉(𝑥) is the corrugated surface potential. In Eq. (1), the 
interactions between the sphere and the substrate are comprised of two contributions: the 
interfacial damping force and the gradient of the corrugated surface potential. However, neither 
the experiments nor the MD simulations provided evidence for the existence of such an interfacial 
damping force.
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Fig. 1. (a) Schematic of Leonardo da Vinci’s friction measurement setup, with an inset that shows the atomic-scale 
interfacial contacts. (b) Schematic of the classical PT model in which a support drives a sphere through a spring to 
slide across a corrugated substrate, where 𝐹𝑠 is the spring force, 𝐹𝑝 is the gradient of the corrugated surface 
potential, and 𝐹𝑑 is the interfacial damping force. The PT model is force-centric, and it introduces the interfacial 
damping force that is assumed to be proportional to the relative sliding velocity. (c) Schematic of the phononic 
friction model that illustrates an energy-centric description of the sliding friction, where the external work is first 
stored as potential energy through spring deformation in the interacting sphere-substrate system, and then released 
through lattice vibrations.

In reality, the relative motion between the sphere and substrate is always accompanied by stick-
slip events, which are directly observable in AFM experiments [21]. During the stick phase, 
external work is stored as potential energy in the sphere-substrate system, resulting in the elastic 
deformation of the substrate. During the subsequent slip phase, this accumulated energy is 
released in the form of atomic vibrations within the whole sphere-substrate system. Energy 
dissipation thus arises primarily from phonons generated through the periodic accumulation and 
release of potential energy during stick-slip events. To quantify this dissipation, we departed from 
the force-centric perspective adopted in the classical PT model shown in Fig. 1(b), and instead 
adopted an energy-centric perspective, as shown in Fig. 1(c), thereby establishing a fundamental 
connection between the frictional energy dissipation and the underlying atomic dynamics. 
Through a rigorous derivation, we demonstrated that by introducing a frictional damping 
coefficient 𝜇𝑓 within this energy-centric framework, the dissipated energy 𝐸d in each stick-slip 
period 𝑇 could be expressed as proportional to the squared vibrational velocity of the sphere, 
rather than the relative sliding velocity between the sphere and the substrate:

𝐸𝑑 = ∫𝑇
0 𝑚𝜇𝑓(𝑥 ― 𝑣)2d𝑡 = ∫𝑇

0 𝑚𝜇𝑡(𝑥 ― 𝑣)2d𝑡
𝐸𝑡

+ ∫𝑇
0

∑𝑖 𝑀𝑖𝜇𝑖𝑥𝑖
2 d𝑡

𝐸𝑠

     (2)

where 𝐸𝑑 represents the total energy dissipated in the friction system. 𝐸𝑡 represents the energy 
dissipated by the spring-sphere system, with 𝑚 and 𝜇𝑡 denoting the sphere effective mass and the 
effective damping coefficient, respectively. Similarly, 𝐸s represents the energy dissipated by the 
substrate, with 𝑀𝑖, 𝜇𝑖, and 𝑥𝑖 denoting the mass, the effective damping coefficient, and the 
position of substrate atom 𝑖, respectively. By applying the Lagrange formalism with a Rayleigh-
type dissipation term that represents vibration-mediated energy dissipation [21], the physically 
consistent damping force naturally emerges as being proportional to the sphere vibrational 
velocity, yielding:

𝑚𝑥 + 𝑚𝜇𝑓(𝑥 ― 𝑣)
physical

+ 𝑘(𝑥 ― 𝑣𝑡) = ― ∂𝑉(𝑥)
∂𝑥       (3)



4

The implementation of this vibration-mediated dissipation mechanism gave rise to a new model, 
termed the phononic friction model. This model successfully reproduced the AFM experimental 
observations, including the resonant friction peaks and velocity-weakening effect under high 
sliding velocities that the classical PT models fail to capture [21]. This framework thus clarifies 
the intrinsic physical mechanism of energy dissipation and provides a phonon-based foundation 
for predictive friction modeling.

