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Abstract: When material dimensions are reduced to the nanoscale, exceptional physical mechanics properties 

can be obtained that differ significantly from the corresponding bulk materials. Here we review the physical 

mechanics of the friction of low-dimensional nanomaterials, including zero-dimensional nanoparticles, one- 

dimensional multiwalled nanotubes and nanowires, and two-dimensional nanomaterials—such as graphene, 

hexagonal boron nitride (h-BN), and transition-metal dichalcogenides—as well as topological insulators. 

Nanoparticles between solid surfaces can serve as rolling and sliding lubrication, while the interlayer friction of 

multiwalled nanotubes can be ultralow or significantly high and sensitive to interwall spacing and chirality 

matching, as well as the tube materials. The interwall friction can be several orders of magnitude higher in 

binary polarized h-BN tubes than in carbon nanotubes mainly because of wall buckling. Furthermore, current 

extensive studies on two-dimensional nanomaterials are comprehensively reviewed herein. In contrast to their 

bulk materials that serve as traditional dry lubricants (e.g., graphite, bulk h-BN, and MoS2), large-area high- 

quality monolayered two-dimensional nanomaterials can serve as single-atom-thick coatings that minimize 

friction and wear. In addition, by appropriately tuning the surface properties, these materials have shown great 

promise for creating energy-efficient self-powered electro-opto-magneto-mechanical nanosystems. State-of-the- 

art experimental and theoretical methods to characterize friction in nanomaterials are also introduced. 
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1  Introduction 

Friction is the force that resists the relative motion of 

solid surfaces, fluid layers, and material elements that 

slide against each other and arises from interatomic 

forces between the two surfaces in contact. To maintain 

motion, energy barriers must be overcome, in the 

process of which some kinetic energy is inevitably 

converted into thermal energy, which results in energy 

dissipation. In fact, friction accounts for about one-third 

of the world’s energy consumption [1]. For example, 

humans use about 360 million tons of oil per year 

worldwide to overcome friction in passenger cars [2]. 

Besides energy dissipation, many types of friction also 

cause the removal of material from either or both 

contacting surfaces; this phenomenon is referred to as 

“wear”. Friction and wear significantly decrease the 

performance and lifetime of mechanical equipment and 

thus cause huge economic loss in industrial activities. 

Fortunately, much progress has been made by 

scientists and engineers over the past century to better 

understand and control both friction and wear, thus 

gradually decreasing energy and economic loss. In fact, 

both friction and wear may be minimized by careful 

modification of the surface properties of the surfaces 

in contact or by using lubricating films between the 

surfaces in contact.  

The classical concepts of friction were established 

in the 15th to 18th centuries, mainly by da Vinci, 

Amontons, and Coulomb. The first research leading 
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to the classical rules of sliding friction dates back to 

the 15th century and was done by Leonardo da Vinci, 

who realized the importance of friction between 

moving parts of mechanical systems and noted that 

contact area had no effect on the friction properties [3]. 

In the 18th century, Amontons and Coulomb proposed 

the classical friction equation that describes sliding 

friction and determined the factors that affect friction 

properties such as the type of material and the surface 

coatings [4]. Coulomb also made the distinction 

between static and kinetic friction [4]: For kinetic 

friction, the surfaces in contact move relative to each 

other whereas, for static friction, the surfaces remain 

relatively static with respect to each other. In the late 

18th century, Reynold derived the equation of viscous 

flow that describes the mechanics of a lubricating fluid 

film. From this equation was built the three classical 

friction models (static, kinetic, and fluid) that are 

currently in wide use in industrial activities have 

been established. The three classical laws of friction 

may be summarized as followed based on macroscopic 

experiments [3]: (i) Friction is independent of the 

apparent area of contact; (ii) friction increases pro-

portionally to the applied load; and (iii) kinetic friction 

is independent of the sliding velocity. These classical 

laws of friction continue to play important roles in 

modern mechanical engineering and in manufacturing 

(e.g., to improve the reliability and lifetime of equip-

ment). However, research into friction on the macros-

copic scale cannot explicitly consider the influence of 

the microscopic structures and properties, so large 

limitations arise when the classical friction laws are 

applied directly to friction on the micro- or nanoscale. 

For example, in 1950, Bowden and Tabor found that 

the true contact area is formed by the asperities and 

is smaller than the apparent contact area [5].  

