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Abstract
The frictional properties of individual multiwalled boron nitride nanotubes (BN-NTs)
synthesized by chemical vapour deposition (CVD) and deposited on a silicon substrate are
investigated using an atomic force microscope tip sliding along (longitudinal sliding) and
across (transverse sliding) the tube’s principal axis. Because of the tube’s transverse
deformations during the tip sliding, a larger friction coefficient is found for the transverse
sliding as compared to the longitudinal sliding. Here, we show that the friction anisotropy in
BN-NTs, defined as the ratio between transverse and longitudinal friction forces per unit area,
increases with the nanotube–substrate contact area, estimated to be proportional to
(LNT RNT )1/2 , where LNT and RNT are the length and the radius of the nanotube, respectively.
Larger contact area denotes stronger surface adhesion, resulting in a longitudinal friction
coefficient closer to the value expected in the absence of transverse deformations. Compared
to carbon nanotubes (C-NTs), BN-NTs display a friction coefficient in each sliding direction
with intermediate values between CVD and arc discharge C-NTs. CVD BN-NTs with
improved tribological properties and higher oxidation temperature might be a better candidate
than CVD C-NTs for applications in extreme environments.
S Online supplementary data available from stacks.iop.org/Nano/23/455706/mmedia
(Some figures may appear in colour only in the online journal)

1. Introduction

Their tensile Young’s moduli are reported to be between
0.5 and 1.2 TPa by several groups using transmission
electron microscopy (TEM) [1–5]. Furthermore, BN-NTs
are chemically inert and have a high thermal conductivity
with an oxidation temperature of 800 ◦ C, compared to only
400 ◦ C for C-NTs [6]. Moreover, the broken sublattice
symmetry of BN-NTs along the axis was theoretically shown
to produce macroscopic electrical polarization [7]. Because
of this polarization, BN-NTs have a stronger interaction
with a polymer matrix as experimentally demonstrated
in the polyaniline (PANI) composites when compared
with C-NTs [8]. It has also been demonstrated that a
small addition of BN-NTs in engineered ceramics can
drastically enhance their superplastic deformation at high
temperatures [9]. Additionally, BN-NTs have been proposed
as reinforcement in bio-degradable materials for orthopaedic

Understanding the frictional behaviour of novel nanomaterials
such as nanotubes is crucial to the development of
nanoscale devices such as nano-electro-mechanical systems
(NEMS) or nanocomposites. Nanomaterials such as carbon
nanotubes (C-NTs) have been extensively studied in the last
decade while its sister counterpart, boron nitride nanotubes
(BN-NTs), have recently been attracting more and more
attention due to their exceptional physical properties. Similar
to C-NTs, BN-NTs have a layered structure with alternating
boron and nitride atoms in a honeycomb configuration.
Since their first successful synthesis in 1995 [1], significant
research efforts have been devoted to understand their
extraordinary physical properties. BN-NTs are the strongest
insulators ever discovered with a wide band gap ≈5.5 eV.
0957-4484/12/455706+06$33.00
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applications [10]. Despite the great potential applications,
the tribological properties of BN-NTs have never been
reported in the literature, differently from multiwalled (MW)
C-NTs, whose frictional behaviour has been extensively
studied both theoretically [11] and experimentally by atomic
force microscopy (AFM) [12–16] and TEM [17, 18].
Recent experimental investigations based on AFM have
shown that structural defects, chirality and even surface
functionalization of C-NTs can significantly influence their
frictional properties [12, 13]. More specifically, a nano-size
silicon AFM tip has been used to slide along (longitudinal
sliding, L) and across (transverse sliding, T) a nanotube
lying on a silicon substrate. A larger friction coefficient was
found during the transverse sliding as compared with the
longitudinal sliding. This friction anisotropy was explained
by a transversal deformation or ‘hindered rolling’ of the
nanotube, which opens an additional friction dissipation
channel occurring mainly during the transverse sliding,
leading to a higher friction force. Such a dissipation
mechanism is partially absent during the longitudinal tip
sliding. In addition, the friction anisotropy, defined by
the ratio of the transverse and longitudinal friction forces
per unit area, is found to be strongly correlated with
the presence of structural defects, chirality and surface
functionalization. Here, we report on the measurements of the
frictional properties of individual MW BN-NTs synthesized
by chemical vapour deposition (CVD). A silicon AFM tip
is used to slide on top of a BN-NT deposited on a silicon
substrate to study the sliding direction dependence of the
friction forces. We find that the friction anisotropy in BN-NTs
increases quasi-linearly with the nanotube–substrate contact
area, estimated by using the Hertz model to be proportional to
(LNT RNT )1/2 , where LNT and RNT are the length and the radius
of the nanotube, respectively. A larger contact area denotes a
stronger surface adhesion, which decouples the longitudinal
sliding with the transversal deformations, resulting in lower
longitudinal shear strength. Furthermore, we compare these
results with similar measurements previously performed
on MW C-NTs grown by arc discharge (AD) and CVD
methods [12]. We find that the measured shear strengths of
CVD BN-NTs have intermediate values between those of AD
C-NTs and CVD C-NTs, probably owing to different amounts
of structural defects present in the nanotubes. The maximum
friction anisotropy for CVD BN-NTs is found to be equal to
8.4, smaller than the value found for AD C-NTs, probably
due to the absence of armchair BN-NTs. A simple analytical
model [12] is applied to the measured friction data to calculate
the transverse–longitudinal coupling parameter α, the intrinsic
shear strength σ int , which can be understood as the shear
strength between a tip and a h-BN film, and the hindered
rolling shear strength σ HR , which describes the additional
dissipation due to the transversal deformations. Finally, we
compare all these key parameters describing the frictional
behaviour of BN-NTs with both AD and CVD C-NTs.

