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Abstract: Superlubricity, or structural lubricity, is a state that has two contacting surfaces exhibiting no resistance 

to sliding. This effect has been theoretically described to be possible between two completely clean single 

crystalline solid surfaces. However, experimental observations of superlubricity were limited to nanoscale and 

under high vacuum or inert gas environments even after twenty years since the concept of superlubricity has 

been suggested in 1990. In the last two years, remarkable advances have been achieved in experimental 

observations of superlubricity ranging from micro-scale to centimeters and in ambient environment. This study 

aims to report a comprehensive understanding of the superlubricity phenomenon. 
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1  Introduction 

Superlubricity may occur when two single crystalline 

surfaces slide over each other in a dry incommensurate 

contact. This effect was first proposed by Hirano and 

coauthors in 1990 [1, 2]. For example, graphite has a 

laminar structure consisting of hexagonal graphene 

bound by van der Waals interaction. The contact 

between two graphene surfaces is considered to be in 

commensurate registry, when their lattice orientations 

are the same as shown in Fig. 1(a). Because of the 

hexagonal structure, the commensurate registry repeats 

every 60 degrees in relative rotation. At any lattice 

misfit orientation, however, the contact is considered to 

be in an incommensurate registry, as shown in Fig. 1(b). 

The shear strength of graphite in commensurate 

registry is reported to be about 140 MPa [3], while 

that in an incommensurate registry is theoretically 

predicted to possibly vanish [1]. Similar properties 

hold for other laminar hexagonal structures, when 

the interlayer binding forces is via van der Waals 

interactions and other contributions to friction like 

electrons can be neglected. Consequently, the essential 

feature of superlubricity state is that apparently   

the friction suddenly and dramatically drops to zero   

or near zero when the contact shifts from a com-

mensurate to an incommensurate registry. We call this 

characteristic the superlubricity essential feature (SEF), 

as schematically illustrated in Fig. 1 (c). 

 

Fig. 1 Two graphene layers contact in commensurate registry (a) 
and in incommensurate registry (b). (c) Superlubricity essential 
feature (SEF) between graphene layers, where the high friction 
will drop quickly to zero or near zero when their contact is shifted 
from a commensurate to an incommensurate registry. For graphenes, 
the commensurate registry repeats every 60 degrees in relative 
rotation. 
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The first experimental attempt to observe super-

lubricity was made in 1991 by Hirano and coauthors 

[2] using a crystalline muscovite mica, which is a 

laminar hexagonal material. The observed friction 

was found to indeed depend on the lattice misfit 

angles (Fig. 2), but not the SEF that is necessary for 

superlubricity. Besides, the measured minimum friction 

force of 2.2 × 10−4 N under a normal force 1.2 × 10−3 N 

results in a friction coefficient of 0.18. This is too high 

to be regarded as superlubricity. Previously experi-

ments on friction between two crystalline surfaces 

are justified on the basis of friction anisotropy [4, 5] 

and not superlubricity. 

Hirano et al. attempted to demonstrate another 

experimental observation of superlubricity by measur-

ing the friction between a tungsten tip with W(011) 

surface and Si(001) surface under ultrahigh vacuum 

conditions using scanning tunneling microscopy 

(STM) [6]. The contact area was estimated to be of the 

order of few nm2. According to their study, no friction 

signal for the tungsten tip could be detected for 

incommensurate contact with the STM resolution of 

about 3 × 10−9 N. Given the fact that the frictional force 

of 3 × 10−9 N for a nanometer-sized contact corresponds 

to shear strength of the order of 1 GPa, saying that this  

 

Fig. 2 Measured friction force between two mica surfaces as 
function of lattice misfit angle between them (Reproduced with per-
mission from Ref. [2]. Copyright American Physical Society, 1991). 

experiment confirms the existence of superlubricity is 

not convincing. 

Molybdenum disulphide (MoS2) is also a well-known 

lamellar solid lubricant with a hexagonal structure. 

