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Abstract: Structural superlubricity refers to the lubrication state in which the friction between
two crystalline surfaces in incommensurate contact is nearly zero; this has become an important
branch in recent tribological research. Two-dimensional (2D) materials with structural superlubricity
such as graphene, MoS2, h-BN, and alike, which possess unique layered structures and excellent
friction behavior, will bring significant advances in the development of high-performance micro-
electromechanical systems (MEMS), as well as in space exploration, space transportation, precision
manufacturing, and high-end equipment. Herein, the review mainly introduces the tribological
properties of structural superlubricity among typical 2D layered materials and summarizes in detail
the underlying mechanisms responsible for superlubricity on sliding surfaces and the influencing
factors including the size and layer effect, elasticity effect, moiré superlattice, edge effect, and other
external factors like normal load, velocity, and temperature, etc. Finally, the difficulties in achieving
robust superlubricity from micro to macroscale were focused on, and the prospects and suggestions
were discussed.

Keywords: structural superlubricity; incommensurate contact; two-dimensional materials; elasticity
effect; moiré superlattices; micro to macroscale

1. Introduction

Friction and wear phenomena are everywhere in the industrial field, constantly affect-
ing the mechanical and physical properties of components in sliding and rolling contact.
For the entire industrial system, friction and wear resulting in energy loss and economic
loss is an important problem in the industrial field that cannot be ignored [1]. According
to incomplete statistics, the primary energy loss caused by friction and wear accounts
for about 20 to 30% of the world’s total, of which about 80% of the mechanical parts and
components are due to friction and wear failure. The annual economic losses generated by
friction and wear and tear in most countries account for 2 to 7% of GDP [1–3]. Reducing
the harmful effects of friction and wear in the industry through advanced tribological
technologies would reduce CO2 emissions by more than 1 billion tons of CO2 worldwide
in a short period, with cost savings of more than 4 billion euros [2,4]. In today’s society,
there is a growing focus on green development to achieve carbon peak and carbon neu-
trality. Therefore, promoting the development and innovation of friction-reducing and
wear-resistant technologies is very crucial.

The introduction of ‘superlubricity’ represents a significant advancement in the quest
to minimize friction and wear. In 1993, Shinjo and Hirano investigated the kinetic nature of
friction from an atomic point of view and introduced the concept of ‘superlubricity’ for the
first time, which is a state where the lateral friction between two incommensurate crystal
contact surfaces almost vanishes [5]. This discovery extended the study of friction and
wear from the macro to the microscale. With the development of precision instruments and
small-scale components, the scope of research expanded from bearings and lubrication of
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large mechanical components to microelectromechanical systems (MEMS) and other micro-
precision devices [6]. In contrast to the phenomena of superconductivity and superfluidity,
superlubricity still involves the dissipation of frictional energy between the frictional parts,
which is typically due to a dissipation mechanism of the electron-phonon coupling [4]. The
coefficient of friction in the state of structural superlubricity is typically on the order of
10−3 or lower [7].

Over the past 30 years, the concept of superlubricity has been extensively developed.
Currently, there are three main types of superlubricity: solid superlubricity, liquid superlu-
bricity, and compound superlubricity in solid-liquid systems. Solid superlubricity materials
are mainly one-dimensional and 2D layered materials, such as carbon nanotubes (CNTs),
graphite, graphene, transition metal dichalcogenides (TMDs), and h-BN. Some materials
achieve superlubricity via the mechanism of structural superlubricity, which has been used
in MEMS as ultra-wear-resistant nanocomponents [6,8]; exceptionally, amorphous carbon
materials like diamond-like carbon (DLC) have also exhibited superlubricity due to their
tribochemistry-induced allotropic transitions [9], such as α-C to α-C: H transitions [10]
or surface-localized sp2 hybridization [11], which form tribochemical films on the sur-
face. Liquid superlubricity involves using acidic solvents, such as phosphoric acid and
salicylic acid, as well as ionic liquids, which have been used in medical devices such as
tracheal intubation [12]. These substances combine with the lubricant to form a hydrated
layer, which is assisted by the acid and relies on a hydrodynamic mechanism to achieve
superlubricity [13]. The superlubricity of a solid-liquid system involves the auxiliary role
of 2D layered materials in liquid lubrication. These materials have very low shear strength
and strong hydrophilicity, which allows for the formation of a hydration layer that can be
easily sheared, resulting in a significant reduction in frictional resistance and an increase in
carrying capacity [13,14].

The discovery of structural superlubricity predates the concept of superlubricity by
10 years [15]. With the development of superlubricity, scientists have found that there are
many ways to achieve near-zero friction in the process of exploring the phenomenon of
superlubricity. Müser referred to the state of near-zero friction between incommensurate
contacts of two rigid crystals as ‘structural superlubricity’ [16]. Since the investigation of
structural superlubricity, the theoretical system has gradually improved, leading to positive
repercussions in the field of nanofriction. Important contributions have been made by
several research groups such as Dietzel et al. [17] and Zheng et al. [18] in characterizing
the structural superlubricity phenomena, developing nanofriction testing techniques, and
proposing the underlying mechanisms.

Structural superlubricity is expected to achieve robust lubrication for an extended
period because it does not require additional lubricant from outside sources [19]. The
two contact surfaces have a unique structure that eliminates the need for lubricant re-
plenishment. Therefore, structural superlubricity is currently one of the most promising
solutions for achieving superlubricity from a long-term perspective.

Since the discovery of structural superlubricity properties in single-crystal graphite
flakes, the development of 2D materials for tribological applications has gradually begun [20].
Two-dimensional nanomaterials have weak out-of-plane van der Waals force interactions,
resulting in a stacked structure that is easily sheared. In addition, their atoms are tightly
connected through in-plane covalent interactions [14,21,22]. This kind of structure provides
2D nanomaterials with distinctive electronic, physical, and chemical properties. These prop-
erties include excellent carrier mobility, ultra-high specific surface area, flexibility, thermal
conductivity, and optical transparency. The use of atomic force microscopy (AFM)/friction
force microscopy (FFM) techniques and simulation software has led to the discovery that
many 2D materials are capable of structural superlubricity. Several intrinsic mechanisms
have been proposed to explain this phenomenon. The main 2D materials include single-
element materials like graphite, graphene, phosphene, tellurene, and graphyne (GDY),
as well as 2D transition metal disulfides like MoS2, WS2, MoSe2, NbSe2, and other 2D
materials like h-BN, and MXene, etc. [23].
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Therefore, this review explores the surface structural superlubricity properties of major
2D materials, starting with the surface and interlayer friction of 2D materials, delving into
the microfriction dynamics between their interlayers and surfaces, and concluding with an
outlook on their applications at the macroscopic scale. Section 2, ‘Structural Superlubricity
Characteristics of 2D Materials’, discusses the superlubricity properties of major 2D ma-
terials demonstrated in experiments and simulations. Section 3, ‘Mechanisms Affecting
the Robust Structural Superlubricity’, explains the material-intrinsic mechanisms and vari-
ous tribological externalities that impact structural superlubricity. Section 4, ‘Progress in
Macroscale Structural Superlubricity’, summarizes the current progress and major issues
in achieving stable structural superlubricity from a macroscopic perspective. Section 5,
‘Summary and Prospects’, provides a summary of the previous three sections and presents
an outlook for the future realization of robust superlubricity at the macroscale. The outline
is shown in Figure 1.
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Figure 1. The outline of properties, mechanisms, methods, and research advances that are relevant to
structural superlubricity research in 2D materials.