Figure 1. (a) Experimental setup for the friction force measurement
on a nanotube with an AFM during longitudinal tip sliding. The
vertical deflection signal of the cantilever determines the normal
load FN , while the horizontal deflection signal will be proportional
to the friction force, FF , which the cantilever encounters during
sliding. (b) AFM images of a typical MW BN-NT on a silicon
substrate. The green arrows indicate the portion of nanotube where
the friction measurements are performed. (b) Friction force along
the longitudinal and transverse directions as a function of normal
load FN for the BN-NT shown in (c). This BN-NT has a radius of
13.9 ± 0.1 nm (determined from half of the height of the BN-NT’s
cross-sectional profile in the image) and a friction anisotropy of 5.

friction force is measured by the torsional motion of the
AFM cantilever when it is sliding on top of a nanotube. This
torsional motion is monitored by a laser beam reflected from
the back of the cantilever and recorded by a four-quadrant
photo-diode as shown in the figure, while the constant
normal loads during friction measurements are controlled by
the feedback loop of the AFM system through the vertical
deflection signals. The CVD MW BN-NTs used in this work
are purchased from Nanotechlabs, Inc. The TEM (figure
S1 available at stacks.iop.org/Nano/23/455706/mmedia) and

2. Experimental methods
Figure 1(a) shows the schematic of the experimental setup
for typical friction force measurements with an AFM. The
2
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AFM images (figure 1(b)) show that these MW BN-NTs are
mostly straight and have few structural defects, similarly to
AD C-NTs. For the AFM characterization, these BN-NTs
are deposited on an untreated silicon substrate following
a procedure similar to the ones reported in [12, 13]. The
topography and friction measurements on individual BN-NTs
are obtained simultaneously by means of a Veeco Multimode
AFM. A nano-size, silicon AFM tip (Nano and More,
ppp-LFMR) is used to slide on top of a BN-NT in both the
transverse and longitudinal directions for the acquisition of
friction forces, FF , and the T–L friction anisotropy, a, which
is defined as the ratio between the shear strengths in the two
sliding directions. The spring constant kN ≈ 0.2 N m−1 is
calibrated by Sadar’s method [19]. The lateral sensitivity of
the cantilever is calibrated by the wedge method [20]. The
tip radius Rtip ≈ 50 nm and nanotube radius RNT are inferred
directly from the AFM images of the nanotube in tapping
mode [21]. We first operate the cantilever in tapping mode
to find a BN-NT. After an appropriate BN-NT is located,
the substrate is first rotated until the axis of the BN-NT is
parallel to the fast scan direction of the AFM cantilever. In this
arrangement, we zoom into the desired section of the nanotube
and measure the longitudinal friction forces in contact mode.
See supplementary information for further details (available
at stacks.iop.org/Nano/23/455706/mmedia). In the following
step, the sample is rotated by 90◦ for the transverse friction
measurements on the same portion of the BN-NT to ensure
similar contributions to the friction forces from defects as well
as its chirality. The tip velocity is always kept at 1 µm s−1
for all measurements. This process is illustrated in figure 1(b)
with the AFM images of a typical BN-NT. All measurements
are performed with a relative humidity around 40%.