Since the late 20th century, the rapid development 

in nanoscience and nanotechnology has provided a 

fascinating opportunity to investigate friction on the 

nanometer scale. In fact, friction and wear depend 

strongly on the surfaces of the solids in contact,   

and the macroscopic properties of these surfaces are 

sensitive to their atomic and molecular structure. In 

addition, friction may also change the microstructure 

of the surfaces in contact, in particular under high 

lateral load or after long-term working. To better 

understand these micro- or nanoscale mechanisms of 

friction requires a revolution in experimental and 

computational friction-research tools. The invention 

of scanning probe microscopies [6], including scanning 

tunneling microscopy (STM), atomic force microscopy 

(AFM), friction-force microscopy (FFM), and lateral- 

force microscopy (LFM), together with specific friction- 

research equipments such as surface-force apparatus 

and quartz crystal microbalances, have allowed 

scientists to investigate experimentally atomic-scale 

friction and interface characteristics at high resolution 

and to propose schemes to precisely control the surface 

properties of nanoscale structures [7]. In addition to 

experiment, theoretical modeling plays an important 

role in understanding friction mechanisms on the 

atomic- and nanoscale. For example, a pioneering 

attempt to explain friction on the atomic level was 

made by Tomlinson [8] in 1929. He considered surface 

atoms as single independent oscillators that are 

“plucked” by the atoms of the opposite surface like a 

guitar string; in other words, they are independent 

oscillators connected to a sliding surface in a fixed 

potential that describes the opposite surface. Another 

typical model for taking into account the coupling 

between atoms is the Frenkel–Kontorova model   

[9], which models a monolayer adsorbed onto an 

atomically flat surface. It is a one-dimensional model 

with a chain of adsorbate atoms coupled linearly   

by nearest-neighbor interactions. The chain interacts 

with a spatially periodic potential. Later, a mechanical 

model called the Frenkel–Kontorova–Tomlinson model 

[10] was established, which combines the Frenkel– 

Kontorova model with the Tomlinson model by 

coupling each atom harmonically to the sliding body. 

In addition, the rapid growth in computational 

techniques such as molecular dynamics simulations 

[11] offers a chance to understand the nanoscale 

mechanisms behind tip-surface frictional interactions. 

Using these theoretical models and experimental and 

computational tools, many researchers have focused 

on the physical mechanics of friction on the molecular 

and atomic scales to connect the friction properties of 

materials to their microstructure [12]. Research into 

the physical mechanics of friction has become more 

important now, in particular when multifield coupling 

between force, electric and magnetic fields, and 
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temperature and humidity have to be considered to 

understand friction on the nanoscale.  

The materials involved in friction, especially in 

lubrication, have also been the subject of significant 

development over the past century. For instance,  

for brake systems, multiphase composites have been 

developed to provide stable and reliable friction 

coefficients and low wear over a wide range of working 

conditions [13, 14]. In addition, lubricating materials 

have been widely used to minimize friction between 

surfaces in contact. Conventional lubricating materials 

include oil, water, grease, as well as layered materials 

such as graphite, hexagonal boron nitride (h-BN), and 

transition-metal dichalcogenides. With the develop-

ment of nanotechnology, a variety of novel low- 

dimensional nanomaterials have been found to have 

exceptional lubricating properties. In fact, the friction 

properties of nanomaterials have become ever more 

important in nanotechnology, and intriguingly, most 

traditional dry lubricating materials are being trans-

formed into highly attractive functional nanomaterials, 

such as graphene (a single layer of graphite), monolayer 

h-BN, and transition-metal dichalcogenides. Actually, 

these monolayered materials constitute the core 

members of the current hottest two-dimensional (2D) 

nanomaterial family in the world. The topological 

insulators emerging from fundamental physics are in 

fact layered materials that have also long been used 

as lubricants.  

In this review, we provide a comprehensive 

discussion of the advances in friction research on such 

low-dimensional nanomaterials and of the interplay 

between friction, atomic structure, and physical pro-

perties. We start with a brief review of friction in 

zero-dimensional (0D) materials (i.e., nanoparticles and 

balls with no dimensions greater than the nanoscale) 

then discuss one-dimensional (1D) nanomaterials such 

as nanotubes and nanowires, in which one dimension 

is greater than the nanoscale, and finally discuss 2D 

nanomaterials, which are macro-size in a plane but 

are one or several atoms thick.  

2 Friction in zero-dimensional nanomaterials 

Ball bearings are an important way to reduce rolling 

friction, but when the balls become nanoscale in size, 

their role changes significantly. Zero-dimensional 

nanoparticles are ultrafine particles with diameters 

ranging from 1 to 100 nanometers. Due to their 

exceptionally large surface area and their small size, 

nanoparticles exhibit quite different physical and 

mechanical properties compared with their bulk and 

micro-scale counterparts. These properties make them 

ideal for improving the tribological properties of 

lubricants and the performance of composite coatings 

[15]. Interactions between nanoparticles or between 

nanoparticles and a surface arise from the diverse 

interaction forces that occur, including van der Waals, 

electrostatic, capillary, solvation, hydration, etc. [15]. 

The rolling and sliding movement of nanoparticles  

in lubrication could provide low friction and wear 

[12], which play important roles in nanofabrication, 

lubrication, drug delivery, and the design of nano-

devices. Because empirical theories are hard pressed 

to explain these nanoscale tribological properties of 

nanoparticles, researchers have renewed efforts to 

establish the main factors that determine nanoscale 

friction. In fact, nanoscale friction has been studied 

extensively ever since it was first detected with AFM 

by Mate et al. [16]. In other work, Dietzel et al. found 

that two frictional states coexist during nanoparticle 

sliding: The friction of some particles increases linearly 

with contact area, whereas others experience frictionless 

sliding [17]. Tevet et al. explored the friction mechanism 

of fullerene-like nanoparticles with high-resolution 

transmission electron microscopy (TEM; see results 

in Fig. 1) [18]. The three main mechanisms causing 

friction for nanoparticles are rolling, sliding, and 

exfoliation, and low friction and wear may be achieved 

with these fullerene-like nanoparticles by improving 

their sphericity, dispersion (de-agglomeration), and 

the smoothness of the mating surfaces. Strong friction 

anisotropy is found when the two-fold surface of an 

atomically clean aluminum-nickel-cobalt quasicrystal 

slides against a thiol-passivated titanium-nitride tip. 