2. Structural Superlubricity Characteristics of 2D Materials
2.1. Incommensurate Contacts and Frictional Anisotropy

To understand the superlubricity properties of 2D materials, it is necessary to probe
their tribological behavior and underlying mechanisms to explain the phenomenon through
a variety of experiments and simulations [24]. The initial theoretical approach suggested
that structural superlubricity requires two rigid crystals with incommensurate structures [5].
The friction contact, which is incommensurable, refers to two surfaces in contact when the
surface corrugations do not match or when there is a lattice mismatch. When two crystalline
surfaces that are commensurate come into contact and slide against each other, the wave
peaks and troughs become embedded in each other (Figure 2b). This causes the frictional
contact points in the basal troughs to be on the same side. However, when two incommen-
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surate crystalline surfaces slide relative to each other, the frictional contact points in the
basal troughs are distributed on both the left and right sides (Figure 2a). This results in
lateral friction that cancels each other out, as shown in Figure 2c [25]. In reality, the contact
surface properties are much more complicated than the model in Figure 2, which requires
a better explanation of the frictional properties of microinterfaces using theories at the
atomic and molecular levels [26]. For a single-point contact, the Prandtl-Tomlinson model
is generally used [27]. This model describes a point on a contact surface being dragged by
a spring with a stiffness coefficient of k in a periodic potential field with period a0 and am-
plitude U0. Stick-slip motion occurs when the dimensionless parameter η = 4πU0/

(
ka2

0
)

is
greater than one, and smooth motion conditions are satisfied when it is less than one [28].
However, when discussing polyatomic and multipoint contacts, it is necessary to explain
the interactions between neighboring atoms at the interface using the Frenkel-Kontorova
model [29]. Computational simulations, such as molecular dynamics (MD) simulations and
the first principles method, have been developed based on these two nanofriction models
for tribological applications.
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Figure 2. Schematic of two incommensurate contacts to achieve almost zero friction: (a) incommensu-
rate contact with the stacking form in 2D materials; (b) commensurate contact; (c) simple mechanical
analysis on zero friction.

Frictional anisotropy is a significant feature observed in materials with structural
superlubricity, in addition to incommensurate contact. Frictional anisotropy refers to the
phenomenon where the friction force displays anisotropy based on the lattice mismatch
between the two friction partners [24,30–32]. Hirano and Shinjo discovered anisotropy in
the shear surface friction of single-crystal white mica and single-crystal graphite, which
was dependent on the lattice mismatch angle under vacuum drying conditions in 1993 [30].
This study demonstrated that friction is lower in the direction where the degree of incom-
mensurate contact is greater (~30◦) for single crystals with a six-fold axis of symmetry.
Conversely, friction is higher in the direction of commensurate contact, i.e., in the vicin-
ity of the axis of symmetry. These findings align with the laws derived from the theory
of structural superlubricity through the incommensurate contact in twisted 2D layered
material flake [33]. Liu et al. have experimentally investigated the tribological properties
of graphite-graphite homogeneous contact, specifically focusing on achieving structural
superlubricity [34,35]. They were achieved by twisting the graphite flakes in both vac-
uum and atmospheric environments, changing the stacking angles, and applying lateral
load. A lock-in phenomenon was observed when the stacking mode of graphite flake
was incommensurate near the six-fold axis of symmetry. In these positions, there is un-
favorable relative sliding, high friction, and deformation of the graphite layer, and the
friction in the interlayer is almost zero when they slide relative to each other at locations of
incommensurate contact, resulting in a self-retracting motion (Figure 3a). AFM shear tests
were conducted on highly oriented pyrolytic graphites (HOPGs) at different temperatures
and friction vectors were plotted (Figure 3b) [36]. The temperature has an impact on the
frictional anisotropy of graphite flakes.
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The 2D materials with both homogeneous and heterogeneous structures exhibit fric-
tional anisotropy. A heterostructure exhibits lower friction anisotropy and coefficient of
friction (COF) and is more robust in achieving an ultra-low friction state than a homo-
geneous structure [37,38]. AFM friction tests were conducted to measure the interlayer
friction in single-crystal graphite/h-BN and demonstrated that the interlayer exhibits slid-
ing anisotropy (Figure 3c) [34,39]. However, the COF near the six-fold axis of symmetry is
one order of magnitude higher than the asymmetric directions. Claerbout et al. investigated
the frictional anisotropy of MoS2 through simulations [31]. The MD method is used to
simulate the relationship between the sliding direction and tribological behavior of MoS2
with an initially commensurate structure R180 [32]. The results showed that there is a
stick-slip motion in the sliding directions of 0 and 60 degrees. In contrast, the friction of
other nonsymmetric directions transitions smoothly with very small values. The direction
of least friction is the 30 degree direction (Figure 3d).
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Figure 3. Friction anisotropy affecting structural superlubricity in 2D materials: (a) self-retraction
motion of the graphene flake. Reprinted from [35], copyright (2012), with permission from American
Physical Society. (b) Friction vector plots of rotated HOPGs in 200 K and 100 K. Reprinted from [36],
copyright (2023), with permission from American Physical Society. (c) Schematic diagram of the
lateral friction variation with twist angle in graphene/h-BN heterostructure. The blue line indicates
the change of friction force versus twist angle. Reprinted from [39], copyright (2018), with permis-
sion from Springer Nature. (d) The interlayer sliding direction anisotropy in commensurate MoS2.
Reprinted from [31], copyright (2019), with permission from Elsevier.

Obviously, frictional anisotropy is a universal property in the tribological behavior
of 2D materials. However, recent studies showed that the initial incommensurate contact
state of two materials is not a prerequisite for achieving a structural superlubricity [31,40],
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the underlying mechanism is that the friction of sliding surfaces is influenced by the
stacking sequence of the contact surface at different twist angles and the out-of-plane
deformation during sliding. This review provides a detailed analysis on this kind of
mechanism in Section 3.

Frictional anisotropy experiments are increasingly used to study the phenomenon of
structural superlubricity in materials. By improving twisting dynamics and AFM/FFM
experiments to test friction anisotropy and combining them with MD and first-principles
simulations, researchers can discover more intrinsic tribological behavioral features [24].

2.2. Single-Element 2D Materials

Single-element 2D materials [23], such as graphite, graphene, graphdiyne, phospho-
rus, and tellurene, as well as 2D metals like Au, Pt, and Sb, have been shown to achieve
superlubricity in both homogeneous and heterostructure forms [41–44]. Graphite and
graphene are the most extensively studied 2D materials in the field of structural superlu-
bricity. They are composed of carbon atoms arranged in a hexagonal orientation, stacked
layer by layer, with weak interlayer forces. The layer interval is 0.34 nm [45]. The frictional
anisotropy between graphite flake layers under vacuum and ambient conditions, as well as
the self-retraction motion under superlubricity, was experimentally demonstrated by using
the AFM/FFM shear test technique [35,46]. Based on this result, in relative sliding tests
by applying a lateral center load, the graphite sheet produced an unstable rotation at the
critical displacement (Figure 4b). When an eccentric lateral load was applied, the graphite
sheet kept relatively sliding and did not rotate within a short distance until the rotation
became unstable at farther critical displacement (Figure 4c) [47]. Additionally, there was a
significant difference in friction at the edges of graphene layers. The armchair edges have a
minimal impact on the friction of graphene [48], while zigzag edges can produce friction
by two orders of magnitude as compared to that on the basal plane [49,50]. Additionally,
annealing graphene can significantly reduce friction on zigzag edges [50].