3. Results and discussion
Figure 1(c) shows the friction force as a function of the normal
load, FN , measured on a BN-NT during the longitudinal and
transverse sliding, respectively. It is clear that the transverse
friction force is larger than the longitudinal one, mainly due
to the transversal deformations, i.e. hindered rolling, of the
nanotubes during the transverse sliding. In this figure, the
transverse friction FFT is approximately five times larger than
the longitudinal one FFL .
To retrieve more information from these data, we model
the tip–nanotube contact area A employing the Hertz model
in the configuration of a sphere pressed in contact with a
cylinder [22]. Then the friction force between the AFM tip
and the BN-NT can be expressed by the following equation:
FF = σ A = σ γ (FN + FAdh )2/3

Figure 2. (a) Transverse shear strengths σT of all the studied
BN-NTs and C-NTs. (b) Longitudinal shear strengths σL of all the
studied BN-NTs and C-NTs. (c) The friction anisotropy σT /σL
versus the fitted adhesion force FAdh found by using equation (1).

(1)

where σ and FAdh are respectively the shear strength and
adhesion force between the tip and the BN-NT [23]. The
quantity γ is a function of RNT , Rtip and the elasticity of
both surfaces. The derivation of equation (1) can be found
in the supplementary materials (available at stacks.iop.org/
Nano/23/455706/mmedia) and literature [24, 25]. Next, we
fit the friction data obtained for different BN-NTs with
equation (1) to estimate the transverse and longitudinal shear

strengths σT , σL and FAdh . The fitted shear strengths σT and
σL are reported in figures 2(a) and (b) as a function of RNT ,
together with the values of σT and σL found for CVD C-NTs
and AD C-NTs, as reported in a previous work [12]. The
transverse shear strength of BN-NTs displays values between
3
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Table 1. The measured maximum and minimum friction anisotropy (a), average transverse and longitudinal shear strengths (σT , σL (GPa)),
coupling parameter (α), intrinsic shear strength (σ int (GPa)) and ‘hindered rolling’ shear strengths (σ HR (GPa)) of BN-NTs as well as the
C-NTs from [12].
Sample

aMax

aMin

hσT i

hσT i

hσ int i

hαi

hσ HR i

AD C-NT
CVD BN-NT
CVD C-NT

13.7
8.4
5.7

2.5
1.6
1.5

0.15 ± 0.03
0.21 ± 0.05
0.31 ± 0.02

0.02 ± 0.001
0.08 ± 0.02
0.13 ± 0.02

0.005
0.007 ± 0.002
0.022 ± 0.003

0.10 ± 0.02
0.25 ± 0.03
0.25 ± 0.03

0.15 ± 0.03
0.18 ± 0.02
0.40 ± 0.03

0.06 ± 0.001 and 0.23 ± 0.06 GPa and is larger than σL ,
which varies between 0.02 ± 0.001 and 0.1 ± 0.01 GPa. The
friction anisotropy, defined as a ≡ σT /σL , is between 1.6 and
8.4 for the studied BN-NTs. These results indicate that the
measured shear strengths of CVD BN-NTs for both T and L
sliding have intermediate values between those of AD C-NTs
and CVD C-NTs, probably owing to different numbers of
structural defects present in the nanotubes [13].
To better understand these results and the origin of
the different tribological behaviour in BN-NTs as compared
to C-NTs, we apply a model previously developed for
C-NTs [12]. For an ideal, armchair, and defect-free nanotube
deposited on a flat surface, the friction anisotropy originates
from the effect of a transverse swaying also called
‘hindered rolling’ when an AFM tip slides on the nanotube
perpendicularly to its axis. These transversal deformations
provide a new channel for energy dissipation and increase
the overall friction force between the tip and the nanotube.
On the other hand, during the longitudinal sliding, such
an energy dissipation mechanism is absent for a perfect
armchair nanotube, leading to smaller longitudinal friction
forces which mainly result from the ‘intrinsic’ force needed
for sliding the hard tip–nanotube contact. This anisotropy in
the measured friction force is clearly demonstrated by the
data reported in figures 2(a) and (b). However, for nanotubes
with different chirality, structural defects and chemical
functionalization, this additional structural inhomogeneity can
couple the transverse and longitudinal motion, giving rise
to larger longitudinal friction forces and smaller transverse
friction forces [12]. This reasoning can be formalized with an
analytical model consisting of two equations [12]:
σL = σ int + ασ HR
σT = σ