These results indicate a strong connection between 

surface atomic structure and the mechanisms that 

dissipate energy, which likely include electronic and/or 

phononic contributions [19]. Dietzel et al. studied the 

transition from static to kinetic friction for metallic 

nanoparticles and found that the hysteretic character 

in the force domain is characterized by a constant 
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kinetic-to-static-friction ratio of 0.5 [20]. Furthermore, 

the friction and wear properties of surface-modified 

TiO2 nanoparticles [21], alumina nanoparticles filled 

with polytetrafluoroethylene (PTFE) [22], hollow 

inorganic fullerene-like MoS2 nanoparticles [23], and 

thin films of fullerene-like MoS2 nanoparticles [24] 

were also investigated for potential applications in 

nanofabrication and lubrication. 

3 Friction in one-dimensional nanotubes 

and nanowires 

One-dimensional carbon nanotubes have a constrained 

geometry, small interlayer distance, wear-free interlayer 

sliding, and ultralow friction. These features make them 

ideal building blocks for fabricating nanofunctional 

mechanical devices. Cumings et al. [25, 26] created 

linear bearings out of multiwalled carbon nanotubes 

(MWCNTs; see Fig. 2). The interlayer telescoping 

friction force in the MWCNTs was estimated to be 

less than 1.5 × 10−14 N per atom. Fennimore et al. [27] 

created a rotational actuator by using a MWCNT as 

the motion-enabling element. Zheng and colleagues 

[28, 29] proposed that MWCNTs be used to create 

gigahertz nano-oscillators. When both ends of the outer 

shell are opened, the retracted core will not stop at its 

original position but will oscillate with respect to the 

outer housing at gigahertz frequency, in accordance 

with conservation of energy. Since the principles of  

 

Fig. 2 Schematic representation of the experiments performed 
inside TEM. The process of opening the end of a MWCNT (a), 
exposing the core tubes (b), and attaching the nanomanipulator to 
the core tubes (c). (d) and (e) Two different classes of subsequent 
experiments performed. (d) The nanotube is repeatedly telescoped 
while observations for wear are performed. (e) The core is released 
and pulled into the outer shell housing by the attractive van der 
Waals force [25]. 

carbon nanotube nano-oscillators were elucidated, 

many MWCNT mechanical devices have been 

designed, but successful experimental implementation 

and observation are rare. A fundamental problem for 

these devices is to maintain the mechanical motion 

for sufficiently long or, in other words, to minimize the 

rate at which their mechanical energy is dissipated  

as heat.  

To address these problems of energy dissipation 

and friction in carbon-nanotube mechanical system, 

Guo et al. [30] used atomistic models and molecular 

 

Fig. 1 TEM images of a typical hollow multilayered fullerene-like WS2 nanoparticles (a) and fullerene-like MoS2 nanoparticles (b).
The line profile of the boxed area gives an interlayer spacing of 6.20 Å. (c) Three main friction mechanisms of multilayered 
nanoparticle: rolling (A1−A3), sliding (B1−B3), and exfoliation (C1−C3). The bottom surface is stationary while the upper surface is 
moving to the left. The red mark is a point of reference, i.e., gold nanoparticle in the experiments [18]. 
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dynamics simulations to investigate energy dissipation, 

interlayer-corrugation effects, and resistance force in 

(10,10)/(5,5), (18,0)/(5,5), and (18,0)/(9,0) biwalled 

carbon nanotubes. They found that significant energy 

is dissipated in all nanotube systems, although the 

energy dissipated by (10,10)/(5,5) bitube oscillators  

is much greater than that dissipated by (18,0)/(5,5) 

oscillators, as shown in Fig. 3. This result means the 

oscillation amplitude decays within a few nanoseconds 

for the (10,10)/(5,5) bitube and within several tens of 

nanoseconds for the (18,0)/(5,5) bitube. In addition to  

 

Fig. 3 Variation of potential energy with time at an initial tem-
perature of about 8 K. (a) (18, 0)/(5, 5) tube system; (b) (10, 10)/(5, 5) 
tube system; the insets show variation of potential energy around 
50 and 3,000 ps. (c) Reduction of amplitude of potential energy 
with oscillating time. The tube length is about 3 nm and the initial 
extrusion displacement is about 1/4 of the tube length. The dashed 
linear lines and equations in (c) are corresponding fitting curves 
of the molecular dynamic simulation results [30]. 

the effects due to the interlayer arrangement, theoretical 

studies indicated that the excitation of phonons (due 

to the interaction of the carbon-nanotube core with 

the edge of the outer casing) and thermal fluctuations 

could be mechanical sources of energy dissipation. 

For example, Zhao et al. [31] studied energy transfer 

from the translational degrees of freedom to phonon 

modes for two coaxial carbon nanotubes. They found 

that, for oscillators with short nanotubes, a rocking 

motion, occurring when the inner tube is pulled about 

a third of the way out of the outer tube, is responsible 

for significant transfer of energy to phonons. For 

oscillators made from long nanotubes, translational 

energy is mainly dissipated via a wavy deformation 

in the outer tube as it undergoes radial vibrations. 

