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Torsional Response and Stiffening of Individual Multiwalled Carbon Nanotubes
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We report on the characterization of torsional oscillators which use multiwalled carbon nanotubes as
the spring elements. Through atomic-force-microscope force-distance measurements we are able to
apply torsional strains to the nanotubes and measure their torsional spring constants, and estimate their
effective shear moduli. The data show that the nanotubes are stiffened by repeated flexing. We speculate
that changes in the intershell mechanical coupling are responsible for the stiffening.
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FIG. 1. (a) Single-paddle torsional oscillator with MWNT
spring element. (b) A double-paddle oscillator. (c) One end of
the lower paddle in panel (b) has been pushed to the substrate.
The deflection of the other paddle indicates that the MWNT is
microscope (AFM) which mounts inside the chamber of
a scanning electron microscope (SEM). With the AFM

twisting uniformly along its length. The scale bar in all three
images corresponds to 1 
m.
One goal for nanoelectromechanical systems (NEMS)
[1–4] is the creation of high frequency, high sensitivity
devices which are commercially useful and can serve as
nanolabs for fundamental investigations into mesoscale
physics. To achieve high mechanical resonance frequency
and quality factor Q, devices must be small (low mass),
stiff (high elastic modulus), and structurally defect free
(low phonon scattering). Carbon nanotubes (CNTs) may
provide advantages over etched bulk semiconductors in
this regard. They are naturally nanometer-scale objects,
so little processing of the CNTs themselves is required.
Furthermore, their surfaces are atomically ordered, and
they have relatively low chemical reactivity, so they may
not suffer from some of the surface-to-volume ratio issues
that limit the Q of semiconductor-based devices [5,6].

Because of these factors and their unique mechanical
and electrical properties [7,8], CNTs may be ideal candi-
dates for use in NEMS. Nevertheless, there have been few
reports of CNTs used in an electromechanical setting
[9,10]. We report here on the incorporation of CNTs into
nanoelectromechanical devices which allows direct mea-
surement of the CNTs’ torsional properties.

Torsional or ‘‘paddle’’ oscillators are commonly
studied NEMS structures [3,11,12]. We fabricate paddle
oscillators with multiwalled carbon nanotubes (MWNTs)
as the spring elements (Fig. 1). The MWNTs are arc
grown [13]. Soot scraped directly from the carbon cath-
ode is dropped into a vial of dimethylformamide and
sonicated. The MWNTs are dispersed onto silicon wafers
which have 500 nm of oxide. Electron-beam lithography
is used to pattern large metal pads over the ends of each
MWNT to pin them down, and a strip of metal over the
center of each MWNT to form the paddle. The metal
is thermally evaporated, 15 nm of Cr followed by
100 nm of Au. The oxide is etched such that the paddles
are completely undercut but the larger pads pinning the
MWNT ends are not [14]. The samples are then critical-
point dried.

Measurements are performed with an atomic force
0031-9007=02=89(25)=255502(4)$20.00
we apply forces to the paddles and measure their displace-
ments, in order to deduce the torsional properties of the
MWNT spring elements. The Si AFM cantilevers have
nominal resonance frequencies of 70–80 kHz and force
constants Kc � �1–3� N=m.

Before performing a quantitative analysis, we check
the assumption that the MWNTs twist uniformly along
their lengths, rather than being strained in a small region.
We fabricated a device with two paddles suspended from
one MWNT [Fig. 1(b)]. When one of the paddles was
tilted with the AFM tip such that its end was pinned to the
substrate, the other deflected by about half as much
[Fig. 1(c)]. The suspended portions of the MWNT are
all of similar length. This suggests that the MWNT is
uniformly strained.