With the breakthroughs of both simulations and experiments, other single-element
2D materials have also proven to have structural superlubricity. Graphyne (GDY) is a 2D
carbon allotrope with excellent electronic properties, good chemical stability, and strong
mechanical properties. Its special alkyne bonding makes GDY flexible, which improves
its fracture toughness [43,51,52]. Ruan et al. investigated the phenomenon of structural
superlubricity at the interface of twisted bilayer GDY through simulations [43]. A structural
superlubricity is achieved when the twist angle is located within the range of 1 to 59 degrees.
Additionally, the size of a superlattice formed at the interface is inversely proportional
to the friction coefficient at different twist angles [43]. Monolayer tellurium, a novel
2D material, has been demonstrated to have properties similar to those of 2D layered
materials [53]. In addition, heterojunctions formed by metal nanoparticles on the surface of
HOPGs also exhibit structural superlubricity [17,54,55]. The frictional behaviors of different
groups of gold nanofilms and amorphous antimony nanofilms were evaluated on graphite
substrates [17,55]. The results revealed a general scaling law for the frictional force versus
the contact area of metal particles with graphite under structural superlubricity. This is
explained through the size effect in Section 3. The scaling law of platinum nanoparticles on
graphite substrates is not significantly different from that of gold on graphite [54]. However,
the overall friction exhibits a greater rate of change with contact area than that of gold [56].

2.3. TMDs

The 2D transition metal dichalcogenides (TMDs) have a compact X-M-X intralayer
sandwich structure and weak van der Waals forces between layers, where M is a tran-
sition metal atom and X is a sulfur-like atom [23,45,57]. Among them, transition metal
dichalcogenides (TMDs) with hexagonal structures (2H phase) exhibit tribological prop-
erties similar to graphite and have electronic structures characteristic of semiconductors.
TMDs are considered as the second most important materials for structural superlubricity
after the graphite family, with many discoveries made in ultra-high vacuum conditions [58].
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MoS2 and WS2 are commonly used as solid lubricants and are particularly suitable for
vacuum applications [45,59]. Like bilayer graphene, bilayer MoS2 has a hexagonal struc-
ture (2H phase) and exhibits frictional anisotropy in the sulfur-rich layer due to grain
orientation [21,23,60,61]. However, the interlayer sliding barrier of MoS2 is higher than
that of graphene due to contact area, surface roughness, and strong interlayer atomic
interactions compared to graphene, resulting in higher interlayer friction under the same
conditions [62]. The rotated structure of bilayer MoS2 has lower friction and exhibits
superlubricity properties [40], in which the shape of the moiré superlattice formed in the
rotated structure is the key to achieving structural superlubricity. However, rotation and
the generation of lattice mismatch angles are not the only conditions for the realization of
superlubricity, which has also been shown to occur in nonrotating commensurate structures
in the sliding direction within 0 to 60 degrees [31]. Similar to graphene, MoS2 also exhibits
frictional anisotropy [63]. It has been reported that applying a high tensile strain to the
zigzag edge of MoS2 or a high compressive strain to the armchair edge can greatly reduce
edge-dominated friction [64].
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In addition to MoS2, other TMDs have been studied for their structural superlubric-
ity. The impact of superlattice-induced lattice distortion on structural superlubricity at
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MoS2/MoSe2 heterojunction interfaces was investigated using first-principles calculations [66].
The forbidden bandwidth is closely related to the layer-layer twist angle. If the band gaps
of the two materials have a large difference, the sliding energy barrier will be lower for
the material with the narrower band gap. On the other hand, if the band gaps of the two
materials are relatively close, the sliding potential barrier will be smaller for a smaller moiré
superlattice size. The superlubricity behavior of a monolayer of WS2 in epitaxial graphene
on a SiC substrate was investigated via scanning probe microscopy (SPM) tip triggering [65].
The WS2 overcomes sliding barriers to undergo rotational and translational motions on
the epitaxial graphene, eventually rotating to rest in the direction of 60◦ symmetry at the
graphene interface (Figure 4d), which displays a similar characteristic of rotational instabil-
ity as that of graphite flakes [47]. However, the WS2 sheet does not generate any strain and
there is no formation of moiré superlattice at the interface. These observations suggested
that WS2 has a weak interaction with graphene [65]. The above studies provide valuable
insights into the regulation of structural superlubricity by homogeneous or heterogeneous
structures constructed by other TMD families.

2.4. h-BN-Based 2D Materials

h-BN, also referred to as white graphite, is composed of atomically flat layers made
up of alternating hexagonal B and N atoms. Its structure is composed of a network of BN3
rings that are stacked in layers, and the interlayer interaction forces are typically stronger
than those in laminated graphite and MoS2 [45,67]. However, due to its hexagonal layered
structure, good thermal stability, and its strong resistance to oxidation, it has become an ex-
cellent lubricant. Furthermore, numerous experiments and simulations demonstrated that
h-BN presents several novel discoveries associated with superlubricity. A rotating bilayer
h-BN that overcomes the rotational energy barriers is demonstrated to be superlubric, ex-
hibiting lower friction but lower stability compared to the nonrotating unit, using a density
generalized function model of the interlayer sliding potential energy surface [40]. However,
the homogeneous structure formed by the h-BN bilayer must overcome rotational resistance.
If its twist dynamics are not regulated, it will spontaneously revert to a commensurate
high-friction state [40]. Therefore, an increasing number of experiments and simulations
have shown that h-BN-based heterostructures can exhibit more robust superlubricity in
various rotational states. Heterostructures of sufficiently large graphene and h-BN have
natural lattice mismatches that allow robust superlubricity when other external conditions
are ignored. However, frictional anisotropy remains almost unchanged [34,68]. The struc-
tural potential energy of the graphite and h-BN heterojunction increases monotonically
as the twist angle increases from 0 to 30 degrees [69]. The friction between graphene and
h-BN follows a stick-slip mechanism based on MD simulations [27]. The stick-slip motion
is affected by the strong coupling of in-plane and out-of-plane deformation induced by
moiré superlattice at different twist angles. Furthermore, rotational instability was also
observed to be similar to that of graphite flakes when testing the friction behavior of a
graphene/h-BN heterojunction through high-temperature annealing [37]. The annealing
process controls effectively the rotational behavior and moiré superlattice structure of the
heterojunction interface (Figure 4a). A moiré superlattice with smaller wavelengths can
be achieved by using higher annealing temperatures, longer times, and smaller graphene
sheets on h-BN. Additionally, graphene tends to rotate towards 0◦ or 30◦ depending on
whether the twist angle is below or above the critical angle θc, which is approximately
12 ± 2◦.

In summary, many 2D materials exhibit similar superlubricity properties, which are
caused by incommensurate contact or sliding in an asymmetric direction with frictional
anisotropy. With scientific and technological progress, both advanced friction testing
techniques and simulation methods are increasingly being used to study structural su-
perlubricity. On the experimental side, for example, the rotational resistance in the rel-
ative sliding of graphite flakes was measured using the ‘push-edge’ and ‘drag-center’
methods [69] and the morphological structure of graphite contact surfaces after sliding was
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better characterized using the flip-and-pick (pick-flip technique) [70]. MD simulations and
first-principles calculations were used to analyze a series of interlayer frictional dissipation
mechanisms. These mechanisms include moiré superlattice-induced atomic-level inter-
layer shape structure [71,72], interlayer sliding potential energy surface (PES) fluctuation
differences [72], and twisting dynamics [73] in 2D materials. The scope of research on
structural superlubricity was gradually expanded to include ambient conditions [74–76],
pointing to the future realization of structural superlubricity at the macroscale. In addition,
structural superlubricity in 2D materials is typically influenced by various factors, including
the stacking of these two materials, the angle of lattice mismatch resulting from the rotation
of surface layer, out-of-plane and in-plane deformation, environmental conditions, and
kinetic friction dissipation mechanisms at the edges, which are analyzed in the following
section. The research on surface superlubricity of 2D materials is being extended to cover
instability to stability, from the microscale to the macroscale, and from the ideal to the real
environment, by the current need for research on structural superlubricity.

