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Friction and wear are two main causes of mechanical energy
dissipation and component failure, especially in micro/nanomechanical systems with large surface-to-volume ratios. In
the past decade there has been an increasing level of research
interest regarding superlubricity1–5, a phenomenon, also called
structural superlubricity, in which friction almost vanishes
between two incommensurate solid surfaces2,3. However, all
experimental structural superlubricity has been obtained on
the microscale or nanoscale, and predominantly under high
vacuum. Here, we show that superlubricity can be realized in
centimetres-long double-walled carbon nanotubes (DWCNTs)
under ambient conditions. Centimetres-long inner shells can
be pulled out continuously from such nanotubes, with an intershell friction lower than 1 nN that is independent of nanotube
length. The shear strength of the DWCNTs is only several
pascals, four orders of magnitude lower than the lowest
reported value in CNTs and graphite. The perfect structure of
the ultralong DWCNTs used in our experiments is essential
for macroscale superlubricity.
Friction is present in numerous physical phenomena, at all length
scales. Sometimes it is exploited to improve our lives, but in many
cases it is necessary to decrease it in order to reduce mechanical
energy dissipation and surface wear. About one-third to one-half of
the world’s primary energy is dissipated in mechanical friction6,7,
and 80% of machinery component failure is caused by wear8.
Friction and wear are also problems in micro- and nanomechanical
systems with sliding components with high surface-to-volume
ratios. The key to solving these issues is superlubricity9. Two main
types of solid superlubricity can be deﬁned, according to their
origin: (1) incommensurate crystalline contact-based superlubricity,
which is the original deﬁnition of superlubricity and also known as
structural superlubricity1–5, and (2) disordered solid interface-based
superlubricity9–13. A typical material demonstrating the second type
of superlubricity is diamond-like carbon (DLC) ﬁlm, which can be
fabricated with dimensions on the scale of square millimetres,
although friction tests have only been conducted for sizes in the
range of hundreds of micrometres9,13. In this Letter, ‘superlubricity’
only refers to ‘structural superlubricity’ unless otherwise speciﬁed.
To date, most superlubricity has been realized at the nanoscale
under high vacuum1–5. It was believed that macroscale superlubricity
did not exist due to the structural deformation of materials at large
scale1. The latest breakthrough in superlubricity was made with a
microscale graphite mesa (10 × 10 mm2)14. Although superlubricity
based on disordered interfaces has been observed in DLC ﬁlms of
macroscale size (several square millimetres), the contact size for the
friction test was only several hundred micrometres9,13. Accordingly,
superlubricity on the macroscale has yet to be demonstrated.

Multiwalled carbon nanotubes (MWCNTs) composed of coaxial
cylindrical graphene layers with a high aspect ratio are ideal candidates for the study of superlubricity. The MWCNT shells can slide
or rotate with respect to one another15–18. Because of the difﬁculty of
performing nanomanipulation, in the past two decades there have
only been a few experimental reports15,19–23 on the sliding or
rotational behaviour of MWCNT shells. The measured intershell
friction was much higher than theoretical values due to the presence
of defects or deformations in the MWCNTs17,21,24–26. The manipulation of individual CNTs is also a challenge because of their
nanosize diameters.
The recent breakthrough in producing centimetres-long double-/triple-walled CNTs with perfect atomic structures27–29 offers
the possibility to explore superlubricity on the macroscale.
Figure 1a,b,c and Supplementary Fig. S1 show as-grown, ultralong,
double-walled CNTs (DWCNTs) with perfect structures on a silicon
substrate (with a 500-nm-thick SiO2 layer on the surface). To facilitate the manipulation of individual DWCNTs, trenches were fabricated on the silicon substrate. TiO2 nanoparticles were found to be
ideal indicators to ‘see’ individual CNTs with optical microscopes29,30. Suspended individual DWCNTs decorated with TiO2
nanoparticles are presented in Fig. 1d,e. These were visible even
under an optical microscope (Fig. 1f,i–iii). When a suspended
DWCNT was blown by a steady gas ﬂow, it elongated to form a
curve. With an increase in gas velocity, the distance between two
adjacent TiO2 nanoparticles on the DWCNT showed a sharp
increase, indicating the inner shell of the DWCNT was partly
extracted (Fig. 1f,II,ii). Once the gas ﬂow was cut off, the extracted
inner shell immediately retracted into the outer shell, indicating
ultralow friction between the DWCNT shells (Fig. 1f,III,iii). (For a
similar phenomenon see Supplementary Fig. S2.) The pull-out
and retraction of the inner shells of MWCNTs have been observed
previously in nano- and micrometre-long CNTs under high
vacuum18,19,31. However, the CNTs used here were up to 2 cm
long and the sliding length of the inner shells for each side was at
least 1 cm. This remarkable advance is attributed to the extremely
low defect concentration of our CNTs19,24,27,29. This is the ﬁrst experimental observation of intershell sliding in centimetres-long CNTs
under ambient conditions.
The DWCNT inner-shell pull-out experiment was carried out in
a scanning electron microscope (SEM) equipped with nanomanipulators. A probe was used to pull out the inner shells (Fig. 2a–e,
Supplementary Figs S3, S4). The TiO2 nanoparticles play a key
role in monitoring the abovementioned process. When the probe
moved, the suspended DWCNT was elongated to a critical strain,
at which point the outer shell broke and remained in a free state
(the TiO2 nanoparticle indicated in Fig. 2f,g did not move). The
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Figure 1 | Observation of inner-shell sliding in ultralong DWCNTs. a, Optical image of a Si/SiO2 substrate with many trenches for growing ultralong CNTs.
b, SEM image of as-grown ultralong CNTs (scale bar, 200 mm). c, TEM image of a DWCNT (scale bar, 5 nm). d,e, SEM images of suspended CNTs
deposited with TiO2 nanoparticles (scale bars, 10 mm (d) and 1 mm (e)). f, Illustrations (left) and optical images (right) showing inner-shell sliding processes
for ultralong DWCNTs (scale bars in (i)–(iii), 100 mm). Yellow arrows in (i)–(iii) indicate the TiO2 nanoparticles at the breaking point of the outer shell.