To measure force quantitatively, we first characterize
the AFM cantilever. From its dimensions and its reso-
nance frequency (measured with the SEM and AFM,
respectively), we calculate its spring constant Kc. Also,
vertical force-distance (F-D) traces, which result in lin-
ear plots of photodiode signal vs piezo-distance traveled
(Zp), are taken on the substrate. Assuming that the sub-
strate is effectively infinitely hard, the slopes of these
traces (Ssub) give us the relationship between the detector
signal and the cantilever deflection [Fig. 2(d)] [15].
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FIG. 3. Vertical force-distance data from paddle C, shown
with fits of Eq. (2). The curves are shifted on the X axis such
that x0 � 0. The panels from left to right show three consecu-
tive sets of data taken on one paddle.

FIG. 2. An example of a force-distance measurement on a paddle. (a) The AFM tip above the paddle, before the measurement is
started. (b) The device during the measurement. The AFM tip has deflected the left end of the paddle downward by 300 nm. The
right side of the paddle is raised, and the vertical deflection of the nanotube is negligible. (c) A schematic of the cantilever and
paddle during measurement. (d) Data from a force-distance curve on the bare substrate and from three consecutive traces at
different positions on device C. The slopes of the three curves appear, with the same symbols, as points in Fig. 3.
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To characterize an oscillator, F-D curves are taken on
the paddle itself. Using coarse-translation motors, we
position the AFM tip above a paddle such that the entire
paddle is within the range of the AFM scan tube. F-D
curves are taken at positions along the length of the
paddle. Figure 2 shows an F-D curve in progress, and
typical traces (with slopes Spad) resulting from such mea-
surements. The force applied to the paddle is F �
KcZp

Spad
Ssub

and the vertical displacement of the point of
contact with the AFM tip is �Z � Zp�1�

Spad
Ssub

�. The tor-
sional compliance of the MWNT is described by a tor-
sional spring constant (�), which relates the applied
torque [T � F�x� x0�, where x� x0 is the lever arm
from the axis of the MWNT] to the angular deflection
(�) of the paddle. The vertical compliance is character-
ized by a vertical spring constant (Kz), which relates F to
the vertical displacement (�h) of the MWNT pivot point
[16]:

T � ��; F � Kz�h: (1)

�h and � combine to yield the displacement of the point
of contact with the AFM tip, �Z � �h� �x� x0��.
Combining these equations, we obtain

Spad �
Ssub

1� Kc
Kz

� Kc
� �x� x0�2

: (2)

On each paddle, we measure Spad at a series of x. Equa-
tion (2) is fit to the resulting points to yield Kz and �.

The � measured using this method are accurate to
within �15%. The relative x positions are known with
nanometer precision because they are controlled by the
AFM scan tube. x0 is determined from the symmetry of
the data, not from the SEM images. In all F-D analyses,
we use the data taken while the tip is being extended
towards the sample. The data taken during tip retraction
are similar.We also monitored lateral forces on the tip and
found that they were negligible. The F-D curves taken on
the paddles are linear, justifying the small-angle approxi-
mation made in the derivation of Eq. (2). Instrumental
error in the slope measurements, estimated before and
after each experimental run by taking multiple force
curves at one point on the substrate, is about 2%. The
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same AFM cantilever was used for all measurements on a
given paddle. The �15% uncertainty is estimated from
the numerical fits to the experimental points.

The panels in Fig. 3, from left to right, depict three sets
of data consecutively measured on device C. It is surpris-
ing, therefore, that � changes from one panel to the next.
In all of the devices we measure, we see a rise in � whose
percent change from one pass to the next is roughly
correlated with the number of deflections performed in
the previous pass. � values for some of our measurements
are summarized in Table I.

On paddle D, we performed repeated F-D measure-
ments at fixed x near one end of the paddle (Fig. 4). After
330 F-D curves, the tip was moved away from the device
and then returned to within �50 nm of the original
position. In spite of the break in the data, the trend is
clear; the effective torsional stiffness of the paddle in-
creases until about 400 deflections are performed, and
then it saturates, showing a significant total increase.

In principle, the MWNT could be accruing amorphous
carbon deposited during SEM imaging of the device, but
we do not believe this is significant. In Fig. 3, we imaged
the device during pass 1, but we turned off the electron
beam for the next two passes, and the stiffness still
255502-2



TABLE I. Summary of MWNT torsional spring constants
(�), outer radii (rout), and effective (Ge) and shell (Gs) shear
moduli (see the text).