3. Mechanisms Affecting the Robust Structural Superlubricity
3.1. Methods of Microdynamic Simulation

The calculation of kinetic simulations is essential to investigate frictional dissipation
mechanisms in structural superlubricity at the microscale. The most commonly used
computational methods are MD and first-principles calculations based on density functional
theory (DFT).

Molecular dynamics (MD) simulation is widely used to study tribological properties
of surfaces and interfaces at the nanoscale [77,78]. This method employs Newton’s second
law to determine the movement of atoms. Atomic forces are calculated from the gradient
of the total potential. The choice of materials depends on compatible empirical potentials.
For instance, the second-generation reactive empirical bond order (REBO) potential [79],
which is based on solid carbon and hydrocarbon, is commonly utilized to represent atomic
interactions on graphite surfaces; the interlayer interactions of layered materials, including
graphene, can be described using the Lennard-Jones (L-J) potential [80], but this empirical
potential greatly underestimates the frictional properties of layered materials. Additionally,
the MD database includes other empirical potentials, such as the Kolmogorov-Crespi (K-C)
potential [81,82] and the embedded atom method (EAM) [83]. The MD calculation software
like LAMMPS [43,81,84] contains many empirical potentials and important parameters
such as temperature, contact area, load, and velocity. To ensure computational accuracy in
MD, several correction potentials have been developed based on classical empirical poten-
tials. For example, the L-J potential can be corrected using the complementary Gaussian
potential [85]. However, graphene and other 2D materials have complex potentials and a
large number of degrees of freedom. This complexity can reduce the accuracy of classical
MD simulations. To address this issue, a smoothed molecular dynamics theory (SMD) with
a much larger time step size (one order of magnitude larger than MD) was then proposed
by Wang et al. [86]. Using the MD-SMD method based on symplectic load balancing, they
simulated the classical structural superlubricity friction analytical model, which yielded
good accuracy and efficiency. However, the classical MD method is less accurate than the
density functional method (DFT) due to heavy reliance on empirical potentials [40].

The tribological behavior of material surfaces can be studied through potential energy
surfaces (PES) in a given system using DFT-based first-principles calculations [87,88]. The
position of each atom on the PES is optimized for minimum energy. The computed PES can
be used as input to classical models in nanotribology, such as the P-T and F-K models, or to
test empirical potentials used in classical mechanical models. Understanding fluctuations
in PES is often crucial for analyzing and interpreting interlayer friction anisotropy and
energy states [89]. During the analysis of the contact surface edges, DFT-based calculations
can be used to determine the presence of chemical bonding between the sliding layer and
the substrate [84].
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3.2. Size and Layer Effect

The superlubricity of 2D material surfaces is primarily affected by size, including
contact area and layer thickness. As the contact area increases, the number of dislocation
motions on the surface also increases. Therefore, the elastic-plastic deformation cannot be
neglected. As a result, the rigid model cannot be used to analyze superlubricity at large
contact sizes [33]. Once the contact area surpasses a certain threshold, the superlubric state
ceases to exist. Despite this, some researchers continue to explore the potential of structural
superlubricity for use in larger contact sizes.

For instance, in the case of graphite, various techniques have been developed to inves-
tigate the superlubric properties of its structures at different scales, ranging from nanoscale
probes testing surface sliding of nanographene to coating-coated tips examining surface
friction of micron-scale multilayer graphene [90], and even tips pushing large-size graphite
sheets for relative sliding on graphite surfaces [91] (Figure 5a) [49]. Furthermore, the
sublinear relationship between contact area and friction was applied to achieve structural
superlubricity quantification in related studies [17,55,92,93]. Dietzel et al. demonstrated
that friction under structural superlubricity is dependent on a sublinear relationship with
the contact area [55]. Herein, a scale was introduced to be related to the out-of-plane
deformation and frictional anisotropy, expressed as F ∝ F0 Aγ. γ is the lattice mismatch
angle orientation related to frictional anisotropy, also known as the structural superlubricity
characteristic factor. It has a value of 0 or 0.5 for perfectly rigid crystals or amorphous
bodies [94]. When 0 < γ < 0.5, the friction variation rule concerning the size of crystals
on the substrate surface meets the condition of structural superlubricity (Figure 5b,c) [55].
Yan et al. expanded on this by adding variates related to the twist angle and the shape of
the moiré superlattice to the original scale law [93]. In addition to the scaling laws, the
critical size is also a crucial factor that affects structural superlubricity. A more generalized
scaling law was proposed to clarify the relationship between friction and contact area from
sublinear to linear for systems larger than 1 µm, which is affected by interior-controlled
friction (red area), otherwise, the sublinear relationship is influenced by rim-controlled
friction (blue area) as shown in Figure 5d [95]. In this case, the unit of the frictional action
is no longer per atom, but per moiré superlattice. The law follows as F

F0
∝ σA + A

1
2 + Aγ,

unlike Dietzel’s proposed scaling law. Moreover, the sliding of metallic antimony particles
on MoS2 surfaces was also investigated by Dietzel et al. [62]. As the contact size between
MoS2 and antimony increases, there is an abrupt change in the ratio of static to kinetic fric-
tion around a critical size in contact area of 20,000 nm2, which results in a nearly five-fold
increase in relative sliding difficulty (Figure 5e). According to the results obtained by Qu
et al. [49], the total friction is mainly due to atomic interactions at the edges for contact
sizes smaller than ~10 µm, and due to in-plane atomic interactions for contact diameters
larger than 10 µm. At the microscale, the shape of moiré superlattice varies between layers
of 2D materials with the size of the contact area [96]. Specifically, there are multiple critical
values for the ratio of contact size D to moiré period Lm.

In addition to contact size, the nanotribological properties of four 2D materials, namely
graphene, MoS2, NbSe2, and h-BN, on a silica substrate were investigated to evaluate the
effect of layer thickness on friction [97]. It is worth noting that the friction decreases as the
number of layers increases, which may be due to the increased sensitivity of thin layers
to external elastic deformation. Additionally, the surface stiffness of 2D material sheets
depends on the sheet thickness (Figure 5f). However, this tendency is suppressed when
the substrate adheres more strongly to the sheet. A recent study explains the relationship
between the number of layers and friction in 2D materials [98]. At lower loads, the
relationship between the number of layers in 2D materials and friction is not always
consistent with the commonly accepted rule that more layers result in a lower friction. The
magnitude of friction is not solely determined by the number of layers, but also by the
coupled effects from the plastic deformation of the substrate, the wrinkles on the surface of
the topmost layer, and other factors [98].
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(2010), with permission from The American Association for the Advancement of Science.