inner shell could be pulled out of the DWCNT continuously. This
process could also be conducted under an optical microscope
(Supplementary Fig. S5).
To measure the intershell friction of the DWCNTs, a silicon
nanorod was used as a force cantilever. The extracted inner shell
was ﬁrst transferred from the probe to the force cantilever
(Fig. 2h), and the inner shell was then pulled out by moving the cantilever. The deformation of the cantilever was recorded and the
DWCNT intershell friction could be obtained. As shown in
Fig. 2i, the deformation of the force cantilever remained identical
throughout the above process, indicating that the intershell friction
of the DWCNT is independent of the overlap length16. Figure 2j,k
shows that a 10.59-mm-long inner shell was pulled out, which is
at least 50 times longer than the previous longest one obtained
from a MWCNT23.
The intershell frictions of three DWCNTs are shown in Fig. 3a.
The detailed sliding behaviour of inner shells in DWCNTs is provided in Supplementary Discussion S1 and Supplementary
Fig. S6. Even the highest friction is less than 5 nN when pulling a
centimetre-long inner shell out of a DWCNT, indicating the macroscale superlubricity of the DWCNTs. It has been widely accepted
that the intershell interaction of CNTs is predominantly composed

of van der Waals forces, which is a p–p* interaction in
nature15,16,19,21,31. Theoretically, the van der Waals forces between
CNT shells can be calculated using FvdW ¼ 2gC ¼ 20.16C, where
g is the intershell cohesive energy density for a single shell and C
is the circumference of the critical shell15,32,33. For a perfect
DWCNT without any deformation or defects, the intershell friction
is dependent only on its outer diameter16. The calculated van der Waals
forces for the three DWCNTs shown in Fig. 3a are 1.37, 1.47 and
1.64 nN, respectively. The measured friction is 5–100 times
lower than values reported previously15,19,21,23. The dissipation
energy during the pull-out process for the three DWCNTs is
shown in Fig. 3b. Based on the dissipation energy, we obtained
the speciﬁc surface energy of these DWCNTs, with values of
0.181–0.263 J m22 (average of 0.218 J m22), which is slightly
higher than the theoretical value (0.14–0.2 J m22; we take
0.18 J m22 as an average)19,34, but much lower than the previously
reported experimental values (0.45–0.67 J m22)21. According to
the conventional deﬁnition of shear strength, t ¼ F/A ¼ f/pDL,
where t is the shear strength, f is the intershell friction, D is the
outer diameter, and L is the overlap length of the DWCNT shells,
and if we take the average intershell friction to be 2 nN, the
calculated shear strength for pulling a 9-mm-long inner shell out
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Figure 2 | Process of pulling out the inner shell from a DWCNT. a, Schematic of an inner shell being pulled out of a DWCNT. b–e, TEM images of different
parts of the DWCNT in a (scale bars, 5 nm). f,g, Process of pulling the inner shell from a DWCNT with a probe (scale bar, 10 mm). The TiO2 nanoparticle
(indicated by red arrows) was on the outer shell and remained unmoved during the pull-out of the inner shell. Insets: illustration of the pull-out process.
h, Transferring the end of the extracted inner shell from a probe to a force cantilever (scale bar, 5 mm). i, Measurement of the intershell friction of the
DWCNT using a force cantilever with known K value (scale bar, 10 mm). P1 , P2 and P3 indicate three positions of the force cantilever during the inner-shell
pull-out process. j, A 10.59-mm-long inner shell was pulled out from the DWCNT (scale bar, 1 mm). k, High-resolution SEM image of the extracted inner
shell (indicated by the red square in j). Scale bar, 5 mm.