Servantie and Gaspard [32] developed theoretical and 

numerical methods to calculate the dynamic friction 

coefficient based on an adiabatic approximation that 

uses the temporal integral of the autocorrelation 

function of the force between both sliding objects. They 

used these methods to evaluate the kinetic-friction 

coefficient for the relative motion of two concentric 

carbon nanotubes and found that it increases with 

temperature. By using molecular dynamics simulations, 

Legoas et al. [33] studied the telescopic extension and 

retraction motion of MWCNT nano-oscillators and 

revealed that, independent of tube type, sustained 

oscillations are possible only when the radii of the 

inner and outer tubes differ by ~3.4 Å. Rivera et al. 

[34] used molecular dynamics simulations to study 

the oscillatory motion of incommensurate and com-

mensurate double-walled carbon nanotubes (DWCNTs) 

that result from the pull-out of the inner nanotube 

before releasing it. They concluded that the oscillations 

in DWCNTs are damped and that the system acts  

as a nanosized shock absorber. Furthermore, they 

attributed the frictional forces between nanotube 

surfaces to thermal fluctuations in the nanotube con-

formation. Other theoretical simulations and models 

revealed that thermal-induced edge barriers and forces 

can govern the interlayer friction of DWCNTs [35], and 

energy dissipation in MWCNTs coming from phonons 

excited by the interaction of the core with the edge of 

the outer casing [36]. Further studies on interaction 

forces leading to energy dissipation in MWCNTs 

showed that the interlayer resistance can vary with tube 

morphology, length, and diameter. In a commensurate 
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pair of tubes, the fluctuation of interlayer sliding- 

resistance force increases with tube length, but in an 

incommensurate pair this force can remain unchanged 

[37]. Recent experiments conducted by Zhang et al. [38] 

show that, under ambient conditions, superlubricity 

can occur in centimeter-long DWCNTs with perfect 

structures. Here, intershell friction was measured while 

the inner shells were pulled out from centimeter-long 

DWCNTs. The intershell friction was nearly inde-

pendent of pull- out length and could be as low as 

1 nN, as shown in Fig. 4. The shear strength of the 

DWCNTs was only several Pascals. Superlubricity in 

DWCNTs can be understood in terms of the absence of 

defects and the large axial curvature in the DWCNTs, 

as well as the length-independent variation of the van 

der Waals interaction between the CNT shells as they 

are being pulled apart. These researches and progress 

in interlayer interaction, friction, and energy dissipation 

between carbon nanotubes provide significant insights 

into the design of nanotube-based devices.  

In most cases, various topological defects such 

vacancies, Stone–Wales defects, and adatoms are hard 

to avoid during MWCNT growth, and this might 

lead to energy dissipation during intershell sliding in 

MWCNTs. Guo et al. [40] used molecular statics and 

dynamics simulations to study interlayer friction and 

energy dissipation in biwalled carbon nanotubes of 

different chirality and size, and with and without 

defects. In incommensurate systems at very low tem-

perature, the interlayer friction force of a perfect 

bitube system was found to strongly depend on 

commensuration and to be independent of tube 

length. However, the existence of defects can ruin the 

perfect-geometry controlled interlayer interaction, 

thereby leading to a sharp increase in friction and 

energy dissipation. These theoretical calculations of 

Stone-Wales defects on a core interacting with the 

open end of the casing or of such defects on the casing 

interacting with the capped core are consistent with 

the amplitude and spatial extent of experimentally 

measured force fluctuations in the cyclic telescoping 

motion of MWCNTs [41]. In that experiment, Kis et al. 

measured interlayer force during prolonged cyclic 

telescoping motion of a MWCNT. They found that 

the force acting between the core and the outer 

casing is modulated by the presence of stable defects 

and generally exhibits ultralow friction (below the  

 

Fig. 4 (a) Schematic of the experiment illustrating a process of 
pulling out the inner shell (yellow) from its outer host (red) through 
a sensitive force probe. Contact length between the inner extracted 
tube and the outer one changes from tens of nanometres to 
centimetres. The carbon nanotubes were decorated with TiO2 
nanoparticles that enabled efficient manipulation of individual 
nanotubes. For clarity nanoparticles and nanotubes are not shown 
to scale [39]. (b) SEM image of ultralong MWCNTs with different 
axial curvatures. (c) Measured friction for the five ultralong 
MWCMTs shown in (b). The intershell friction (4# and 5#) was 
lower than 3 nN when the overlap length was about 5,000 μm or 
smaller [38].  

measurement limit of 1.4 × 10−15 N/atom) and total 

dissipation per cycle lower than 0.4 meV/atom. They 

also found that the defects lead to temporary 

mechanical dissipation. 

Boron nitride nanotubes (BNNTs) have a structure 

similar to that of carbon nanotubes, but with alternating 

B and N atoms with respect to C atoms in the tube 

lattice. The properties of interlayer friction in BNNTs 

are important for their applications in nanomechanics. 
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Recently, by using a quartz-tuning-fork–based atomic 

force microscope and a nanomanipulator, Niguès   

et al. [42] compared the mechanical response of 

multiwalled carbon nanotubes and multiwalled BNNTs 

during the fracture and telescopic sliding of the layers, 

as shown in Fig. 5. They found that the interlayer 

friction for insulating BNNTs results in ultrahigh 

viscous-like dissipation that is proportional to the 

contact area, whereas for the semimetallic carbon 

nanotubes the sliding friction vanishes (within the 

experimental uncertainty). They ascribed this difference 

to the ionic character of the BN, which allows charge 

localization.  