� rout Ge Gs

Device/pass (10�14 Nm) (nm) (GPa) (GPa)

A/1 15 15 600

B/1 2.4 16 60 830
B/2 4.5 120
B/3 4.6 120
B/4 10 280
B/5 22 590
B/6 46 1200

C/1 2.5 18 15 210
C/2 3.4 20
C/3 4.4 26

Da/i 1.4 16 30 430
Da/f 17 400

aA full pass was not made on paddle D. �x� x0� was estimated
from SEM images, and used in Eq. (2) to calculate �. The �,
Ge, and Gs given are (i) for the first few deflections and (f) for
the saturation (see the text and Fig. 4).
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increased. For the data in Fig. 4, the electron beam was
off for most of the measurement, but the stiffness in-
creased smoothly. After the measurements on the paddles
were completed, we used the AFM to image the edges of
the regions the SEM had been scanning, and saw no
topographical step. The AFM has a vertical resolution
on the order of 1 nm, so if a significant thickness of
carbon had been deposited during the measurement, it
would have appeared as a topographical feature in the
AFM image. To show that the stiffening is not an instru-
mental artifact, both Ssub and the cantilever resonance
frequency were measured before and after each experi-
mental run, and they showed no significant change. Also,
we repeatedly deflected one AFM cantilever with another
�600 times and saw no change in stiffness. This implies
that the repeated twisting of the nanotube is making it
stiffer.
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FIG. 4. Repeated force curves taken on paddle D, showing a
significant increase in stiffness followed by a saturation.
(a) The AFM tip was kept in one place for curves 1 to 330,
after which its position on the paddle was changed by about
50 nm, (b) where it remained for subsequent measurements.
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Most existing studies focus on the tensile properties of
CNTs; we look to these to gain some insight. Experi-
ments have shown that MWNTs can withstand tensile
strains of between 10% and 20% before breaking
[17,18], although details of the structural behavior before
the break are not known. Simulations of single-walled
nanotubes under tension predict that Stone-Wales defects
can form at tensile strains of �5% and defect motion may
occur at tensile strains as low as �3% [19].We repeatedly
applied shear strains of about �0:5% to the MWNTs, and
few times in each pass approached �1%. The applied
tensile strain was very small. There are two structural
changes that could stiffen the MWNTs. The individual
shells of the MWNTs could be stiffened or the mechani-
cal coupling between different shells could be increased.
It is unlikely that changes in the connection between the
nanotube and either the pinning metal or the paddle
would result in an increase in device stiffness. Me-
chanical flexing would be expected to weaken those joints
and result in a decrease in measured stiffness.

From the � and the paddle dimensions, we can calcu-
late the devices’ expected torsional resonance frequen-
cies, which are in the 1–10 MHz range. In principle, we
should also be able to extract Kz from our fits to Eq. (2).
For most of the devices, however, including device C
shown in Fig. 3, Spad at �x� x0� � 0 is within experimen-
tal error of Ssub. This means that there is negligible
vertical deflection of the paddle, and that Kc=Kz � 0.
We cannot accurately measure Kz using a cantilever
with Kc � Kz. Nevertheless, given our experimental un-
certainty in Kc, we can estimate a lower bound for Kz. We
return to this point below in our discussion of moduli.

We now speculate on the causes of the MWNT stiffen-
ing with repeated strain. To make comparisons between
MWNTs of different dimensions and between our data
and theoretical predictions, we use the continuum me-
chanics model for the shear (G) and Young’s (E) moduli.
Combining beam bending equations [20] with Eqs. (1),

� �
��r4out � r4in�G

2l
; Kz �

48�E�r4out � r4in�

l3
; (3)

where rout and rin are the outer and inner radii and l are
the lengths of the suspended MWNT sections. Since the
moduli depend on r4out � r4in, taking rin to be 0 yields
moduli only �6% smaller than taking rin=rout to be
�0:5. Based on TEM observations, rin of our MWNTs
are typically much less than half of rout. We therefore
approximate the MWNTs as solid cylinders and calculate
effective shear moduli Ge, which are summarized in
Table I. For Young’s modulus, if we calculate lower
bounds using the lower bounds of the Kz, we find E is
typically greater than a few hundred GPa, consistent with
previous experimental and theoretical results [17,21].

