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A mechanical-loading stage operating inside a scanning electron microscopy (SEM) was used to realize the
sliding between nested shells of multiwalled carbon nanotubes (MWCNTs). A stick-slip motion and a smooth
pullout motion were observed for the two separate MWCNTs studied. A model that includes the shear
interaction, the “capillary” effect, and the edge effect, was used to explain the observed sliding between
nested shells. The shear strength between shells was determined and the surface energy of the MWCNT shell
estimated.

Carbon nanotubes, including both multiwalled carbon
nanotubes (MWCNTs) and single-walled carbon nanotubes
(SWCNTs), are fascinating low dimensional systems for studies
in electronics and mechanics. Their applications in nano-
electronic or nano-mechanical systems have been suggested. For
example, on-nanotube devices such as diode, bucky shuttle, or
multiple terminal logic circuits have been treated by theory for
electronic systems,1-4 and the use of nanotubes as nano-pistons,
nano-syringes, and rotors for mechanical systems has also been
modeled.5-7

Experiment has shown that carbon nanotubes can be metallic
or semiconducting one-dimensional wires and their quantum
characteristics8-10 have been explored. In contrast, there has
been less experimental study of their mechanical and nanotri-
bological properties,11,12which is of interest because of the low
dimensionality and the expected perfect or near-perfect crystal-
line structure of nanotubes. To use nanotubes in nano-mechan-
ical systems, achieving an understanding of their nanotribolog-
ical properties is very important. For example, how will
nanotubes interact with each other, or with other surfaces, when
in motion?

How either commensurate, or highly incommensurate, crys-
talline surfaces in motion interact is currently a topic of great
interest in nanotribology research.13-15 Such sliding experiments
between surfaces are difficult. Here, we exploit the inherent
structure of MWCNTs to perform experiments on the sliding
of structurally perfect or near-perfect nested shells. MWCNTs
consist of coaxial cylindrical shells of rolled graphene sheets.
The spacing between neighboring shells is∼0.34 nm, similar
to the interlayer spacing in graphite. These shells thus interact
with each other via van der Waals forces.

We previously reported tensile-loading experiments on in-
dividual MWCNTs using a nano-stressing stage onto which
AFM tips are mounted to apply load and as force sensors. The
MWCNTs were found to fracture by a sword-in-sheath mech-
anism.16 Detailed information about the nano-stressing stage and
the experimental procedure can be found elsewhere.16,17Figure
1 illustrates the sword-in-sheath breaking mechanism. Here the
summed length of MWCNT fragments after fracture (Figure
1b) is obviously larger than the initial length of the MWCNT
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Figure 1. SEM images showing the sword-in-sheath breaking mech-
anism of MWCNTs. (a) A MWCNT attached between AFM tips under
no tensile load. (b) The same MWCNT after being tensile loaded to
break. Notice the apparent overall length change of the MWCNT
fragments after break compared to the initial length and the curling of
the top MWCNT fragment in (b). (c) A schematic showing the sliding
and pulling out of internal shells from the outer shell of the MWCNT.
The contact lengthL(t), and the force diagram for the outermost shell
(for the model used) are described in the text.
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before fracture (Figure 1a). After the internal shells have been
pulled away from the top fragment in Figure 1b, the fragment
evidently became very flexible and curled.

Thus, one method of creating an experimental configuration
for measuring the forces involved in the relative motion of
nested cylinders in a MWCNT is to first tensile load the
outermost shell until it breaks. Figure 1c illustrates the experi-
ment. When pulling apart the fractured MWCNT sections, the
force due to outer shell/inner shell interaction can be measured
by recording the deflection of the soft cantilever as a function
of time. The full experiment is recorded on video. Time-
dependent force and distance data are then collected after
digitizing the recorded video.

Typically, the large snap back of the soft cantilever just after
the MWCNT breaks causes the total separation of the fragments,
so the sliding measurement cannot be done. Out of 16 tensile-
loading experiments, there were two cases where the fragments
did not separate following fracture, largely due to the break
happening under a small tensile load. These two MWCNTs,
referred to as MWCNT1 and MWCNT2 below, were used to
study the sliding mechanism of the outer shell with respect to
the inner shells.