The properties of friction in nanowires have also 

attracted the interest of scientists. Most research has 

focused on static and kinetic friction in nanowires 

together with their elastic properties. Zinc-oxide 

nanowires and silicon nanowires have been frequently 

used to probe the mechanical characteristics and 

mechanisms of friction between one-dimensional 

nanowires and two-dimensional substrates [39, 43, 44]. 

Nanowires are generally manipulated by using an 

AFM or STM probe [45]. In fact, the rolling frictional 

characteristics and sliding frictional characteristics 

were observed in a recent study by Kim et al. [46] 

(see Fig. 6). They claimed that the friction coefficients 

Fig. 5 Multiwalled nanotube Christmas-cracker experimental set-up. (a) Schematic drawing of the experiments, showing a multiwalled 
nanotube assembled to a tuning-fork on one side, and to a nanomanipulator on the other side. A piezo system excites the oscillator at the
resonance frequency (≈32 kHz); a lock-in and a phase-locked loop maintain both the amplitude and the phase constant between the
tuning fork and the excitator. (b) SEM images of a carbon nanotube glued to each tungsten tip during the tensile experiments. Nanotube
has a length of 5.5 μm, external diameter of 60 nm and sliding tube diameter 25 nm. (c) Amplitude resonance curves for both free and 
interacting tuning forks. The black curve represents the free resonator oscillating in vacuum with a quality factor Q = 45,000. The red
curve represents the tuning-fork response during telescopic intershell sliding with a quality factor Q = 18,000 [42]. 

 

Fig. 6 AFM images of ZnO nanowires translation motion during manipulation for the case of (a) pure sliding and (b) both rolling and
sliding. Dotted circle is the marker for the translation motion [46]. Schematics of a bent nanowire affected by (c) kinetic friction force 
and (d) distributed static friction force [48].  



216 Friction 2(3): 209–225 (2014) 

 

were similar to those of macroscale systems once 

adhesion was considered. Static friction between silicon 

nanowires and elastomeric substrates was studied by 

Qin and Zhu, who found that frictional characteristics 

were sensitive to the substrate treatment [47]. A model 

of kinetic and static friction between an elastically 

bent nanowire and a flat surface was proposed by 

Romanov et al. [48], who considered two cases as the 

fundamental situation for studying kinetic and static 

frictions. 

4 Frictional properties of two-dimensional 

layered materials. 

Two-dimensional materials have attracted extensive 

research interest since the electronic properties of 

mechanically exfoliated monolayer graphene were 

first revealed in 2004 [49]. Compared to the 0D and 

1D materials reviewed above, the planar structure 

makes them much easier to incorporate into modern 

industry, which requires precise control and manipula-

tion of the target. For practical applications, especially 

in micro-electromechanical systems (MEMS) and 

their nanoscale counterpart nano-electromechanical 

systems (NEMS), their frictional properties should be 

thoroughly understood. Actually, the ultralow friction 

of their bulk counterparts (i.e., layered materials such as 

graphite, molybdenum disulphide, and boron nitride) 

make them ideal lubricants in mechanical systems 

such as aerospace systems, high-vacuum systems, 

and systems that operate over a wide temperature 

range [50–52]. This ultralow friction is attributed to 

the weak interlayer bonding (van der Waals forces) 

compared with the strong inlayer chemical bonding 

of layered materials, making them easy to shear. 

Moreover, because the van der Waals interlayer 

interaction decreases with increasing temperature, the 

friction of layered materials can be further reduced at 

elevated temperature [50, 53].  

Generally, the 2D counterparts of these materials 

inherit their ultralow-friction characteristics. However, 

due to their special structural dimensionality and 

excellent mechanical properties, they also exhibit quite 

different frictional characteristics compared to their 

bulk counterparts, as has been demonstrated with a 

variety of experimental and computational methods. 

4.1 Dependence of friction on layer number and 

substrate 

Lee et al. [54] undertook the first work concerning 

the impact on friction characteristics of the number  

of layers of 2D materials prepared by mechanical 

exfoliation. They found that the frictional force on 

graphene exfoliated onto SiO2/Si substrates increases 

with decreasing graphene thickness. They attributed 

this result to an increase in the van der Waals force as 

the SiN tip approaches the substrate, a conclusion that 

was confirmed by force spectroscopy measurements. 

In addition, they found that friction depends logarith-

mically on velocity, which they attributed to the 

thermally activated stick-slip effect. Soon afterwards, 

this dependence on the number of graphene layers 

was confirmed by Lee et al. for both suspended and 

supported graphene (see Fig. 7) [55]. They excluded 

substrate effects, variations in adhesion force, scan 

rate, and load as possible explanations and proposed 

instead a rippling-rug effect to explain the results. 