of a DWCNT with outer diameter of 2.73 nm (1#) will be as low as
2.6 Pa, at least four orders of magnitude lower than the latest
reported value (0.04 MPa) for MWCNTs19 and graphite14. The
ultralow intershell friction and shear strength realized in
centimetre-long DWCNTs proves the existence of superlubricity
at macroscale lengths, even under ambient conditions (Fig. 1f ).
Besides, as shown in Fig. 3a, there are ﬂuctuations in the measured
intershell friction, the origins of which are discussed in
Supplementary Discussion S2.
The origins of superlubricity in DWCNTs can be explained in
two ways. On the one hand, the interface between the shells of
DWCNTs should be incommensurate. In other words, the two surfaces have no energetically preferred position with respect to one
another, and so can slide relative to each other with no cost in
energy9. It is known that the CNT shells can be viewed as rolledup graphite sheets, and their structures can be expressed by a
914

chiral index (n, m). For DWCNTs, the (n, m) indices of different
shells are independent of one another. Only if the inner and outer
shells meet the lattice matching requirement (armchair@armchair
or zigzag@zigzag) can they satisfy the AB stacking for commensurate contact between two graphene sheets9,14,27,35,36 (for a detailed
discussion of the effect of the chirality of the DWCNTs on their
intershell friction, see Supplementary Discussion S3). Accordingly,
the shells of most as-grown DWCNTs are in incommensurate
contact. On the other hand, the superlubricity of DWCNTs can
be understood in terms of the length-independent van der Waals
interaction between the shells. As shown in Fig. 4a, for an ideal
DWCNT with a partly extruded inner shell, the van der Waals interaction between the inner and outer shells can be divided into two
sections. In the overlapped section (section I in Fig. 4a), the shear
stress vanishes due to the repetitive breaking and reforming of
van der Waals interaction between adjacent shells16. Thus, only

NATURE NANOTECHNOLOGY | VOL 8 | DECEMBER 2013 | www.nature.com/naturenanotechnology

© 2013 Macmillan Publishers Limited. All rights reserved.

NATURE NANOTECHNOLOGY

Friction (nN)

a

120
100
80
60
40
20
4

Ref. 21

Ref. 23
Ref. 15
Ref. 19

CNT

Diameter
(nm)

1#
2#
3#

2.73
2.93
3.26

LETTERS

DOI: 10.1038/NNANO.2013.217

a

Theoretical Speciﬁc surface
friction (nN) energy (J m−2)
1.37
1.47
1.64

I
Fvdw

Fvdw

II

Fvdw

Fvdw

Fvdw

0.210
0.181
0.263

Pull-out
force, F

2
0
0

2,000

4,000

6,000

8,000

10,000

Fvdw

Overlap length (µm)

Dissipation energy
(×10−11 J)

b

Fvdw

Fvdw

Fvdw

Fvdw

b
2#
5#
3#
4#

Exp. 3#

2.5
2.0

Cal. 3# Exp. 1#
Cal. 1#

1.5

1#

1.0
Exp. 2#

0.5

c

Cal. 2#

20

0.0
0

2,000

4,000

6,000

8,000

1#

10,000
Friction (nN)

Overlap length (µm)

Figure 3 | Friction and dissipation energy of three DWCNTs. a, Intershell
friction of three DWCNTs with different outer diameters, as well as
published data15,19,21,23 for comparison. Inset: speciﬁc surface energies of the
three DWCNTs. b, Dissipative energy of the three DWCNTs during the
inner-shell pull-out process (cal., calculated dissipation energy, where
the special surface energy was taken to be 0.18 J m22 (ref. 17);
exp., experimental value).

the edge section (section II) is responsible for the intershell interaction in DWCNTs during the pulling-out process. Theoretically,
the variation of the total van der Waals interaction only depends
on the crucial edge of the outer shell and ultimately depends on
the outer diameter of the DWCNT. In addition, the perfect structure
(Fig. 1f, Supplementary Fig. S1) of the as-grown CNTs plays a key
role in the existence of macroscale superlubricity in centimetreslong DWCNTs. The presence of defects would signiﬁcantly increase
the intershell interaction of MWCNTs (for a detailed discussion see
Supplementary Discussion S4). The ultralow friction observed here
is rooted in the perfect structure of our ultralong CNTs27–29, as well
as in the relative straightness of the DWCNTs (Fig. 1b). As shown in
Fig. 4b,c, the axial curvature signiﬁcantly affects the intershell interaction in DWCNTs. For the ﬁve DWCNTs with different axial curvatures shown in Fig. 4b, it is obvious that the intershell friction of a
DWCNT with large curvature is higher than that of DWCNTs with
small curvature (Fig. 4c) (for detailed discussions see
Supplementary Discussion S5 and Supplementary Figs S7, S8).
In summary, we have observed superlubricity in centimetreslong DWCNTs with perfect structures under ambient conditions.
Intershell friction was measured during the process of pulling out
inner shells from centimetres-long DWCNTs. The intershell friction was independent of pull-out length and could be as low as
1 nN. The shear strength of the DWCNTs was only several
pascals, four orders of magnitude smaller than the best reported
value reported to date14. The superlubricity in our DWCNTs can
be understood in terms of the absence of defects and large axial curvatures in the used DWCNTs as well as the length-independent
variation of the van der Waals interaction between the CNT shells
during the pull-out process.