Building upon this framework, we then extended the one-dimensional phononic friction model 
in Eq. (3) to a two-dimensional representation to investigate the full spectrum of energy 
dissipation with realistic sliding interfaces [22]. To quantify the vibration-mediated dissipation 
along different directions, the directional frictional damping coefficients 𝜇𝑓,𝑥 and 𝜇𝑓,𝑦, analogous 
to 𝜇𝑓 defined in Eq. (2), are introduced in this two-dimensional framework, corresponding to the 
energy dissipation along and perpendicular to the sliding direction. Unlike the conventional 
friction coefficient that is defined as the ratio of the friction force to the normal load, 𝜇𝑓,𝑥 and 𝜇𝑓,𝑦 
remain nearly invariant with the sliding velocity and the normal load, thereby reflecting the 
intrinsic properties of a friction system associated with the fundamental vibration-mediated energy 
dissipation. The incorporation of these coefficients enabled an accurate prediction of the frictional 
behavior across a broad range of velocities and loads, which was confirmed in the AFM 
experiments [22].

In addition to the AFM experimental observations, the two-dimensional model revealed 
additional details of the energy dissipation. It was demonstrated that atomic-scale sliding on a two-
dimensional periodic potential inevitably excited atomic vibrations both along and perpendicular 
to the sliding direction. The perpendicular vibrations that arose from the interfacial potential 
corrugation substantially contributed to the frictional energy dissipation, and may even become the 
dominant mechanism at high sliding velocities. This work highlights the critical role of 
perpendicular vibrations in frictional energy dissipation, and establishes frictional damping 
coefficients as robust parameters to describe the intrinsic characteristics of a friction system. 
Together, the phononic friction model and its two-dimensional extension provide a physically 
grounded framework for phonon-mediated energy dissipation during the frictional process, laying 
a foundation for quantitative investigations that use atomistic Green’s function (AGF) methods.

3. From AGF framework to universal laws of phononic friction

In light of the phonon-based understanding of friction established above, it became essential to 
connect the microscopic phonon dynamics with the macroscopic frictional behavior in a 
physically rigorous manner. While numerous theoretical models have been proposed to describe 
sliding friction, a majority of them have simplified two interacting elastic solids into an idealized 
lattice that interacts with another rigid body [6,7,9–16,23]. Such simplifications inevitably fail to 
capture the phonon excitations that govern energy dissipation within realistic elastic bodies. To 
overcome these limitations, we established a first-principles-based AGF framework in which a 
driving support drags an elastic slider across another elastic substrate via springs, as illustrated in 
Fig. 2(a). This enables a quantitative description of phonon-mediated dissipation in realistic elastic 
systems [24]. The corresponding computational workflow for practical calculations is summarized 
in Fig. 2(b). Within the harmonic interaction approximation, the full atomic motion of the 
contacting elastic solids was formulated. The resulting AGF solution explicitly revealed the 
collective vibration modes excited by the relative sliding, and accurately reproduced the actual 
phonon excitation and dissipation processes in realistic elastic solids. This framework allows for 
the prediction of both the dynamic frictional behavior and phonon excitation spectra solely from 
the static Hamiltonian of the system, providing a physically rigorous approach to bridge 
microscopic phonon dynamics with the macroscopic frictional response.
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Fig. 2. (a) Schematic of the AGF framework that illustrates the slider sliding over the substrate with each of its 
atoms connected via springs to a support. (b) Schematic workflow of the AGF method.