3.3. Elasticity Effect

The microscopic nature of self-retraction motion observed in 2D materials like graphite
was explored, and the elastic deformation of the sliding interface becomes more pronounced
with increasing contact size. A finite element method based on the continuum medium
model was utilized to analyze the interlayer deformation and in-plane deformation of
twisted graphene sheets on a rigid graphene substrate [99]. The potential energy in the
small-angle large-size elastically twisted bilayer graphene (tBLG) interlayer was signif-
icantly reduced by elastic structural relaxation and localized strains. This revealed the
competing relationship between the elastic strain energy and the tBLG interlayer potential
(Figure 6a). The elastic effect was a result of the principle that local lattice mismatch caused
a change in the stacking of interlayer atoms, leading to the formation of local AB-stacked
(commensurate) domains and AA-stacked domains. When the layers slid relative to each
other, shear strain was generated along the boundary between the two domain walls, form-
ing a localized strain soliton, which is also called saddle point (SP) stacking [81,99,100]. An
elastic model for MD simulations was utilized to examine the impact of surface elasticity
on the superlubricity phenomenon of multilayer graphite flakes in contact with a graphite
substrate of 120 nm × 120 nm [81]. The results obtained via this method were an order of
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magnitude lower compared to the friction calculated under the rigid model. The in-plane
elastic deformation of incommensurate surface contacts can be neglected [49].

In conclusion, the elastic effect is closely related to the size and shape of the material.
It is most significant on the contact surface of materials stacked with large contact sizes
and small twist angles, which have lower interlayer potential energy. Additionally, 2D
materials in commensurate and large contact exhibit strong elastic effects [101]. The elastic
deformation results in the localized formation of stable AB stacking domains and unstable
AA stacking domains. A strain is generated between two domain walls and forms a linear
SP region with unstable AA stacking domains connected at both ends. Interestingly, this
region, formed by AA-AB-SP, is a moiré superlattice with one period.
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In addition, the sliding friction is closely related to the shear modulus of different
materials [102,103]. It has been demonstrated that the critical contact size maintaining an
ultra-low friction state depends on the shear modulus of the material [103,104]. The sliding
friction of twisted graphene on a pyrolytic graphite substrate was measured in consider-
ation of only two important parameters of shear elastic modulus and shear force [102].
Noteworthily, there is an inversely proportional relationship between shear modulus and
friction force (Figure 6b–e). It is inferred that there is a general inverse relationship between
shear elastic modulus and friction for other 2D materials on SiC substrates. Additionally, a
mechanism for superlubric friction dissipation of 2D materials in a superlubric state is pro-
posed, which involves low shear modulus-to-potential amplitude-to-lateral deformation
and increased energy dissipation.
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3.4. Moiré Superlattice

In 2D materials with incommensurate contact under structural superlubricity, a moiré
superlattice pattern is often observed, significantly altering the properties of materials. For
instance, the surface of the so-called ‘magic corner graphene’ exhibits excellent optoelec-
tronic properties controlled by the moiré superlattice pattern [105]. As explained in the
previous section, a moiré cell is a polygonal region consisting of AA-AB-SP. The shape of
the moiré superlattice is dependent on the stacking arrangement of the two 2D materials.
Related studies demonstrated that robust structural superlubricity can be achieved by
regulating the size of the moiré superlattice between layers of 2D materials [44,96,106,107].

The relationship between elastic strain energy and interlayer potential energy through
the shape of the moiré superlattice was investigated by Morovati et al. [99]. Specifically,
the length of the moiré stripes indicates the magnitude of elastic strain energy, while the
size of AA-stacked domains versus AB-stacked domains within the moiré cell reflects the
magnitude of the interlayer potential energy [99]. The shape of the moiré superlattice
between bilayer graphene layers is quantitatively characterized by constructing a statistical
method for lattice mismatch intervals [96]. The method identifies the superlubricity versus
nonsuperlubric states by using histograms. The shape of the moiré pattern under superlu-
bricity shows a normal distribution (Figure 7(a3)). Based on this, how the persistence of
moiré superlattice shape-induced superlubricity is affected by the twist angle and contact
size was investigated, noteworthily, a critical twist angle of 1.5◦ and a critical ratio of the
contact size D to moiré period (the length of the strain soliton) [100]; Lm, are required
for robust superlubricity (Figure 7(a1,a2)) [96]. The tribological behavior of a multilayer
graphene moiré superlattice was further investigated by considering the effect of elastic
deformation on the moiré superlattice shape-induced superlubricity [108]. Thicker 2D
materials with smaller out-of-plane deformations and stronger interlaminar interactions
reduce corresponding moiré superlattice periods, resulting in a lower friction and a higher
sliding stability (Figure 7b). The correlation between moiré superlattice and friction on
rotating bilayer graphdiyne surfaces was reported by Ruan et al. [43].

Besides graphene, other 2D materials follow the same law between friction and moiré
superlattice, and the friction coefficient decreases when increasing the size of the moiré
superlattice formed on the rotating GDY surface. This is due to the decrease in interlayer
charge transfer, potential energy corrugation, and fluctuations in the average charge density
at the interface during sliding (Figure 7c). Bao et al. investigated the moiré superlattice
changes in bilayer α-phosphene, bilayer β-phosphene, and α-phosphene/β-phosphene
heterojunctions in relative sliding [44]. The moiré superlattice of bilayer β-phosphene
consistently exhibits a hexagonal structure. In contrast, the moiré superlattice of bilayer
α-phosphene transforms from a tetragonal shape to a one-dimensional linear shape as
the twist angle increases. Additionally, the α-P/β-P heterostructures always maintain
the shape of linear stripes, as shown in Figure 7d. In addition, a load-independent, low-
anisotropic, ultra-low friction structure was achieved by simulating the moiré superlattice
structure between MoS2 and Au (111) substrate with a Si tip in the opposite direction [109].
The moiré superlattice structure was controlled with a twist angle of 4.5◦ and a moiré
period of about 3.3 nm by a single-atom epitaxial MoS2 structure on the Au (111) surface
under ultra-vacuum conditions.

In summary, the shape of the moiré superlattice is determined by the coupled effects
of elastic strain energy from out-of-plane deformation and the interlayer potential energy
generated during stacking [44,99]. The amount of out-of-plane deformation is determined
by the shear modulus, while the interlayer potential energy is influenced by the stacking
of 2D materials. Additionally, the surface structure of 2D materials is determined by pa-
rameters such as twist angle and contact area. Therefore, the study of moiré superlattice
provides a new method to achieve robust structural superlubricity. This can be accom-
plished by selecting 2D materials with a large shear modulus and regulating the shape of
the moiré superlattice on their surfaces. This will result in appropriate interlayer potential
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energy and elastic strain energy of out-of-plane deformation, ultimately leading to robust
superlubricity. This is crucial for the development of sustainable superlubricity technology.
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Figure 7. The mechanism that affects the moiré pattern by twist angle (lattice mismatch) to achieve
superlubricity. (a) Frictional behavior in tBLG and the distribution of atoms in per misfit interval that
reflects different moiré superlattice’s shapes. (a1,a2) show the coefficient of friction as a function of
graphene sheet diameter for a twist angle equal to 1.5◦ and a fixed diameter of 254 Å respectively.
(a3) The time-averaged proportions of atoms per mismatch interval for a series of graphene flakes
in the superlubricated state. Reprinted from [96], copyright (2022), with permission from Elsevier.
(b) Inter and external friction power curve versus number of layers (b1) and twist angles (b2,b3).
Reprinted from [108], copyright (2023), with permission from American Chemical Society. (c) Fric-
tional behavior of twisted bilayer graphdiyne by controlling the angle to change the size of moiré
superlattice (MSL). Reprinted from [43], copyright (2021), with permission from American Chemical
Society. (d) The moiré pattern affecting frictional behavior of 2D homogeneous and heterogeneous
phosphorene. Reprinted from [44], copyright (2022), with permission from Elsevier.