When testing a sputtered MoS2 coating exempt of 

impurities such as carbon, oxygen, and water vapor, 

Martin et al. [7] found that the friction coefficient 

could be down to the 10−3 range, which is at least one 

order of magnitude lower than the values reported 

so far. The observed ultralow friction was attributed 

to the change of an inter-crystallite slip system by an 

effect of friction induced lattice orientation, in which 

the basal planes are aligned in the sliding direction 

and disordered around the c-axis. This reorientation 

could happen because of the observed nanosize of the 

grains. Consequently, the MoS2 surfaces in friction 

contact would be of dimensional nanosized poly-

crystalline in nature. As a result, the majority of the 

contact region would be incommensurate, leading  

to superlubricity. However, a minor portion of the 

contact area, although ultralow, can possibly be in 

commensurate registry, contributing the majority of 

the observed friction. In other words, the observed 

ultralow friction is not a direct evidence of superlubric 

phenomenon. 

In view of the above mentioned situation and the 

argument that electronic contributions may also play 

a role in determining the friction [8, 9], Müser [10] 

suggested to use the terminology of superlubricity as 

kinetic friction coefficient in the order of magnitude 

10−3 or lesser. The superlubricity induced by incom-

mensurate registry was then renamed as “structural 

lubricity”. 

A clear evidence of superlubricity was provided  

by Dienwiebel and co-workers [11] using a frictional 

force microscope with a resolution of lateral forces 

down to 15 pN, which allowed quantitative tracking 

of the forces on the scanning tip in three directions. 

By attaching a graphite nanoflake to a nanotip, they 

measured the friction force between the graphite 

layers as function of misfit angles. As shown in Fig. 3, 

there are two pulses around the orientations of 0° and 

60° that correspond to two commensurate registries, 

while the friction is negligible at the misfit angles. 

These observations agreed well with the superlubricity 

essential feature. Since the diameter of the graphite 
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nanoflake was estimated to be about 1.4 nm [12],  

the measured minimum friction force of 15.2 ± 15 pN 

corresponds to a shear strength of 9.9 ± 9.7 MPa, which 

is two orders in magnitude lower than the reported 

values [6]. Furthermore, considering the average value 

(~20 nN) of normal force in their experiments, the 

calculated friction coefficient is as small as 0.00076 ± 

0.00075. 

Recently, some studies have reported superlubricity 

related phenomena, like graphene nanoflakes sliding 

on graphene [13], scaling law of superlubricity [14], 

and negative friction behavior [15, 16]. 

Overall, the observations of superlubricity, even 

after twenty years of its first inception in 1990, were 

limited to nanoscale ranged contact areas, and under 

high vacuum conditions or inert gas environments. 

According to a theoretical study [11], for sufficiently 

large contacts, superlubricity might break down if the 

two lattices are not perfectly rigid. Besides, a network 

of misfit dislocations might form between them, which 

will result in friction. As commented by Urbakh et al. 

[17, 18], there exists a large gap between the current 

understanding of superlubricity on the microscopic 

and macroscopic scales. To the best of our knowledge, 

all observations of structural superlubricity until 2011 

were limited to nanoscale regime and under high 

vacuum or inert gas conditions, as briefly reviewed 

in the previous section. This greatly hinders the 

utilization of superlubricity phenomenon for practical 

applications. 

In the following Section 2, we review the recent 

advances that clearly demonstrate the observation of 

superlubricity from micrometer to centimeter scales 

under ambient conditions. These observations [3, 19−24] 

are essentially based on a novel technology established 

by us with the aid of a so-called self-retracting 

motion phenomenon. A deeper understanding on the 

underlying mechanism, as compared with that 

reported in the previous studies, on the observation 

of superlubricity at larger scale is also presented    

in Section 2. Following that, in the Section 3, we 

elucidate two important applications of the observed 

superlubricity phenomenon. Finally, we provide brief 

summary and future perspectives in Section 4. 

2 Observations of superlubricity in larger 

scale under ambient conditions 

2.1 Challenges 

In order to realize superlubricity in larger scale, having 

two large atomically smooth surfaces is necessary. 