Taking the silicon friction system as an illustrative example, the theory could decompose the 
friction-excited lattice vibrations into their constituent phonon modes, as illustrated in Fig. 3(a). 
Furthermore, the theory rigorously predicted that frictional phonons would be strictly excited at 
the washboard frequency 𝑓0 and its harmonics 𝑛𝑓0, as illustrated in Fig. 3(b), where 𝑛 is a positive 
integer. This prediction provided a robust validation of our prior MD simulations [19]. In addition, 
it reproduced the characteristic multiple friction peaks and the velocity-weakening behavior 
observed under a high sliding velocity, which was consistent with both the MD simulations [19] 
and experimental observations [21]. A mode-decomposition analysis revealed that the energy 
dissipation was predominantly carried by transverse acoustic phonons, whereas longitudinal 
acoustic phonons contributed negligibly. This result highlights the intrinsic mode selectivity of 
phonon excitation during friction. Overall, this AGF framework establishes a rigorous and 
predictive approach to analyze frictional energy dissipation via phonons, facilitating future 
investigations into phonon-mediated frictional behavior.
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Fig. 3. (a) Schematic of the phonon excitation in a silicon friction system. The inset shows the decomposition of 
phonons into the washboard frequency 𝑓0 and its harmonics 𝑛𝑓0. (b) The number density of friction-excited 
phonons for the silicon system shown in (a), where 𝑁𝑛 denotes the number density of phonons excited at 𝑛𝑓0. (c) 
Schematic of the phononic Doppler effect in a graphene friction system. (d) The number density of the friction-
excited phonons on the leading and trailing sides of the graphene system. (e) The normalized number density of 
the friction-excited phonons with different sliding velocities, and the corresponding frictional phonon spectrum of 
the silicon system shown in (a), where 𝑣, 𝑣1, 𝑣2 and 𝑣3 denote four different sliding velocities.

The established AGF framework predicted that, for an idealized system with an infinitely large 
slider and substrate, phonons would be strictly excited at the washboard frequency and its 
harmonics. However, in realistic systems with finite-sized sliders, the AGF calculations revealed 
systematic variations in the excitation frequencies [25]. Specifically, the substrate phonons excited 
beneath the leading edge of the slider shifted to higher frequencies, while those beneath the 
trailing edge shifted to lower frequencies, as exemplified in the graphene friction system shown in 
Fig. 3(c). Further, the magnitude of the frequency shift increased with both the intrinsic excitation 
frequency and the sliding velocity, and the frequency exhibited a clear Doppler-like characteristic. 
In classical physics, the Doppler effect describes the frequency shift of waves due to the relative 
motion between a source and an observer, with widespread applications in global positioning 
systems [26], medical imaging [27], and aerospace [28]. Analogously, the frequency shifts 
predicted in the friction system indicated a phononic Doppler effect that arose from the relative 
motion between the slider and the substrate. Distinct from the classical Doppler effect, each 
phonon branch near the washboard frequency or its harmonics split into three distinct modes, as 
illustrated in Fig. 3(d). These modes corresponded to the three acoustic branches of the substrate 
material, which experienced different dispersions and thus different frequency shifts. These 
predictions were quantitatively validated using MD simulations, providing direct evidence of the 
phononic Doppler effect, and laying the groundwork for potential applications in nanoscale 
motion sensing and related technologies.

The established AGF framework successfully captured phonon-mediated frictional behavior, 
but it was originally formulated for idealized systems where sliding occurs strictly along the lattice 
basis vectors. However, real friction processes are rarely confined to such crystallographic paths, 
highlighting the need for a more general theoretical description. To address this, we generalized 
the AGF approach to account for arbitrary sliding orientations on a two-dimensional periodic 
potential, thereby enabling the analysis of phonon excitation and energy dissipation beyond 
lattice-aligned sliding [29]. This generalization revealed a universal excitation principle, in which 
phonons are excited at the fundamental washboard frequency and its harmonics only if the sliding 
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strictly follows the crystallographic paths. In contrast, for arbitrary sliding directions, phonons 
were instead excited at the bi-washboard frequencies 𝑓1 = 𝒃1∙𝒗 2π and 𝑓2 = 𝒃2∙𝒗 2π, along 
with their harmonics, where 𝒃1 and 𝒃2 denote the reciprocal lattice vectors, and 𝒗 denotes the 
velocity vector. The MD simulations further validated these predictions, confirming the robustness 
of the generalized AGF description for arbitrary sliding directions.

Despite the apparent complexity of phonon excitations under arbitrary sliding directions, these 
excitations exhibited an underlying universal pattern. As illustrated in Fig. 3(e), the normalized 
number density of the friction-excited phonons as a function of frequency collapsed onto a single 
spectral function, which was termed the frictional phonon spectrum (FPS) and could be also 
determined using the established AGF framework [29]. Physically, the FPS provides a compact 
description of how mechanical work injected by sliding is partitioned among phonon modes. In a 
given friction system, the frequencies at which phonons can be excited are determined by the bi-
washboard frequencies and their harmonics, while the FPS specifies the number density of 
phonons excited at each of these frequencies. Once the excitation frequencies are determined by 
sliding, the friction force can be quantified by the rate at which energy is dissipated by the 
phonons. This dissipation rate is obtained by summing the contributions from all of the excited 
phonon modes. Each contribution is jointly determined by the phonon excitation energy specified 
by the FPS, and by the corresponding phonon group velocity which characterizes the ability of 
each mode to transport energy away from the friction system.