3.5. Edge Effect

Generally, the total friction between layers and surfaces of layered 2D materials is
composed of internal friction and edge friction. In 2D materials with small sizes, the friction
is mainly caused by the edges [49,84,95,110]. Especially for heterogeneous structures, the
contribution of edge atoms to friction is one to two orders of magnitude larger than that of
in-plane atoms [111].

The edges of 2D hexagonal materials exhibit significant frictional anisotropy, where rel-
ative sliding along the zigzag edge has a higher friction than along the armchair edge. This
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phenomenon is particularly pronounced in hexagonal structures [49,50,64]. Furthermore,
the high activity of the edge atoms makes them prone to defect formation and interaction
with external matters, or atoms in the low potential barrier region of the substrate. For
instance, the zigzag edges of graphene can readily interact with atoms of F and H, resulting
in the formation of edge dimers [55,93,111,112]. The frictional behavior of graphene edges
was investigated to evaluate the role of edge atoms by using ab initio calculations [110].
Out-of-plane deformation profiles were obtained for two types of edges (dimer edges and
pristine edges) at twist angles of 0 and 90 degrees. Noteworthily, there was almost no
edge-pinning effect under commensurate contact (0◦). However, under incommensurate
contact (90◦), the out-of-plane deformation of the dimer edge was significantly higher than
that of the interior. Additionally, the out-of-plane deformation of the pristine edge, which
did not form a dimer, was very small (Figure 8a,b).

In addition to graphene, using the contact surface of MoS2/h-BN as an example, the
coordination number of S atoms near the edges is lower than that of the internal S atoms.
This results in weak chemical bonding of the edge S atoms, making them more prone to run
into the minimum potential energy region of the h-BN substrate. Therefore, a pinning effect
of the upper edge on the substrate is generated [84]. As a result of MD calculations, it was
found that the root-mean-square displacements (RMSDs) and sliding potentials of the edge
atoms were larger than those of the inner atoms (Figure 8c). In addition to the edges of
layered materials, the steps on substrates also produced edge-pinning effects. For instance,
in the case of graphene substrate steps, two types of step edges were found: ‘exposed step’
and ‘buried step’ [113]. The pinning effect at the step edge is attributed to the interaction
between free chemical bonds of the sliding layer and the substrate [84,113]. If there is no
chemical interaction at the sliding interface, the resistance to rise can be completely canceled
by the descending momentum. However, if there is a chemical interaction, the resistance to
rise is significantly greater than the descending momentum, resulting in higher friction.
The exposed steps of graphene are chemically distinct from the basal plane, making them
more susceptible to chemical interactions and edge-pinning effects. For instance, OH- is
found at the end of the exposed step edges and is prone to hydrogen bonding interactions
with the surface [114].

Therefore, the factors that cause the edge-pinning effect can be summarized as the
interaction between the chemical bonds of the sliding layer edge and the free chemical
bonds of the substrate. Sliding layer edges that are composed of unsaturated bonds are
more susceptible to pinning than those composed of saturated bonds. Furthermore, the
greater the number of exposed steps on the substrate surface, the higher the probability
of chemical interactions with the surrounding substrate atoms, resulting in a stronger
step-edge pinning effect [113].

To reduce the edge pinning effect, it was necessary to decrease the interaction be-
tween the chemical bonds of the sliding layer edge and the free chemical bonds of the
substrate. MoS2/Cu2O composite films were synthesized via liquid-phase synthesis, in
which MoS2 film edges were pinned on 40 nm Cu2O nanospheres [115]. The composite
film exhibited macrosuperlubricity on carbon steel, with a friction coefficient of only 0.006
(see Figure 9a–d). When applying concentrated stress at the center of the graphene and Si
surfaces, the load was lower than what was required to maintain the superlubric state of the
structure [75]. As a result, the bending moments generated at the edges overcame the van
der Waals forces between the layers, causing the edges of the graphene surfaces to warp
(Figure 9e–h). Additionally, the friction coefficients of the interface between graphite flake
and nanostructured silicon were measured at various loading positions. These positions
were determined by the eccentric distance, δ, between the loading position and the center of
the flake, as illustrated in Figure 9i. By analyzing the histograms of warping height versus
eccentricity δ (Figure 9j) and the curves of surface friction versus normal force at different
load application positions (Figure 9k), it was concluded that the edge warping disappeared
when the eccentricity reached a certain value, resulting in a significant increase in friction
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with increasing the normal force, which demonstrated the crucial role of edge warping in
reducing edge friction.
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Therefore, there are two main categories of solutions to the edge pinning effect: edge
modification with lower energy-saturated chemical bonds, or modulation by external con-
ditions, such as the application of concentrated stress loads to warp the edges and prevent
contact with the substrate surface. Other schemes, such as appropriately increasing surface
roughness during material design, may reduce the edge-pinning effect [75]. However,
further experimental studies are necessary to confirm this point.

3.6. External Conditions

In addition to the material itself, the stability of structural superlubricity can be affected
by conditions such as load, sliding velocity, and temperature. Liu et al. utilized a platinum
(111) surface to cultivate graphene monolayers [107]. The variations of friction with normal
load were simulated by using MD simulations for two surfaces with different sizes of
moiré superlattices, R2 (LR2 = 2.2 nm) and R30 (LR30 = 0.5 nm) (see Figure 10a–e). Different
frictional dissipation mechanisms were revealed at lower and higher loads, and only at
higher loads (Fn > 40 nN), the regulation of moiré superlattice size had a greater effect on
friction. The friction on graphene/Pt (111) surfaces due to moiré superlattice and normal
load was dependent on the sliding velocity [116]. However, first-principle calculations have
shown that friction decreases with increasing load under certain conditions [117]. Recent
research has demonstrated that the relationship between load and friction is dependent
on the presence or absence of an interfacial layer formation at the contact surface. This
formation is related to atomic diffusion [118]. When the sliding velocity is below a certain
critical value, the effect of moiré superlattice size and normal load on friction is almost
negligible. However, above a critical velocity, the friction varies exponentially with sliding
velocity, and it can be regulated by changing the moiré superlattice size and normal load
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(Figure 10f,g). Wang et al. investigated the temperature dependence of sliding friction in
twisted graphene [22]. The frictional dissipation mechanism is related to moiré superlattice
fluctuations and reaches a saturation constant when the temperature is below Tc (blue
region). On the other hand, when the temperature is above Tc (red region), the frictional
dissipation is related to major thermal bending fluctuations (Figure 10h) [22]. Using the
Te/graphene heterostructure obtained by Ru et al. [41] as an example, the variations of
friction with load, temperature, and sliding velocity are investigated by modulating the
moiré superlattice with α-Te/graphene, β-Te/graphene, and α-Te/β-Te rotating sliding
layers (Figure 10i). The variations of friction with load, temperature, and sliding velocity
on the α-Te/graphene surface is the least affected by external conditions such as load.
Robust superlubricity can be achieved independently of external conditions by selecting an
appropriate structure.
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Figure 10. The external factors, such as normal force (a–e), velocity (f,g), and temperature (h) that
affect the moiré pattern to change the friction behavior in typical 2D materials; (i) the external factors
in α-tellurene/graphene. Reprinted from [22,41,107,116], copyright (2023, 2021,2023, 2022), with
permission from American Chemical Society, and Elsevier.

Moreover, a kinetic model was developed for twisted bilayer graphene from a statisti-
cal perspective [106]:

f ∆v = mη
(

2am∆z
vm

a∆x

)2
, (1)

where am is the moiré period, m is the mass of the thin top layer of graphene, ∆z and ∆x
are the amplitude and maximum half-width of the out-of-plane deformation, respectively,
which are related to the material properties and the normal load. η is the dissipation
coefficient, and v is the sliding velocity. Surfaces with contaminants can also achieve
superlubricity. Surface contaminants can create localized incommensurate contacts on
the graphene surface, which facilitates the realization of structural superlubricity to some
extent [119].