Figure 2a shows a plot of the change of the position at each
of the MWCNT1 ends versus time. Two curves are shown in
the plot. The top curve shows the position change of the
MWCNT end attached to the rigid AFM tip, relative to its initial
position att ) 0. (This position change tracked the manually
controlled motion of the piezo-drive to which the rigid AFM
probe was attached.) The lower curve shows the position change
of the end attached to the soft AFM tip, relative to its initial

relaxed position att ) 0; this position change also corresponds
to the deflection of the soft cantilever. The force applied is
calculated as this deflection multiplied by the force constant of
the soft cantilever. The soft AFM cantilever has a force constant
of 0.09 N/m. (We obtained the force constant of the two different
cantilevers used for MWCNT1 and MWCNT2, according to
the dimensions of the single crystal Si straight beam cantilever
measured by SEM. The force constants were also independently
calibrated by AFM, agreeing to within 4% with the calculated
values for the two cantilevers used.18) Data points in the plot
were taken every second from the digitized video.

The rigid AFM tip was manually moved back and forth, as
shown in the top curve in Figure 2a. If there is no sliding
between the outer shell and the inner shells of MWCNT1, the
lower curve should exactly follow the top curve. (The forces
applied in this measurement are so low that the change of the
internal length of MWCNT shells caused by tension is insig-
nificant because of the inherent stiffness of the nanotube shells
in the axial direction.) Once a sliding event occurs between the
inner shells and the outer shell, a slip should be visible in the
lower curve. Such events are seen in Figure 2a. The contact
length L(t) at any time is defined as the length of these
overlapped shells that are in sliding contact. That is,L(t) is the
length of the “sword” that is still inside the “sheath”. The length
changeS(t) is defined as the difference in position between the
top curve and the lower curve at the same timet. The initial
contact lengthh at time t ) 0 is obtained from the recorded
SEM image, thus the contact lengthL(t) at any time is equal to
h - S(t). Figure 2b shows the dependence of the applied force
on the contact length obtained from the plot in Figure 2a.

Figure 2. Sliding and pulling out of MWCNT shells. (a) and (c) Time-dependent plots of the positions of the end at the rigid cantilever tip (top
curve, open circles) and the end at the soft cantilever tip (lower curve, open triangles) of MWCNT1 (a) and MWCNT2 (c). (b) and (d)Fa vs L(t)
plots for MWCNT1 (b) and MWCNT2 (d). Inset in (b): linear fit toFa at “stick” events (marked by arrows in (a)) as a function ofL(t) for
MWCNT1. Inset in (d): linear fit to the applied force for MWCNT2 as a function of the contact length for the smooth pullout portion in (d).
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The stick-slip event between shells of MWCNT1 is not due
to the shear interaction alone. We model this nano-mechanical
system with the following forces as shown in Figure 1c: (i)Fa,
the applied force from the deflection of the soft AFM cantilever;
(ii) Fs, the static shear interaction force between shells present
during the “stick” event; (iii)Fd, the dynamic shear interaction
force between shells in the “slip” event; (iv)Fc, the solid-
solid “capillary” interface force that is due to the creation of a
new shell surface area in the pullout event (surface tension
effect); (v) other forces, for example, a forceFe perhaps present
and due to the interaction of the dangling bonds on the edge of
the fractured MWCNT cylinder with the internal shell surface.
We will assume below thatFe, the “edge effect” force, is the
main part of the “other forces” that may be present.

The capillary forceFc is defined as 2πdγ1, whered is the
diameter of the outer shell of the MWCNT andγ1 is the surface
energy of MWCNT shell. The forceFe is defined as 2πdγ2

becauseFe should be proportional to the circumference of the
outer shell. An “interface force”,Fi ) 2πdγ, γ ) γ1 + γ2, is
then defined, because we cannot distinguishFc andFe. Within
this model, when the applied load exceeds the sum ofFi and
Fs, sliding occurs between the outer and inner shells. The forces
Fi andFd then counter the applied loadFa, until a force balance
is reestablished between the shells in a (new) stable position.
The force diagram for the outer shell is shown in Figure 1c.
The static shear forceFs between the shells of the MWCNT
can be related to the shear interaction strengthτ asFs ) τA,
whereA is the contact area between shells (equal toπdL(t)).
Thus,Fa ) πdτL(t) + Fi.