However, this is not the sole criterion to observe 

superlubricity. The biggest challenge to realize 

superlubricity is perhaps establishing contact between 

two solid surfaces that are completely clean [10, 25, 26], 

given the fact that the absorption and/or con-

taminants can easily hinder superlubricity [25]. To the 

best of our knowledge, in all the experiments reported 

before 2012 for observing superlubricity, the two 

surfaces in contact were placed together. Under this 

condition, avoiding absorption is hard, particularly 

 

Fig. 3 (a) A home-built FFM, which can track forces on the scanning tip in three directions. (b) Measured average friction force versus 
rotation angle between graphite nanoflakes and graphite substrate. Two narrow peaks of high friction were observed at 0˚ and 61˚
respectively (Reproduced with permission from Ref. [11]. Copyright American Physical Society, 2004). 
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in case of larger samples such as that considered by 

Hirano et al. [2] between two crystalline muscovite 

mica flakes. 

2.2 Self-retraction phenomenon in graphite 

The first observation of superlubricity in micrometer 

scale and under ambient conditions was realized   

in graphite [22], based on a novel property of self- 

retracting motion discovered by Zheng et al. [19]. 

The self-retraction experiments were performed on 

square graphite mesas covered with a SiO2 film of 

thickness about 100 nm, as illustrated in Fig. 4(a). The 

height of the mesas was about 200 nm, with side 

lengths (sizes), L, varying in the range of 0.5 to 5 m. 

The technique adopted for preparing these mesas has 

been explained in detail elsewhere [19]. The experiment 

on each tested mesa was performed by controlling 

the probe of a micromanipulator to laterally push  

the upper edge or horizontally rub on the top surface 

of the SiO2 cover. Using this method, we could 

successfully slip out flakes from the tested mesas to 

various prescribed suspended positions. Each flake 

examined consisted of the SiO2 cover and an attached 

graphite flake slipped out from the mesa, as illustrated 

in Fig. 4(b) and as verified from SEM (bottom image 

of Fig. 4(b)). We found that some of the suspended 

graphite/ SiO2 flakes under test can automatically and 

fully retract back onto the top of their respective base 

mesas immediately upon releasing the applied forces 

by removing the probe away from the flakes. The 

observation that the retracting motion still occurred 

even though the probe was removed away in the 

direction opposing the retraction motion direction (see 

Figs. 4(c)–4(f) and the EPAPS movie [19]) excluded 

the qualm that the retracting motion could be caused 

by the adhesion or electrostatic force between the 

flakes and the removing probe. 

Interestingly, we found that the self-retracting motion 

not only occurred under high vacuum condition, but 

also under ambient conditions or even under water. 

Furthermore, we found that the self-retraction pro-

bability, namely the ratio of self-retractable flakes to 

the non-self-retractable ones increases with decrease 

in the size of the flakes or with increase in the etching 

of the mesas’ height. More quantitatively, the self- 

retraction probability is 100% for 1 and 2 m mesas, 

while it is 87%, 33%, and 13% for 3.0, 3.5, and 5.0 m 

mesas for one batch of samples, respectively. 

2.3 Superlubricity in micro-scale graphite 

As mentioned before, the greatest challenge in realizing 

superlubricity at larger scale and under ambient con-

dition is the difficulties associated in obtaining two 

atomically flat surfaces at larger scale that can contact 

with each other without absorptions and/or conta-

minants between them. According to the study 

reported by Liu et al. [20], the self-retraction property 

in graphite provides a novel solution to this challenges. 

 

Fig. 4 Fabricating graphite mesas capped with SiO2 film (a) and the observation of self-retracting motion of flipped out graphite/SiO2

flakes (b) when released by lift-up probe (c)–(f) [19]. 
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As illustrated in Fig. 4 (b), shearing out of a flake 

for a distance x from a graphite mesa of size L will 

generate two new graphite surfaces with the total area 

of 2Lx. In the meantime, it will increase the total free 

energy U = 2Lx, where  denotes the surface energy 

of the graphite. The driven force is therefore equal to 

F = −dU/dx = −2L. We observed self-retracting motion 

in mesas with L ranging from 0.5 m to 10 m and 

for x ranging from almost zero to near L. Thus, the 

maximum shear strength against the self-retracting 

motion is bounded by upper < 2 /L  0.04 MPa, where 

the value of  is known to be about 0.1–0.2 J/m2 

[21, 27, 28]. 

We found that there were certain orientations at 

which the self-retracting motion was locked. These 

locked orientations have clear hexagonal symmetry. 