Uncertainty in rout contributes the bulk of the uncer-
tainty in Ge. AFM rout measurements of the metal sur-
face under which the MWNTs were buried, and of
255502-3
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MWNTs pushed down to the substrate with the AFM tip,
were inconsistent. The rout reported in Table I were ar-
rived at by averaging the full-width at half-maximum of
the SEM image brightness along lines perpendicular to
the suspended MWNTs. Applying this technique to mul-
tiple SEM images of the same MWNT, taken under
different imaging conditions (i.e., different image bright-
ness, secondary electron detector, etc.), yielded a varia-
tion in the measured rout of about 20%, corresponding to
an uncertainty in Ge of about a factor of 2. It is also
possible that there is a systematic error in the estimation
of rout from SEM images, which can exaggerate nanotube
diameters.

In Ref. [21], using a model which assumes that all
shells are strained, Lu predicted G � 541 GPa for a
ten-wall 7.8 nm-diameter CNT. For comparison, in dia-
mond G � 576 GPa and in graphite the basal plane G �
440 GPa. For all of our samples, the largest measured Ge
are consistent with the theoretical value, but there are
quite a few measurements below this value. In most of the
samples the initial Ge are much smaller than the pre-
dicted value.

We hypothesize that the differences in Ge are due to
differences in the mechanical coupling between the shells
of the MWNTs, and that repeated straining of the
MWNTs increases that mechanical coupling. Cumings
and Zettl have shown, by pulling inner shells of a
MWNT out from the outer ones, that it is possible to
have a very low intershell mechanical resistance [22].
The study by Yu et al. of the tensile failure of MWNTs
shows that the individual shells of stressed MWNTs are
not equally strained, since most break at widely separated
places along the tube’s length [17]. Since our MWNTs are
clamped by evaporating metal onto their outer shells, the
inner shells might slide both where the MWNTs pass
through the paddle and where their ends are pinned (Yu
et al. reached a similar conclusion). This would explain
variations in effective Ge calculated from the solid rod
model where the entire diameter of the MWNT is as-
sumed to share the stress. If we assume that only the outer
shell carries the load, and use the intershell spacing as the
effective thickness of that shell (following the method of
Refs. [17,21]), we can calculate a shell shear modulus Gs.
The results of these calculations for the first passes on
devices B, C, and D are also listed in Table I. These
MWNTs, which initially have small Ge, have Gs near
the theoretical value. It is noteworthy that devices B and
D stiffen such that, at the end, Ge is consistent with the
theoretical values, and that device D shows a saturation at
this value. These results are consistent with the hypothe-
sis that, initially, only the outer shell is strained, and that
repeated deflections increase the intershell coupling until
all shells are strained.

Observations have shown that some MWNTs have cir-
cular, while others have polygonal, cross sections [23]. It
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is conceivable that the strain may be helping the MWNTs
take a polygonal shape. The repeated straining could also
be creating defects that link one shell of the MWNT to
another, or perhaps destroying defects and allowing better
intershell atomic registry. Such changes might increase
intershell coupling under torsion.

In conclusion, we have fabricated and characterized
CNT paddle oscillators. We apply torsional strains to the
MWNT spring elements and measure their torsional
spring constants. We find that the MWNTs become stiffer
with repeated deflection. The effective shear moduli of
the MWNTs calculated by approximating them as solid
cylinders vary over a large range, from near the theoreti-
cally predicted value to significantly less than it. We
speculate from the results that the intershell mechanical
coupling in the MWNTs is increased by the repeated
application of strain.
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