Notably, the FPS represents an intrinsic property of a friction system that is independent of 
specific sliding conditions, such as direction or velocity. To elucidate its physical meaning, the 
FPS can be viewed as analogous to the phonon density of states (DOS). While the DOS 
enumerates the allowed modes for equilibrium phonons, the FPS characterizes the normalized 
population of nonequilibrium phonons excited during sliding. Unlike the DOS, which only reflects 
intrinsic material properties, the FPS captures both the material properties and extrinsic factors 
that govern the overall friction system, such as spring stiffness and the normal load. Hence, the 
FPS provides a quantitative link between phonon excitations and frictional behavior across 
different friction systems, offering a unified framework to understand anisotropic friction, 
nonmonotonic velocity dependence, and friction fluctuations [29].

4. Conclusions and future perspectives

In summary, the evolution from empirical friction laws to a phonon-based physical 
understanding marks a fundamental paradigm shift in tribology. This paradigm shift necessitates a 
reevaluation of the microscopic origin of friction, recognizing that friction is not merely 
determined by the interfacial forces, but instead it originates from phonon-mediated energy 
dissipation within the contacting bodies. By reframing friction as an energy dissipation process 
rooted in atomic vibrations, this perspective provides a physically grounded framework that 
enables the quantitative prediction of frictional behavior. The progressive development from the 
phononic friction model to the AGF framework has provided a rigorous approach to capture the 
characteristic features of phonon excitation during sliding, including its discrete distribution, mode 
selectivity, and Doppler effect. Building on these insights, the FPS was introduced within the AGF 
framework as a unifying spectral representation that encapsulated the characteristic patterns of 
phonon excitation. This provides a coherent framework for the interpretation of anisotropy, 
velocity dependence, and fluctuations in friction.

Together, these developments elevate tribology from an empirical discipline toward a predictive 
science. Within the phonon-centric paradigm established by the AGF framework, the friction force 
is no longer inferred from phenomenological friction coefficients that must be estimated from 
experiments. It instead emerges as a computable consequence of microscopic phonon dynamics 
governed by the Hamiltonian system, which can be quantitatively predicted from first principles. 
Moreover, because phonons are the fundamental carriers of vibrational energy in sliding objects, 
this shift from a force-based to a phonon-based description extends the scope of friction theory 
beyond force prediction alone, which enables a direct prediction of friction-induced vibrations and 
their spectral characteristics. In this sense, the phonon-centric paradigm provides not only a 
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predictive framework for tribology, but also guiding principles for vibration and noise control in 
engineering systems.

Looking forward, although the current AGF framework provides a rigorous tool for the capture 
of the phononic origin of friction, it remains limited in addressing the temperature-dependent 
effects. This limitation arises from the harmonic interaction approximation under which phonons 
behave as an ideal gas without mutual interactions, which does not allow for the thermalization of 
the phonon population under a finite temperature. Extension of the AGF formalism to include 
anharmonic interactions will be essential to capture the realistic temperature-dependent frictional 
behavior. Beyond this, by incorporating phonon-electron or even phonon-electron-photon 
coupling Hamiltonians, the framework may be further expanded to explore phenomena such as 
triboelectricity and triboluminescence. In addition, real engineering interfaces are often 
structurally rough and disordered, where frictional phonon excitations must be understood in 
nonperiodic energy landscapes. An even greater challenge arises when friction is accompanied by 
wear and bond breaking, where the energy dissipation becomes inseparable from irreversible 
structural evolution and cannot be captured within purely perturbative descriptions. The 
development of an AGF framework that incorporates disorder and atomic rearrangements will be 
essential to bridge idealized crystalline models and realistic frictional interfaces, and advance 
toward a unified predictive theory of friction.
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