Methods
CNT synthesis. A solution containing catalyst precursor FeCl3 in ethanol
(0.03 mol l21) was deposited onto a silicon substrate using a microprinting method.
After reduction in H2 and argon (H2:Ar ¼ 2:1 by volume, with a total ﬂow of
200 s.c.c.m.) at 900 8C for 25 min, the iron precursor became iron nanoparticles,
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Figure 4 | Analysis of intershell friction of DWCNTs. a, Interaction between
the inner and outer shells of a DWCNT during the inner-shell pull-out
process. The forces are composed of van der Waals interactions between
the two shells. Scale bar, 200 mm. b, SEM image of ultralong MWCNTs
with different axial curvatures. c, Measured friction for the ﬁve ultralong
MWCMTs shown in b.
which worked as catalysts for the subsequent chemical vapour deposition of CNTs at
1,000 8C. CH4 mixed with H2 (CH4:H2 ¼ 1:2 by volume, with a total ﬂow of
75 s.c.c.m.) was used as the carbon source, together with 0.43% H2O for accelerating
CNT growth. The growth time for the CNTs was usually 10–20 min, depending on
the length of CNT desired.
Deposition of TiO2 nanoparticles on CNTs. The deposition process was conducted
in a fume hood, with a humidity controller to regulate and measure the relative air
humidity. The substrates with suspended CNTs were placed in contact with TiCl4
vapour and TiO2 smog under ambient conditions to deposit TiO2 nanoparticles.
The contact time usually ranged from 3.0 s to 7.0 s. Substrates with suspended CNTs
were removed to halt the deposition process.
Characterization. The CNTs were characterized by SEM (JSM 7401F, 1.0 kV; FEI,
XL30F, 3 kV), high-resolution transmission electron microscopy (TEM; JEM-2010,
120.0 kV) and a Raman instrument (Horiba HR 800, 632.8 nm). An optical
microscope (long-working-distance metallography microscope, FS-70Z) was used
for optical characterization and manipulation of individual CNTs.
Experimental set-up for manipulating individual CNTs. The manipulation of
individual CNTs was conducted using a four-nanoprobe system (MM3A nanoprobe,
Kleindiek Company) inside an FEI XL30F SEM (Supplementary Fig. S3a–c). The
movement of a nanoprobe arm, with a tungsten probe mounted on it, was driven by
two perpendicular rotation motors (RM-1 and RM-2, Supplementary Fig. S3d). One
motor controlled the horizontal rotation of the arm, and the other controlled the
vertical rotation using spherical coordinates. The two motors enabled the arm to
move on a surface of a sphere with an accuracy of 2.5 nm. The radial movement of
the tungsten probe, which was mounted at the end of the arm, was controlled by an
additional motor, which drove the radial motion of the arm (the ﬁnest step of this
radial motion was 0.25 nm). The range of the rotation motor could be above 1808,
while that of the radial motion was 12 mm. All three motors could be driven with
varying speed, and no noticeable creeping or delayed motion was observed when
decreasing the speed. To measure the nanoscale forces of the intershell friction of the
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CNTs, a silicon nanorod was mounted onto the tungsten probe as a force cantilever
(Supplementary Fig. S3f ). This system could be used to manipulate the CNTs in a
convenient and controlled way.
Intershell friction measurement. A silicon nanorode (35 mm in length, 200 nm in
diameter) was used as the force cantilever (force constant K ≈ 1–10 nN mm21, as
precisely measured using an electric ﬁeld-induced resonance method37). The force
cantilever was ﬁxed onto the tungsten probe attached on the nanoprobe arm
(Supplementary Fig. S3f ). Once the outer shell of the MWCNT was broken and the
inner shell pulled out, the extracted inner shell was transferred from the probe to the
force cantilever, and the inner shell was ﬁxed onto the force cantilever by depositing
some amorphous carbon onto their point of contact. The inner shell could then be
continuously pulled out by moving the force cantilever. The deformation of the force
cantilever was recorded and the corresponding pulling force could be obtained by
multiplying the deformation by K.
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