int

+ (1 − α)σ

found to be 0.007 ± 0.002 GPa and the σ HR results are
0.18 ± 0.07 GPa. This value of intrinsic shear strength is
larger than the value of ∼0.005 GPa obtained for defects-free
AD-CNTs [12] but smaller than the value of 0.022 GPa
obtained for CVD C-NTs, which have abundant structural
defects [12]. This is consistent with the low number of defects
in BN-NTs (see TEM images in SI available at stacks.iop.
org/Nano/23/455706/mmedia) and the fact that the friction
coefficient of h-BN is larger than the value of highly ordered
pyrolytic graphite (HOPG) at room temperature [26]. In
table 1, we summarize the key parameters describing the
frictional properties of the investigated BN-NTs, and their
sister counterpart, C-NTs [12]. The friction anisotropy of
BN-NTs is found to be in the range between 1.6 and 8.4, while
for AD and CVD C-NTs, the range is 2.5–13.7 and 1.5–5.7,
respectively. These results reflect the values of transverse
and longitudinal shear strengths reported in figure 2 and
can be explained by either the higher friction coefficient
of h-BN compared to HOPG, or the number of defects in
CVD BN-NTs being smaller than in CVD C-NTs. From the
TEM (figure S1 available at stacks.iop.org/Nano/23/455706/
mmedia) and AFM images, we indeed find that the CVD
BN-NTs are very straight, with a structural order similar to
that of AD C-NTs [12], whereas CVD C-NTs are rich in
defects and usually curly. The average coupling parameter
of BN-NTs, α = 0.25 ± 0.03, is similar to that of CVD
C-NTs but larger than in AD C-NTs. Since α is a function
of structure and surface properties, this suggests the CVD
BN-NTs might have more structural defects than AD C-NTs,
which can contribute to the T–L coupling. The maximum
friction anisotropy for CVD BN-NTs is found to be equal
to 8.4, smaller than the value of 14 found in AD C-NTs.
This could be attributed to the absence of armchair BN-NTs;
in fact, molecular dynamics simulations have shown that for
an armchair C-NT, the friction anisotropy can be as large
as 20 but will be only 2 if the external wall of the C-NT
is chiral [13]. Finally, the average ‘hindered rolling’ shear
strength of the studied BN-NTs, σ HR = 0.18 ± 0.02 GPa,
is also in between σ HR of AD and CVD C-NTs, but more
similar to the value of AD C-NTs. However, we underline
that the phenomenon of hindered rolling is complex and
depends on many variables, such as the size of the nanotube,
thickness of the tube, structural defects and adhesion forces
between the AFM tip, nanotube and the substrate. Further
investigations and simulations are necessary to identify the
role of each parameter in determining the frictional behaviour
of nanotubes on the surface.
Besides structural defects, chirality and intrinsic friction,
adhesion forces may also play a role in the friction properties

(2)
HR

(3)

where σ int is defined as the intrinsic shear strength between
a silicon AFM tip and a flat h-BN film (or graphite in
the case of C-NT), σ HR is the shear strength resulting
from the effect of ‘hindered rolling’ and α is a coupling
parameter between the transversal and longitudinal motion,
due to the presence of structural defects, chirality or other
properties. In a previous study it was shown that even for
very different types of nanotubes the friction anisotropy as
a function of α was approximately always following the
same analytical curve [12]. Thus, here we will be able to
calculate α for each BN-NT with a given friction anisotropy.
Afterwards, we apply the system of equations (2) and (3) to
obtain the values of σ int and σ HR for all the data presented
in figures 2(a) and (b). The average σ int for BN-NTs is
4
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Figure 3. (a) Friction anisotropy, σT /σL , of all studied BN-NTs (square), AD C-NTs (triangle) and CVD C-NTs (circle) as a function of
(LNT RNT )1/2 . The solid triangles represent AD C-NTs with very large friction anisotropy (a > 12) which might be non-chiral or generally
more symmetric nanotubes. (b) A zoom-in of (a) for only BN-NTs. (c) and (d) The transverse and longitudinal shear strengths σT,L of all
studied nanotubes as a function of (LNT RNT )1/2 .