Their further work concerning 2D materials, including 

graphene, molybdenum disulfide (MoS2), niobium 

diselenide, and hexagonal boron nitride, showed that 

this trend applies to all materials used in their research 

that were exfoliated to a weakly adherent substrate 

(silicon oxide) or suspended from a micron-sized hole 

[56, 57]. Once the samples were bound strongly to a 

mica surface, this trend was suppressed. Based on solid 

experimental evidence and finite-element modeling, 

they suggested that this trend arises from the increase 

in the susceptibility of the thinner sheet to out-of-plane 

elastic deformation. Recently, they went a step further 

and determined the effect of surface morphology  

on friction with graphene [58]. These measurements 

revealed that graphene maintains its corrugation 

level even after it is refolded onto an atomically flat 

substrate and that both the graphene and the substrate 

must be ultraflat to achieve the intimate contact 

necessary for strong adhesion and low friction.  

The interpretation of the observation of Lee et al. 

was supported by the Brownian dynamics simulations 

of Smolyanitsky et al. [59] and by the molecular 

dynamics simulations of Ye et al. [60]. The tip-induced 

out-of-plane deformation of 2D materials was also 

experimentally confirmed and systematically studied 

by Barboza et al. [61]. They referred to this effect as 
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“dynamic negative compressibility”: When the probe 

tip slides on these 2D materials, a vertical expansion 

proportional to the applied normal load appears for 

dynamical wrinkling of the upper material layers 

induced by the simultaneous compression and shear 

from the tip.  

This dependence on layer number is not limited 

only to mechanically exfoliated samples, but also 

applies to graphene prepared through chemical vapor 

deposition, as shown by Egberts et al. [62]. They 

showed that the friction force of monolayer graphene 

is significantly larger than that of bilayer graphene 

deposited on copper foil and proved that layer- 

dependent friction properties result from puckering 

of the graphene sheet around the sliding tip, consistent 

with the model proposed by Lee et al. Furthermore, 

in the normal force as a function of friction, they 

observed a substantial hysteresis with repeated 

scanning without breaking contact with the graphene- 

covered region. Because of this hysteresis, friction 

measured on graphene changed as a function of time 

and maximum applied force. For graphene films grown 

epitaxially on SiC, the friction on monolayer graphene  

was also found to be a factor of two greater than that 

on bilayer films, as shown in Fig. 8 [63, 64]. However, 

based on results of angle-resolved photoemission 

spectroscopy, the difference in friction between  

single and bilayer graphene is found to arise from   

a dramatic difference in electron-phonon coupling. 

Monolayer graphene was found to have a remarkable 

electron-phonon coupling, which can efficiently 

dampen lattice vibrations and thus enhance the energy 

dissipation induced by friction. In bilayer graphene, 

however, electron-phonon coupling almost vanishes, 

so friction is reduced as well. In addition, it was 

demonstrated that, because of reduced adhesion, 

friction on bilayer graphene epitaxially on SiC is even 

less than that on graphite. At normal loads of 40 nN, 

a transition from atomic stick-slip friction to a regime 

of ultralow friction occurs.  

4.2 Frictional characteristics of chemically modified 

2D materials 

Two-dimensional materials consist of only a single 

layer of atoms, all of which are exposed to the surface. 

Thus, most of their properties can be easily tuned   

 

Fig. 7 Dependence of the frictional force on the layer number of graphene, MoS2, NbSe2 and h-BN, respectively [55]. 



218 Friction 2(3): 209–225 (2014) 

 

 

Fig. 8 The friction force on monolayer and bilayer graphene 
epitaxially grown on SiC [63]. 

by chemical modification, including their frictional 

properties. The most-studied chemically modified  

2D material is oxidized graphene. Several works of 

different groups have demonstrated that friction in 

graphene is notably enhanced by oxidation [65–67]. 

For this reason, oxidized graphene can easily be 

distinguished from a graphite surface by lateral-force 

microscopy [67]. The enhanced friction also holds for 

graphene-oxide nanoribbons, whose friction can be 

further increased by exposing it to high humidity 

[68]. By using density functional theory, Wang et al. 

investigated the atomic-scale friction in graphene oxide, 

revealing the atomic origination of the enhanced 

friction [69]. In addition, an adhesion-dependent 

negative friction coefficient was found by Deng et al. 

on oxygen-modified graphite, as shown in Fig. 9 [70]. 

They found that, when the adhesion between AFM 

tip and surface is enhanced by chemisorbed oxygen 

relative to the exfoliation energy of graphite, friction 

can increase as the normal load decreases under tip 

retraction. Based on both atomistic and continuum- 

based simulations, they attributed this phenomenon 

to a reversible partial delamination of the few topmost 

(or single) layers of graphene. During tip retraction, 

lifting these topmost layers leads to greater defor-

mability of the surface, and thus increases the friction 

force. 

For hydrogenated graphene, the friction force is 

three times higher than for pristine graphene [65]. 

However, based on in situ cleaning with an AFM tip, 

Fessler et al. attributed this to surface contamination 

[71]. Once cleaned, the frictional behavior became the 

same as for pristine graphene. Kwon et al. showed 

that the friction of a graphene surface increased six 

times after surface fluorination, whereas the adhesion 

force was slightly reduced [72]. Based on density 

functional theory, they attributed this result to a higher 

out-of-plane bending stiffness for fluorinated graphene. 

They also proposed that damping via flexural phonons 

is a main source of frictional energy dissipation in 2D 

materials such as graphene.  