The self-retracting motion could occur at almost any 

orientation, except in those locked orientations, as 

shown in Fig. 5. The nearest self-retractable orientation 

to a locked one was observed to be 1°. The shear 

resistive shear force at any self-retractable orientation 

was measured to be three orders of magnitude lower 

than those at the locked orientation. The latter agrees 

well with the basal plane shear strength of single 

crystalline graphite [3]. Given the hexagonal nature 

of the graphite structure, these properties signify a 

clear picture that the locked orientations correspond 

to commensurate registries, while the self-retractable 

orientations correspond to incommensurate registries. 

The sudden and dramatic (three orders) drop of the 

resistance to sliding indicates that the self-retracting 

motion is an effect of superlubricity. 

2.4 Mechanism of the size effects of the self- 

retraction motion 

The sliding surfaces of all the fully self-retractable 

samples were found to be atomically smooth without 

even a single atomic height step, as observed by using 

STM (Fig. 6 (a)). In contrast, all the non-self-retractable 

sheared surfaces had various defects (Fig. 6(b)). 

To gain deeper insights on the underlying mech-

anism, we performed electron backscattered diffraction 

(EBSD) analysis of a fresh surface made of the same 

type of highly oriented pyrolytic graphite (HOPG) that 

was used to create the mesas [22]. The corresponding 

results are shown in Fig. 6(c), wherein the domains with 

different colors correspond to different grains. The 

crystal orientation map (IPF map) at the same region 

shows that the different grains have the same crystal 

orientation along [0001] (out-of-plane) [22], indicating 

the high degree of orientation in HOPG. The grain 

sizes range from a few micrometers to about 60 μm, 

which is about three orders of magnitude larger than 

the grain thicknesses that typically range from few to 

dozens of nanometers [29]. In other words, the HOPGs 

used in the experiments are polycrystals with paper- 

like or very thin grains (Inset shown in Fig. 6(c)). 

Taking into consideration the polycrystalline nature 

of HOPG, a proposed simple stone wall (or layer of 

rock) model for the graphite mesas [22] was illustrati-

vely shown in Fig. 7. Herein, each stone corresponds  

to a single-crystalline graphite grain. That is, the 

graphene layers in each stone are contact in com-

mensurate registry, while the interfaces between the 

grains perpendicular to the c-axis (out-of-plane) are in  

 

Fig. 5 Orientation dependent self-retraction motion [22]. The “lock-in” directions in (a)-(i) clearly indicating the 60˚ symmetry (j). 
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Fig. 6 Atomic smooth sliding surface for self-retractable samples 
(a) and various surface defects in non-self-retractable samples (b) 
revealed by STM. EBSD mapping a fresh surface of HOPG (ZYH 
grade) showed the grain size distribution (c) and the corresponding 
IPF map in this region also indicated a paper-like grain (inset of (c)) 
structures [22]. 

 

Fig. 7 Illustration of the proposed stone wall polycrystalline 
structure for fabricated graphite/SiO2 mesas [22]. (a) Illustrative 
of fabricating graphite/SiO2 mesas. (b) The probability of existence 
of a single grain boundary across the whole mesa is higher for 
smaller mesa than that for larger mesa. (c) Increasing the etching of 
mesa height gives a higher probability of the existence of a single 
grain boundary across the whole mesa even though for larger mesa. 

incommensurate registry. If the graphite mesas are 

small of the order of 1 μm, as the smallest size used in 

our experiments, then the cracked interfaces following 

a totally incommensurate interface is highly possible. 

Accordingly, the sheared graphite flake can undergo 

complete self-retraction motion, which is exactly as 

observed in our experiments [19, 22]. On the other 

hand, for larger graphite mesas of the order of 20 μm 

used in our experiments, it is virtually impossible for 

the cracked interface to be in a totally incommensurate 

contact. As a result, steps (Fig. 7(b)) or partially com-

mensurate contact areas will appear in the sliding 

surfaces that might hinder the self-retracting motion. 

However, for a higher mesa, there is a high probability 

of having a single grain boundary across the whole 

mesa, as schematically illustrated in Fig. 7(c). Indeed, 

the probability of size-dependent self-retracting motion 

was observed to increase for higher mesas in our 

experiments [22]. 