of BN-NTs and C-NTs. The averaged values of FAdh
between the AFM tip and CVD BN-NTs, AD C-NTs
and CVD CNTs are 4.8 ± 1.3 nN, 15.0 ± 2.4 nN and
5.4 ± 0.7 nN, respectively; however FAdh values measured
between the AFM tip and the silicon surface where the
respective nanotubes were deposited are 2.2 ± 0.3 nN,
17.5 ± 2.5 nN and 8.7 ± 1.1 nN, respectively. Thus,
if we consider the ratio FAdh-Nanotube /FAdh-Si , we obtain
2.2 ± 1.3, 0.86 ± 3.5 and 0.62 ± 1.3 for CVD BN-NT,
AD C-NT and CVD C-NTs, respectively, showing that the
tip–nanotube adhesion is the same within the error bars
for these three types of nanotubes and it does not have a
clear relationship with the friction anisotropy, as shown in
figure 2(c). The difference in FAdh on silicon can probably
be ascribed to different relative humidity values during these
experiments. Note that these adhesion forces are measured
during the friction measurements. On the other hand, the
adhesion force between a nanotube and the silicon substrate
cannot be measured directly, but it can be estimated from
the contact area between the nanotubes and the substrate.
These nanotube–substrate adhesion forces, together with the
chirality and the structural defects, might be important in
determining the aforementioned friction anisotropy. Longer
and larger nanotubes, with a larger contact area with the
silicon surface, might be anchored more strongly on the

surface and might be less prone to wobble during the AFM tip
sliding. This situation, up to a certain value of nanotube–Si
adhesion, is likely to affect mainly the longitudinal friction,
because the adhesion will reduce the coupling between the
transversal and longitudinal motions, giving rise to a smaller
longitudinal shear strength and, as a consequence, larger
friction anisotropy. For very large nanotube–Si adhesion
forces and thick tubes, on the other hand, it is possible that the
adhesion will prevent any transversal deformation, reducing
the friction anisotropy coefficient to 1. The investigated
nanotubes have various lengths, LNT , and radii, RNT . Thus
the nanotube–Si contact area, proportional to the adhesion
force, will be different depending on LNT and RNT , leading
to a different degree of anchoring of the nanotube on the
substrate. For a cylinder with radius R and length L lying
on a surface with its principal axis parallel to the substrate
surface, the contact area is rectangular and can be calculated
by the Hertz theory [27]. This rectangular contact has a
side length L and a width 2b, where b = (2FN R/π LE∗ )1/2 ,
with FN denoting the normal load that presses the cylinder
onto the substrate and E∗ = ((1 − ν12 )/E1 + (1 − ν22 )/E2 )−1
is the effective modulus. The parameters ν1,2 and E1,2 are
respectively the Poisson’s ratio and the Young’s modulus
of both objects. The normal loads FN (<4 nN) are similar
in all measurements. The radial moduli of BN-NTs and
5
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C-NTs are also similar within the range of RNT under
investigation [23, 28]. Therefore the contact area, L2b,
is approximately proportional to L(R/L)1/2 ≈ (LR)1/2 and
should be roughly proportional to the adhesion force between
the cylinder and the substrate. In figure 3(a), we plot the
friction anisotropy of all BN-NTs and C-NTs as a function
of (LNT RNT )1/2 , whereas figure 3(b) shows a zoom-in of
the friction anisotropy for only BN-NTs. In figures 3(a)
and (b), a quasi-linear dependence between the friction
anisotropy (open symbols) and (LNT RNT )1/2 demonstrates
that a larger adhesion force between the nanotube and the
substrate indeed reduces the T–L coupling and increases the
friction anisotropy. Figures 3(c) and (d) show the values of σT
and σL as a function of (LNT RNT )1/2 , respectively. These data
indicate that while σT is approximately constant for different
contact areas, i.e. for different nanotube–Si adhesion forces,
σL decreases quite strongly with increasing (LNT RNT )1/2 .
This result supports the hypothesis that the main effect of a
larger adhesion is the reduction of transversal deformations
during longitudinal tip sliding. Finally, we remark that the
solid symbols in figure 3, which represent the AD C-NTs
with extremely large friction anisotropy (a > 12), have been
identified in a previous work as armchair or very symmetric
C-NTs.

H-CC and ER acknowledge the financial support of the Office
of Basic Energy Sciences DOE (DE-FG02-06ER46293).
ER acknowledges the National Science Foundation NSF
(DMR-0120967 and DMR-0706031) for partial support.