4.3 Influence of defects on friction of 2D materials  

Structural defects, such as edges, grain boundaries, and 

vacancies, are inevitable in 2D materials prepared  

by current methods. The presence of these defects 

 

Fig. 9 Adhesion-dependent negative friction coefficient on oxygen modified graphite. 
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introduces significant modifications in the material 

properties, especially electronic properties. Some recent 

works have also investigated the influence of defects 

on friction in 2D materials. In 2008, friction across the 

edges of 2D materials (graphene and MoS2) was found 

to increase for both step-down and step-up scans [73]. 

The additional frictional force due to the step edge 

increases linearly with load for upward jumps, but 

remains constant for downward jumps. A modified 

Prandtl–Tomlinson model featuring a Schwoebel– 

Ehrlich barrier at the steps was proposed by Schwarz 

et al. to explain this phenomenon (Fig. 10). Following 

this, Hunley et al. demonstrated that this additional 

frictional force can be suppressed by a single over-

lapping layer of graphene. By sliding a sharp tip 

upward over the exposed step, they also obtained 

evidence of elastic straining of graphene edges 

introduced by the tip, demonstrating another possible  

 

Fig. 10 The origination of the additional frictional force across 
the steps [73]. 

contribution to increased friction. Actually, the enhanced 

friction induced at the edges was also observed for 

the bulk counterparts of these 2D materials, such as 

graphite and hexagonal boron nitride. The high-energy 

edge surface of these bulk materials, although repre-

senting a small proportion of the overall surface, 

increases the adhesion between the opposing surfaces 

and thus significantly increases the friction [50]. 

However, because the edge energy could be efficiently 

reduced by absorbed molecules or by introducing 

functional groups, the friction coefficient of outgassed 

graphite and boron nitride was shown to decrease by 

a factor of three for many different gases [53].  

Grain boundaries and vacancies are two types   

of defects that may also affect friction. Molecular 

dynamics simulations of a short capped single-walled 

carbon nanotube sliding on graphene with a vacancy 

or a Stone–Thrower–Wales defect shows significant 

change in lateral forces with different characteristics 

[74]. However, these predicted changes in friction 

across grain boundaries were not detected by Kwon 

et al. [75] with friction-force microscopy. A possible 

reason for this result may be the large size of the probe 

tip compared to the size of the carbon nanotube used 

in the simulation. Experiments with carefully prepared 

probes are required to clarify this problem. Although 

the influence of grain boundaries on friction remains 

poorly understood, the friction domains of monolayer 

graphene supported on SiO2/Si substrates were 

observed [76]. By using angle-dependent scanning, 

Choi et al. observed friction anisotropy with a perio-

dicity of 180° in each friction domain. They attributed 

the friction domains to the ripple distortions of the 

graphene, which gives rise to anisotropic friction in 

each domain as a result of the anisotropic puckering 

of the graphene. 

4.4 Interlayer friction 

Theoretical studies based on different models have 

been conducted to better understand atomic-scale 

friction between finite and infinite graphene sheets 

[11, 77]. The interlayer superlubricity state of graphite 

depends not only on the interlayer interaction but 

also on the pulling direction and the corresponding 

registry of each layer. The low friction force and 

friction coefficient in graphite also depend on loading 
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force and interlayer stacking structures [11]. Guo et al. 

[78] studied the effects of changing the interlayer 

separation and of in-sheet defects on the interlayer 

friction between graphene sheets (Fig. 11). The inter-

layer friction between graphene sheets with com-

mensurate or incommensurate interlayer stacking 

increases with decreasing interlayer separation. The 

ultralow interlayer friction in incommensurate stacked 

sheets is insensitive to the in-sheet vacancy defects at 

certain orientations. Changing interlayer separation 

and introducing defects may be a way to achieve 

ultralow friction and control friction properties in 

graphene sheets. By using a tight-binding atomistic 

simulation, Bonelli et al. [79] investigated the 

slipperiness of graphene flakes against a graphite 

surface and revealed the crucial role of flake rotation 

in determining the static friction. 

4.5 Frictional interaction between liquid and 2D 

materials 

Experiments have shown that the flow rate of water 

inside carbon nanotubes is unexpectedly high due to  

 

Fig. 11 Maximum resistance force acting on the perfect graphene 
flakes in AB stacking and incommensurate stacking with different 
interlayer distances along different sliding directions [78]. 

the almost frictionless interface at the carbon-nanotube 

wall [80–82]. Because of the structural similarity, the 

extremely fast water transport through CNTs is also 

expected for graphene nanochannels. Some theoretical 

studies have been done on this subject. By considering 

equilibrium and nonequilibrium molecular dynamics 

simulations, Kannam et al. predicted a low friction 

coefficient between the fluids and graphene, indicating 

that water can be a good lubricant for graphene in 

shearing experiments and that graphene nanochannels 

can act as efficient water transport devices either for 

enhanced flow or for energy-saving flow [83, 84]. 

Furthermore, Xiong et al. showed that strain on 

graphene can drastically change the interfacial friction 

of water transport its nanochannel. Stretching the 

graphene walls increases the interfacial shear stress, 

whereas compressing the graphene walls reduces it. A 

detailed analysis of the molecular structure attributed 

this result to strain-induced change in the interfacial 

potential energy barrier and the commensurate 

structure between the graphene walls and the first 

water layer. In addition to theoretical works, a 

pioneering experiment done by N’guessan et al. probed 

water tribology on graphene [85]. They found that 

the lateral force required to slide a water drop on a 

graphene surface is independent of the resting time 

of the drop, contrary to classical experiments (Fig. 12). 