2.5 Persistence of superlubricity in graphite at high 

speed 

For the first time, we measured the speed of self- 

retracting motion (SRM) in graphite by using a 

home-made optical in-situ recording system with 

knife-edge technology [30, 23], as shown in Figs. 8(a) 

and 8(b). For samples of size L = 3 μm, the maximum 

SRM speed was recorded to be about 25 m/s (Fig. 8(c)) 

at the temperature of 235 °C. This suggests that the 

superlubricity can persist in graphite, even at such a 

high speed. The SRM speed was found to depend 

remarkably on temperature from the mm/s range at 

room temperature to 25 m/s at 235 °C (Fig. 8(d)). These 

observations suggest that defects, such as edge defects, 

can affect superlubricity, while thermal activation can 

weaken this effect [23].  

2.6 Macroscopic superlubricity in multi-walled  

carbon nanotubes 

The first observation of macroscopic superlubricity 

was realized during the technique adopted to 

produce centimeter-long double-/triple-walled carbon 

nanotubes (DWCNTs/TWCNTs) with perfect atomic 

structures and while visualizing the dynamic behavior 

of CNTs by depositing TiO2 nanoparticles onto the 

surface of CNTs [31]. Zhang et al. [24] showed that the 

inner shell of a carbon nanotube can self-retract back 

to its outer shell (Fig. 9). The inter-shell friction of the  

DWCNTs was measured by using a silicon nanorod  
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Fig. 8 The self-retracting dynamics (displacements versus time) was recorded based on a home-built optical in-situ recording system 
by applying knife-edge technology [23]. The measured maximum of self-retracting speed can as high as 25 m/s; several SRMs for this 
mesa are shown, to demonstrate the reproducibility of the process. The speeds obtained from fitting the linearly rising section of the 
curve are 21 m/s, 25 m/s, 17 m/s, and 20 m/s from left to right (c). While for some samples, the measured speed is lowered by four 
orders in magnitude but it will increase when heating the sample (d). 

 

Fig. 9 Illustration of self-retraction motion of an ultra-long DWCNTs and corresponding optical images showing inner-shell sliding 
and self-retracting along its out shell [24]. 
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as a force cantilever (Figs. 10(a) and 10(b)) [24]. The 

calculated shear strength between carbon nanotube 

shells is as small as 2.6 Pa, implying that the sliding 

friction is almost vanished while the contact area is up 

to 77 μm2. Based on this measured value of interlayer 

shear strength and assuming that it is almost of the 

same order for interlayer shear strength of graphene 

layers with incommensurate contact, the theoretical 

maximum size of graphite mesa that can keep self- 

retracting motion is determined to be as large as 

0.15 m. 

The main mechanism underlying the origin of super-

lubricity between an extruded core tube and its outer 

holder is that the end of the outer tube can clean the 

inner core when the core tube retracts back. 

 

Fig. 10 By using a nanomanipulator equipped SEM and a silicon 
nanorod-based force sensor, the intershell friction of DWCNTs 
was measured as low as ~2 nN and almost independent on the 
overlap length [24]. 

3 Two representative applications of super-

lubricity 

3.1 Nanoeraser 

Intriguingly, the self-retractable graphite mesas de-

monstrated in this study exhibited high repeatability 

[22] under ambient environments or even under water. 

Superlubricity persisting in such heavy contaminating 

environment is strange. 

Liu et al. found that the contaminants such as carbon 

deposits and adhesive residue on the graphite basal 

planes can be readily cleaned by sliding a graphite flake 

on the graphite plane (Fig. 11) [20]. The mechanism 

underlying this effect can be explained as follows. 

When compared with the null resistance of a graphite 

microflake sliding on a completely clean graphite basal 

plane (with incommensurate contact), the intra-layer 

strength and rigidity of graphene are extremely high. 

Therefore, the first few graphene layers on the 

contact surface of the graphite flake act as a shovel, 

thereby cleaning the contaminants in front of the 

sliding direction of the flake. The van der Waals 

adhesion between the flake and the graphite mesa, 

and the very weak bending rigidity of the graphene 

layer will facilitate the first few graphene layers to 

closely contact the graphite mesa, preventing the con-

taminants from entering into the interspace between the 

two contacted graphene layers. A detailed explanation 

of the so-called nanoeraser effect is provided in Ref. [20]. 