References
[1] Chopra N G, Luyken R J, Cherrey K, Crespi V H, Cohen M L,
Louie S G and Zettl A 1995 Science 269 966–7
[2] Suryavanshi A P, Yu M-F, Wen J, Tang C and Bando Y 2004
Appl. Phys. Lett. 84 2527–9
[3] Golberg D, Bai X D, Mitome M, Tang C C, Zhi C Y and
Bando Y 2007 Acta Mater. 55 1293–8
[4] Golberg D, Costa P M F J, Lourie O, Mitome M, Bai X,
Kurashima K, Zhi C, Tang C and Bando Y 2007 Nano Lett.
7 2146–51
[5] Wei X, Wang M S, Bando Y and Golberg D 2010 Adv. Mater.
22 4895–9
[6] Chen Y, Zou J, Campbell S J and Caer G L 2004 Appl. Phys.
Lett. 84 2430–2
[7] Mele E J and Král P 2002 Phys. Rev. Lett. 88 056803
[8] Zhi C, Bando Y, Tang C, Honda S, Sato K, Kuwahara H and
Golberg D 2005 Angew. Chem. 117 8143–6
[9] Huang Q, Bando Y, Xu X, Nishimura T, Zhi C, Tang C, Xu F,
Gao L and Golberg D 2007 Nanotechnology 18 485706
[10] Lahiri D, Rouzaud F, Richard T, Keshri A K, Bakshi S R,
Kos L and Agarwal A 2010 Acta Biomater. 6 3524–33
[11] Guo W, Zhong W, Dai Y and Li S 2005 Phys. Rev. B
72 075409
[12] Chiu H-C, Ritz B, Kim S, Tosatti E, Klinke C and
Riedo E 2012 Adv. Mater. 24 2879–84
[13] Lucas M, Zhang X, Palaci I, Klinke C, Tosatti E and
Riedo E 2009 Nature Mater. 8 876–81
[14] Falvo M R, Taylor R M II, Helser A, Chi V, Brooks F P Jr,
Washburn S and Superfine R 1999 Nature 397 236–8
[15] Bhushan B, Ling X, Jungen A and Hierold C 2008 Phys. Rev.
B 77 165428
[16] Chabrier D, Bhushan B and Marsaudon S 2010 Appl. Surf. Sci.
256 4672–6
[17] Kis A, Jensen K, Aloni S, Mickelson W and Zettl A 2006
Phys. Rev. Lett. 97 025501
[18] Suekane O, Nagataki A, Mori H and Nakayama Y 2008 Appl.
Phys. Exp. 1 064001
[19] Sader J E, Chon J W M and Mulvaney P 1999 Rev. Sci.
Instrum. 70 3967–9
[20] Ogletree D F, Carpick R W and Salmeron M 1996 Rev. Sci.
Instrum. 67 3298–306
[21] Zhong Q, Inniss D, Kjoller K and Elings V B 1993 Surf. Sci.
Lett. 290 L688–92
[22] Johnson K L 1987 Contact Mechanics (Cambridge:
Cambridge University Press)
[23] Palaci I, Fedrigo S, Brune H, Klinke C, Chen M and
Riedo E 2005 Phys. Rev. Lett. 94 175502
[24] Schwarz U D, Zwörner O, Köster P and Wiesendanger R 1997
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4. Conclusion
In summary, by means of atomic force microscopy we have
investigated the frictional properties of individual multiwall
CVD BN-NTs deposited on a silicon substrate, and compared
their behaviour with previous measurements performed on
C-NTs grown by the AD and CVD methods. We find
that the transverse and longitudinal shear strengths of CVD
BN-NTs are larger than those of AD C-NTs but smaller
than in CVD C-NTs. These findings are related to a smaller
number of defects in CVD BN-NTs than in CVD C-NTs,
and to the larger friction coefficient for h-BN than for
HOPG. The friction anisotropy of the studied BN-NTs is
found to be between 1.6 and 8.4. Finally, using Hertz’s
contact mechanics we calculate the nanotube–Si contact area,
which is proportional to (LNT RNT )1/2 and to the nanotube–Si
adhesion, and find that the friction anisotropy increases
quasi-linearly with (LNT RNT )1/2 . This result is explained by
considering that a stronger adhesion between the nanotube
and the substrate likely reduces the transversal deformations
during longitudinal tip sliding, leading to smaller longitudinal
shear strengths and hence to larger friction anisotropy.
Understanding how nano-objects interact at the nanoscale
is important in developing robust and reliable nanodevices
such as nano-electro-mechanical systems (NEMSs) and
nanocomposite materials. C-NTs have been proposed as
components for nanodevices, nanotube bearings for wear-free
surfaces [29] or nanoswitches [30], and reinforcement in
composite materials [31]. On the other hand, BN-NTs, with
similar or better tribological properties will be a more
appropriate choice for applications where high temperatures
are required. Our results provide a better and fundamental
understanding of the frictional properties of BN-NTs at the
nanoscale.
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