In addition, the drop’s three-phase contact line adopts 

a peculiar micrometric serrated form. This result was 

attributed to the absence of molecular reorientation 

on graphene with a chemically homogenous surface. 

Recently, Yin et al. showed that the droplets of ionic 

liquid can easily slide on a graphene surface [86] and, 

in a much more interesting result, they found that  

the movement of the liquid−solid−gas three-phase 

boundary on a graphene surface can generate electricity 

[86, 87]. All these results suggest that graphene is a 

promising material to construct efficient and intelligent 

channels for liquid flow.  

4.6 Applications 

Thanks to the advances in the fabrication of large-area 

2D materials in quantity, especially graphene and 

h-BN, various promising applications that exploit  

the low adhesion and friction characteristics of these 

materials have been demonstrated. Kim et al. 
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demonstrated that large-area graphene films prepared 

by chemical-vapor deposition reduces the adhesion and 

friction forces of the surface covered, contributed to the 

low surface energy, and multilayer graphene films with 

a few nanometers thick have coefficients of friction 

lower than that of bulk graphite [88]. In particular, 

graphene coatings can enhance the functionality of 

AFM probes, making them conductive and more 

resistance to wear [89]. Despite being covered by a 

low concentration of graphene flakes, the coefficient of 

friction can be reduced from 1 to 0.15 for 440C steel, 

and this coefficient persists for thousands of sliding 

passes, as demonstrated by Berman et al. [90]. For 

materials other than graphene, Li et al. demonstrated 

that h-BN prepared by chemical-vapor deposition 

can also reduce the friction of bare Cu by a factor of 

40, even at a local pressure around 46 MPa [91]. This 

allows the h-BN domains to be easily distinguished 

from the copper substrate by FFM (Fig. 13).  

Besides being useful for applications such as solid 

lubricants, flakes of 2D materials dispersed in water 

have also played a role in liquid lubricants. By adding 

oxide graphene nanosheets to pure water, Song et  

al. improved the antiwear ability of a water-based 

lubricant and decreased the friction coefficient [92]. 

They proposed that the enhanced friction and wear 

arise from the formation of thin physical tribofilms of 

oxide graphene nanosheets on the substrate. They 

also demonstrated that adding even small amounts 

of h-BN nanosheets in water could enhance wear 

resistance and reduce the friction coefficient efficiently 

with good stability [93]. Tribofilms formed on worn 

surfaces due to repeated exfoliation and deposition 

of h-BN nanosheets during sliding, which is believed 

to be responsible for the tribological improvements 

with respect to aqueous dispersions. Accordingly, 2D 

materials, such as graphene and h-BN, offer the promise 

of being “green” lubricant additives for water. 

When using 2D sheets as fillers, the frictional and 

antiwear properties of the composite may also be 

improved. Ren et al. demonstrated that the friction 

coefficients and wear rates for both graphene and 

polystyrene-functionalized-graphene-filled fabric- 

phenolic composites were reduced because of self- 

lubrication by graphene and the easily formed transfer 

film on the counterpart pin [94]. The wear rate of 

 

Fig. 12 Effect of time on drop retention force for various systems ((a) and (b)) and image of water drops on graphene (c) [85]. 

 

Fig. 13 Antifriction cover of monolayer h-BN [91]. 
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PTFE is reduced by four orders of magnitude due to 

graphene additives according to a report by Kandanur 

et al. [95]. Graphene fillers were found to give 10 to 

30 times lower wear rates than micrographite. These 

authors suggest that graphene additives are highly 

effective in regulating debris formation in PTFE, which 

results in reduced wear. 

5 Summary 

Low-dimensional materials and nanotechnology have 

given us chance to better understand the centuries-old 

phenomena of friction and to reduce friction and wear 

to a great degree from that of traditional materials 

and technology. Zero-dimensional nanoparticles can 

be applied in lubricants to reduce friction and wear. 

The interlayer friction in multiwalled nanotubes can 

be ultralow but is sensitive to the atomic lattice 

matching between the walls and interwall spacing, so 

ultralow-friction nanobearings and nanodevices may 

be designed and manufactured. Especially important 

are the two-dimensional nanomaterials such as 

graphene, h-BN, and transition-metal dichalcogenides, 

even the topological insulators. In contrast to the cor-

responding bulk materials, which serve as traditional 

dry lubricants, these high-quality monolayered 

materials grown in large sizes can serve as single- 

atom-thick coatings to reduce friction and wear, and 

their surface properties may be tuned efficiently. This 

type of ultralow friction coating with single-atom 

thickness promises a technological revolution by 

offering energy-efficient and/or self-powered electro- 

opto-magneto-mechanical nanosystems. In addition, 

the coating layer can also serve as a functional 

component in intelligent nanodevices. Because of the 

exceptionally low friction of such two-dimensional 

nanomaterials, friction-force microscopy can also serve 

as a powerful tool for characterizing their crystal 

quality. Therefore, friction research in low-dimensional 

materials calls for joint efforts with scientists from 

different disciplines. 
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