 

Fig. 11 In situ cleaning amorphous carbon layers away from 
graphite surface in SEM: After pushing graphite/SiO2 flake A away, 
the totally exposed A’ surface will be covered with a thin amorphous 
carbon layers which is induced by electron beam irradiation, 
while when we transferred another graphite/SiO2 flake B into the 
exposed A’ surface and sliding it there, the flake B can recover 
self-retraction motion in the A’ surface.[20] 
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3.2 Basal plane surface energy and interlayer 

cohesive energy of graphite 

As mentioned earlier, the driving force for the self- 

retracting motion of a sheared flake is 2γL, where γ is 

the free surface energy of the basal plane of the 

graphite. Or equivalently, 2γ can be approximated as 

the interlayer cohesive energy between the two basal 

planes (graphene layers). As one of the most fundamen-

tal material properties of graphite, however, cohesive 

energy had not been directly measured until the recent 

works of Liu et al. [21]. 

Due to the stone wall structure of HOPG, as 

discussed in Section 2.4, upon shearing a graphite 

mesa of typical size L = 3 μm and height h = 200 nm 

made from a HOPG, there may exist several cross- 

the-mesa planes that are incommensurate contact 

interfaces between two single-crystalline graphite 

grains. This structural feature enables to shear out 

several graphite flakes that would be self-retractable. 

As illustrated in Fig. 12, after shearing off a self- 

retractable flake (Fig. 12(a)), rotating the flake until it 

gets locked at a commensurate registry (Fig. 12(b)) is 

possible. The shear force required to generate this 

cracked plane mainly consists of the self-retraction 

force (2γL), resistance to break the edge linkages that 

may be formed during the mesa fabrication, and 

static friction. Since this force is much lower than  

that required for cracking a commensurate contact, 

shearing this cracked mesa again can shear off another 

self-retractable flake (Fig. 12(c)). Again, this newly 

cracked plane can be locked by rotating it into a com-

mensurate contact, which forms a stable, non-self- 

retractable, and multi-cracked structure as shown in 

the representative SEM image (Fig. 12 (e)). Because of 

the very thin nature of the flakes, the suspended flakes 

can be easily bent and adhered to the base cracked 

plane (Fig. 12(d)). The range and shape of the bent 

region are the results of a competition between the 

cohesive energy and the bending energy. Thus, with 

the measured information on the range and shape  

of the bent region, the value of cohesive energy was 

estimated to be 0.19 (±0.01) J/m2. This can serve as   

a benchmark for other theoretical and experimental 

works related to graphite/graphene systems. 

 

Fig. 12 Illustrate processes of in situ fabricating and assembling 
a graphite/SiO2 flake spanned across a graphite nanostep (a)-(d) 
based on the self-retracting mechanism and one fabricated example 
of playing-cards like graphite nanoplates by this method. After that, 
AFM is employed to quantify the geometries which would be 
used for adhesion energy calculation. [21] 

4 Concluding remarks and perspectives 

We developed a novel technology based on the 

phenomenon of self-retracting motion to observe 

superlubricity at microscale in graphite (HOPG) and 

at macroscale in CNTs (double- or triple-walled). 

Superlubricity at this larger scale was found to persist 

under ambient conditions, in water (for HOPG), and 

at high speeds (up to 25 m/s for HOPG). 

On the basis of the novel property of self-retracting 

motion, we also developed a technology for obtaining 

absolutely clean surfaces. 

Further studies are underway on the experimental 

observations of superlubricity in several laminate- 

structured materials, such as MoS2, Mica, and recently 

created single-crystalline 2D materials. 

We speculate that the larger scale single-crystalline 

2D materials will play a key role in future applications 

of superlubricity [32], such as in new types of hard 

disks [10, 33] and in oscillators based on van der Waals 
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interaction [34, 35]. Other applications of structural 

superlubricity based on graphite and graphene include 

inertia device [36], memory device [37] and shuttle [38]. 

On a final note, the limited resolution of the 

instruments restricts the applicability of superlubricity 

in experimental measurements. Consequently, there 

still lacks valid definition of superlubricity for experi-

mentally identifying superlubricity and comparing 

superlubricity between different experiments.  
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