In summary, the stability of superlubricity in 2D material structures is significantly
affected by external conditions such as load, temperature, and sliding velocity when they
reach respective critical values. A brief summary is presented in Table 1.Therefore, selecting
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appropriate materials and regulating the surface structure is quite necessary to enhance
the stability of superlubricity under external conditions. This can be achieved by choosing
heterostructures with high stiffness, light mass, and small-size moiré superlattices.

Table 1. The summary of mechanisms and factors affecting structural superlubricity and correspond-
ing methods.

Factors Mechanisms Methods to Sustain Robust
Superlubricity

Size Effects scaling law/generalized scaling law
[55,95]

the scaling law should remain sublinear
(0 < γ < 0.5) [55]

Elasticity Effects localized strain soliton [81,99,100] select 2D materials with high
stiffness [102]Stiffness affecting superlubricity [102]

Moiré Superlattice different sizes and shapes control
friction [96]

control the shape by twisting and
applying strain [44,96,106,107]

Edge Effect (contact size D < 10 µm) interactions among edge atoms
[84,113,114]

edge modification, or modulation by
external conditions [114,115]

Normal Load

superlubric state (The formation of
sublayers) [118]

nonsuperlubric state (critical load Fc
without sublayers) [107] control variables to obtain the most stable

parameters for superlubricity
[106,107,116].Sliding Velocity friction increases as speed and load

increase (up to Vc) [116]

Temperature moiré fluctuations (<Tc) and thermal
bending fluctuations (>Tc) [22]

4. Progress in Macroscale Structural Superlubricity

In recent years, researchers have pursued the goal of achieving robust structural su-
perlubricity at macroscopic scales. However, there are currently two major challenges
facing the applications of macrorobust superlubricity. Firstly, the structural superlubricity
of 2D materials is greatly affected by ambient conditions. Secondly, it is difficult to achieve
superlubricity for 2D materials with large sizes. However, it was concluded from the
analysis in the previous section that constructing suitable heterostructures of 2D materials
and modulating the moiré superlattice on the surface of the structure can achieve struc-
tural superlubricity independent of environmental conditions to a large extent. That is a
significant advance toward the commercialization of structural superlubricity for future
technologies like MEMS, frictionless mobile connectors, hard disk drives, and mechanical
bearings that operate in extreme environments [25].

AFM-based transverse manipulation experiments about gold islands on graphite
under ambient conditions were conducted in 2016 [56]. The atomic contact area between
the gold island and the graphite substrate ranges from approximately 4000 to 130,000 nm2.
The results indicated that the friction during sliding was extremely low, less than 2.5 nN.
In 2017, a study demonstrated that macrosuperlubricity was achieved on graphene-based
surface structures by preparing millimeter-scale multilayer graphene coatings wrapped
with microspherical probe. The coefficient of friction is of the order of 10−3 in ambient
air with a load of 1.45 µN, which can keep robust superlubricity in the air up to 51%
RH [90]. The principle behind this technique involves the presence of numerous bumps
on the surface of microspheres coated with 2D materials. Each bump makes random
contact with the surface, resulting in incommensurate contact overall. Furthermore, this
arrangement disperses the positive loads applied to the surface, significantly enhancing
its load-carrying capacity. Based on this principle, Zhang et al. designed a friction test
system consisting of a millimeter-scale graphene-coated plate (GCP), graphene-coated
microspheres (GCS), and graphene-coated balls (GCB). The system was based on the
design of coated-encapsulated microspheres, as shown in the inset in Figure 11a [120].



Lubricants 2024, 12, 138 20 of 28

The GCB/GCS/GCP system achieves stable superlubricity, with a coefficient of friction
of 0.006, after running for 1200 s at a sliding velocity of 0.2 mm/s in air at 35 mN. Based
on the multicontact graphite microsphere technology, the layer-by-layer ordered sliding
structure design for each single contact point has achieved robust macroscale superlubricity
performance on rough and laser-weaving steels [121]. The coefficients of friction are
0.007 and 0.006, respectively. Androulidakis et al. applied strain to randomly stacked
graphene surfaces prepared via mechanical exfoliation and CVD [122]. The maximum
frictional interlaminar shear stress (ILSS) value for millimeter-scale surfaces under ambient
conditions was estimated to be 0.13 MPa, achieving macroscale superlubricity (Figure 11b).
The susceptibility to shear on the macroscale in bilayer graphene is thought to be caused by
the presence of random incommensurate stacking, wrinkles, and lattice mismatch induced
by differences in tensile strain. Wang et al. demonstrated how strain engineering can
achieve macrosuperlubricity, which is to alter the shape of the moiré superlattice on the
material surface under strain [123].

Furthermore, an increasing number of experiments have combined multiple tech-
niques to achieve macrorobust superlubricity on larger scales. Li et al. designed a contact
load dispersed strained graphene/MoS2/fullerene-like carbon hydride (FL-C: H) ternary
composite system (Figure 11c) [124]. The deformation is applied to a highly elastic FL-C:
H substrate to disperse the load concentrated on graphene/MoS2. Graphene with fewer
defects is prepared using the vacuum ball-shearing exfoliated graphene (BSEG) technique,
which reduces interaction with environments and improves environmental stability. Finally,
the heterostructured system of graphene/MoS2 is achieved through incommensurate con-
tact and regulated moiré superlattice at the surface for optimal superlubricity. Ultimately,
the designed system achieves robust macroscale superlubricity with a coefficient of friction
(COF) of 0.007 under a forward load of up to 15 N and a relative humidity (RH) of 20%.
In addition, Yang et al. transformed multiple nanoheterojunctions into homogeneous
structures by doping graphene edges with oxygen, which effectively suppresses the edge
effect. The structure exhibits ultra-low friction (with a COF of approximately 0.005) across
a wide range of loads, speeds, and temperatures (from −200 to 300 ◦C) [125].

In summary, three main approaches have been demonstrated to be capable of achiev-
ing macroscale structural superlubricity: (1) strain engineering on the surface of 2D
materials [64,122,126] to disperse concentrated stresses and modulate the surface shape; (2)
preparing microsphere probes covered by coatings of 2D materials to combine multiple
microscale superlubricity through multiple contact points [90,120,121]; and (3) considering
combinations of multiple techniques to prepare heterostructure composite systems with
wider ranges and better macroscale superlubricity [124]. A brief summary is presented
in Table 2. In addition, several other schemes have been reported to offer technical and
ideological guidance for achieving macroscale robust superlubricity. However, experi-
mental and simulation proofs are still lacking. Recently, it has been discovered that the
incorporation of 3D printing and bionic technologies into the structural design of surfaces
can achieve ultra-low friction in ambient conditions. For instance, inkjet printing DLP tech-
nology can be used to replicate a fish’s hook-and-spine cylindrical structure, or the lollipop
and ‘Y’-shaped gecko foot-like structure, which enables macroscopic lubrication in wet
environments and water [127,128]. Zhao et al. utilized a 3D-printed bionic topology cou-
pled with a heterostructure to introduce a MoS2/MoSe2 heterojunction into a 3D-printed
honeycomb round-core square/hexagonal topology of Al2O3 [129]. The structure with 30%
areal density achieves a stable ultra-low friction coefficient of 0.09 and a low wear rate of
2.5 × 10−5 mm3 N−1 m−1 at 5 N (Figure 11d). A very desirable friction coefficient of 0.08 is
maintained for 370 s even under a 10 N load, however, it still falls short of the 10−3 order
of magnitude required for superlubricity.
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Table 2. The summary of methods to achieving macrorobust structural superlubricity.