The inset in Figure 2b shows the plot ofFa vs L(t) obtained
for the four “stick” events mark by arrows in the lower curve
of Figure 2a. We do not treat some very small slips in the lower
curve of Figure 2a or in the plot of Figure 1b and focus on the
obvious slips indicated by arrows in the plot. The initial contact
lengthh as obtained from the recorded SEM image is 2.2µm.
The intersection of the linear fit in the inset of Figure 2b to the
F axis gives the interface force,Fi ) 85 nN. The static shear
interaction strength valueτ determined from the slope) πdτ
of the linear fit to the data points in the inset is 0.30 MPa for
MWCNT1 (d ) 30 nm). For comparison, the shear strength
value previously reported for that of high quality crystalline
graphite ranges from 0.25 to 0.75 MPa (mean value 0.48 MPa).19

We show another recorded sliding force measurement on a
different MWCNT (MWCNT2) in Figure 2c. The sliding
measurement for MWCNT2 is for a longer section (initial
contact length of 7.5µm, outer shell diameter of 36 nm) than
for MWCNT1. An obvious feature of Figure 2c is that after the
first marked slip the plot reveals the continuous and smooth
pullout of the internal shells up until the final sudden pullout,
in clear contrast to MWCNT1. The corresponding applied force
versus contact length plot is shown in Figure 2d. As stated
above, the shear interaction force is proportional to the contact
length between the MWCNT2 shells. The observed smooth
pullout at an almost constant applied load can be explained if
the static shear interaction force is equal to the dynamic shear
interaction force. As discussed below, we find that the static
and dynamic shear interaction values are both small and indeed
equal in magnitude.

The inset in Figure 2d shows the linear fit to the applied force
vs contact length curve that is obtained from the flat portion of
the lower curve in Figure 2c or Figure 2d. In the fit, the data
points corresponding to the interval 70-81 seconds, when the
motion of the top cantilever was deliberately stopped, are not
included, nor are the data points corresponding to the interval

101-108 seconds, where a plateau is present in the lower curve.
(The slope of the plateau is close to the slope of the rest of the
curve, which indicates that the pullout mechanism between that
time interval is still the same. The small stick-slip event
occurring in this interval is not something we explicitly treat
here.) We again use the formulaFa ) πdτL(t) + Fi and from
the linear fit obtainFi ) 152 nN, andπdτ ) 8.8 nN (µm)-1.
Thus, the dynamic shear interaction strength is 0.08 MPa.Fa at
the “stick” event marked by the arrow in the plot is 219 nN for
the 7 µm contact length between shells, which gives a static
shear interaction strength of 0.08 MPa. The static and the
dynamic shear interaction forces are thus both very small and
equal.

The significantly different values of shear interaction strength
observed in our measurement can be explained in terms of the
anisotropy of friction between the nested shells of different
MWCNTs. Since the sliding between the nested shells of a
MWCNT can be viewed as similar to the sliding between two
atomically flat crystalline surfaces, there is the issue of the
degree of commensurability. For a MWCNT, the “degree of
commensurability” between two neighboring shells should be
dependent on the difference of their helicities. Indeed, a recent
theoretical calculation20 points out that sliding between nested
shells of a MWCNT will be anisotropic and the friction will
depend on the wrapping angles and the commensurability of
the nested shells. The shear strength between nested shells of a
MWCNT is found to vary from extremely small to a few MPa.20

Further experiments may reveal the existence of superlubricity
in the sliding between neighboring shells in MWCNTs. The
phenomenon of superlubricity occurs when two atomically flat
incommensurate surfaces slide relative to each other (thus at a
very small friction force).

Another possible explanation for the observation of the
different friction in MWCNT1 vs MWCNT2 is that each may
have a different interlayer spacing between the neighboring
shells. We cannot assess this issue with SEM in the current
setup.

We can also obtain the coefficientγ from the interface force
Fi as described above. Theγ value obtained is 0.45 N m-1 (N
m-1 are identical to J m-2) for MWCNT1 and 0.67 N m-1 for
MWCNT2. The coefficientγ as defined above has contributions
from both the surface energy and the edge effect. The surface
energy for graphite was determined to be 0.12 N m-1 in 1958.21

A more recently determined value of the surface energy for
graphite, 0.11 N m-1, was obtained from fitting an elastic model
for a collapsed carbon nanotube.22 We define the surface energy
as equal to one-half of the cohesion energy, that is, the work
needed to separate two unit areas of identical media from contact
to infinite separation in a vacuum.23 Because we cannot separate
the contribution from the surface energy from that of the edge
effect in our measurement, an exact surface energy value for
the MWCNT shell could not be obtained. The values determined
for γ for MWCNT1 and MWCNT2 thus provide an upper limit
to the surface energy values for each MWCNT studied.

The studies presented here are the first observed and detailed
analysis of the sliding of nested shells in multiwalled carbon
nanotubes (MWCNTs). The data and analysis presented suggest
that theoretical modeling will shed further light on the tribology
of sliding nanotube shells. The study should also be useful in
providing some design parameters for nano-mechanical engi-
neering systems such as MWCNT pistons, axles, or syringes,
where internal cylinders (shells) are repeatedly moved back and
forth inside the outer cylinders of the MWCNT.
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