Methods Examples Relevant Performance

strain engineering in surface
materials

epitaxial bilayered
graphene [122] ILSS: 0.13 MPa [122]

combination of multiple
microcontact points

GCP/GCS/GCB composite
system [120] COF: 0.006 [120]

strain + multiple contact
points + heterostructure

graphene/MoS2/fullerene-
like carbon hydride (FL-C: H)

ternary composite
systems [124]

COF: 0.007 [124]
Lubricants 2024, 12, x FOR PEER REVIEW  22  of  28 
 

 

 

Figure 11. The main methods to achieve macrostructural superlubricity. (a) Graphene or other het-

erostructure-covered microspheres with multiple contact points, Reprinted  from  [120], copyright 

(2020), with permission from John Wiley and Sons. (b) The strain engineering in bilayer graphene. 

Reprinted  from  [122], copyright  (2020), with permission  from Springer Nature.  (c) Composite of 

multiple materials to form heterojunction. Reprinted from [124], copyright (2022), with permission 

from Elsevier. (d) The design of 3D printing structures to store lubricants and form incommensurate 

contact. Reprinted from [129], copyright (2021), with permission from American Chemical Society. 

Furthermore, other programs have not yet established a theoretical system and lack 

experimental demonstrations, such as the coupling of 3D printing technology with heter-

ogeneous structure preparation. It is expected that the issues hindering the achievement 

of macrorobust structural superlubricity will be resolved soon. This will enable the appli-

cation of structural superlubricity to a wider range of equipment systems. Additionally, 

as the mechanisms of structural superlubricity continue to develop on larger scales, it pre-

sents numerous possibilities for enhancing the service performance and structural stabil-

ity of various macroscopic devices. For instance, in the machinery industry, it can enhance 

the friction and wear resistance, as well as the service life of engines, turbines, gears, bear-

ings, and other structural components [12,130]. In medicine, it can improve the precision 

and efficiency of medical-surgical systems and biodetection systems, as well as enhancing 

the performance of artificial  joints and organs [12,131]. In aerospace and space explora-

tion, it can improve the structural stability of related devices under extreme conditions 

[21,25]. 

   

Figure 11. The main methods to achieve macrostructural superlubricity. (a) Graphene or other
heterostructure-covered microspheres with multiple contact points, Reprinted from [120], copyright
(2020), with permission from John Wiley and Sons. (b) The strain engineering in bilayer graphene.
Reprinted from [122], copyright (2020), with permission from Springer Nature. (c) Composite of
multiple materials to form heterojunction. Reprinted from [124], copyright (2022), with permission
from Elsevier. (d) The design of 3D printing structures to store lubricants and form incommensurate
contact. Reprinted from [129], copyright (2021), with permission from American Chemical Society.

Furthermore, other programs have not yet established a theoretical system and lack
experimental demonstrations, such as the coupling of 3D printing technology with hetero-
geneous structure preparation. It is expected that the issues hindering the achievement of
macrorobust structural superlubricity will be resolved soon. This will enable the application
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of structural superlubricity to a wider range of equipment systems. Additionally, as the
mechanisms of structural superlubricity continue to develop on larger scales, it presents
numerous possibilities for enhancing the service performance and structural stability of
various macroscopic devices. For instance, in the machinery industry, it can enhance the
friction and wear resistance, as well as the service life of engines, turbines, gears, bearings,
and other structural components [12,130]. In medicine, it can improve the precision and
efficiency of medical-surgical systems and biodetection systems, as well as enhancing the
performance of artificial joints and organs [12,131]. In aerospace and space exploration, it
can improve the structural stability of related devices under extreme conditions [21,25].

5. Summary and Prospects

In this paper, starting from the definition of structural superlubricity, which is the
friction between two incommensurate contact interfaces close to zero, the structural su-
perlubricity of 2D layered materials was taken as an example, and the characteristics of
structural superlubricity of typical 2D materials and the microscopic mechanisms affecting
the stability of structural superlubricity were analyzed and summarized in detail from
the shallow to the deep. The influences of size effect, elasticity effect, moiré superlattice,
edge effect, and external conditions on structural superlubricity of 2D materials were
emphasized; there is a strong connection between these factors. In the state of structural
superlubricity, there is a sublinear relationship between friction and contact area, however,
there is an inverse relationship with the thickness of 2D materials within a certain range.
The microtribological behavior in structural superlubricity of 2D materials is essentially
the coupled results of elastic deformation and interlayer potential energy, and the shape of
different moiré superlattices reflects whether robust superlubricity can be realized. Under
the critical contact sizes, the total friction is mainly contributed by the friction of edges, and
the source of the edge friction is essentially the interaction of the edge active atoms with
the environment and the substrate. In the superlubricity state, the friction is significantly
affected by the external conditions especially when the external conditions such as sliding
speed, temperature, and so on, reach a certain critical value. Environmental stability can be
enhanced by choosing a suitable surface structure and twisting mismatch angles to control
the moiré superlattice size.

Finally, this review summarized the research progress in achieving macrorobust super-
lubricity. Three feasible schemes that have been verified via experiments and simulations
are discussed:

1. Applying strain to a 2D material enhances its load-bearing capacity, modulates the
shape of its moiré superlattice, and improves its environmental stability.

2. Designing microsphere-shaped friction test probes coated with a 2D material enables
the substrate to be covered with a coating or microspheres made from 2D materials.
The objective was to achieve numerous point contacts, dividing the whole into a
multitude of microscale contacts, which significantly increases the size of materials
used for structural superlubricity, and achieves a span from nanometers to millimeters.

3. Combination of various mechanisms and technologies. Preparation of 2D materials
with fewer defects and higher stiffness with disproportionate contact conditions.
Twisting and applying strain to regulate the moiré superlattice on the surface can
minimize surface friction while enhancing environmental stability. Finally, edge
friction should be suppressed by methods such as edge modification.
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Abbreviation
MEMS microelectromechanical systems
TMDs transition metal dichalcogenides
AFM atomic force microscopy
FFM friction force microscopy
GDY graphyne
MD molecular dynamics
HOPGs highly oriented pyrolytic graphites
COF coefficient of friction
SPM scanning probe microscopy
PES potential energy surface
DFT density functional theory
REBO reactive empirical bond order
EAM embedded atom method
SMD smoothed molecular dynamics
tBLG twisted bilayer graphene
SP saddle point
1L/BfL/SiC (0001) epitaxial graphene layer/buffer layer/SiC (0001)
RMSDs root-mean-square displacements
GCP graphene-coated plate
GCS graphene-coated microspheres
GCB graphene-coated balls
ILSS interlaminar shear stress
FL-C: H fullerene-like carbon hydride
BSEG ball-shearing exfoliated graphene
RH relative humidity
English and Greek Alphabet
k stiffness coefficient
a0 period
U0 amplitude
η dimensionless parameter for identifying stick-slip motion
θc critical angle

γ
lattice mismatch angle orientation related to frictional
anisotropy

σ friction stress in the moiré tile area
D contact size
Lm the minimum moiré period
δ the eccentric distance
LR2 moiré period with a 2◦ twist angle
LR30 moiré period with a 30◦ twist angle
am moiré period
m mass of the top thin layer of graphene
∆z amplitude of the out-of-plane deformation
∆x the maximum half-width of the out-of-plane deformation
η dissipation coefficient
v sliding velocity
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