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Twisting Nanotubes: From Torsion to Chirality
Ernesto Joselevich*[a]

An intriguing aspect of torsion, especially
for chemists, is the fact that, unlike
stretching, bending, shear, uniaxial,
radial or isotropic compression, expan-
sion etc, torsion is the only mode of de-
formation that is intrinsically chiral.
Hence, torsion can turn achiral objects
into chiral ones, and it can discriminate
between chiral enantiomorphs turning
them diastereomorphous. Beside this
uniqueness, it might be surprising and
inspiring to realize that torsion at differ-
ent scales plays crucial roles in the Uni-
verse (Figure 1). Our Sun, for instance, is
a large torsional oscillator with a period
of 11 years,[1] which governs solar weath-
er (Figure 1a), causing cyclic disruptions
in our communications. A huge torsional
wave has just been proposed to propa-

gate vertically away from the center of
our Galaxy,[2] inhibiting star formation in
that region. Twisting different parts of
the human body was probably one of
the most ancient forms of torture, as
suggested by the common etymological
root of the words torsion, torture and
extortion. When voluntary, however,
twisting the body can increase the sex
appeal, so the Twist became the furor of
the early 60s (Figure 1d). Torsional pen-
duli have been used from the 1860s to
build the classical Anniversary clocks
(Figure 1c). A torsion balance was used
by Cavendish in 1798 to accurately
measure the universal gravitational con-
stant (Figure 1b). Torsional strain in DNA
plays such a critical role in gene regula-
tion that special enzymes called topoiso-

merases exist just to twist or untwist the
double helix. The torsional properties of
single DNA molecules have been studied
using magnetic beads,[3] although tor-
sional oscillations are probably over-

damped by the viscosity of the aqueous
medium. In a more practical context, tor-
sional springs are important elements in
widespread mechanical devices, and tor-
sional oscillators are the basis of micro-
fabricated gyroscopes (Figure 1e),[4] used
in aerospace and military industries. Mo-
lecular or nanometer-sized gyroscopes, if
realized, could be used for guiding mini-
ature cruise missiles through the keyhole
of our enemies’ shut doors, as well as
hopefully more peaceful devices. It is no
wonder then, that we might be so eager
to investigate the torsional properties of
the stiffest and strongest known fibers
and molecules: carbon nanotubes.[5,6]

And as we zoom in from the Galaxy to
the molecule, it is not only a matter of
torsional mechanics, but the questions
of continuous symmetry and quantita-
tive chirality arise:[7] Is chirality a quanti-
tative property? Can the chirality be con-
tinuously varied? What are the geomet-
ric and physical effects of varying the
chirality of carbon nanotubes? Here we
highlight how the torsion of carbon
nanotubes and these questions have
been recently addressed, implicitly or ex-
plicitly, by a few research groups in ele-
gant experiments, such as the realization
of a single-molecule torsional pendulum
using a carbon nanotube[8] .
Carbon nanotubes are tubular mole-

cules of sp2-hybridized carbon, which
can be viewed as the result of rolling up
a sheet of graphite, called graphene,
into a seamless tube. If the graphene
sheet is rolled up parallel to some of the
C�C bonds, then the section of the
nanotube is as a zigzag edge, and the
nanotube, called zigzag nanotube, is
achiral. If graphene is rolled up perpen-
dicular to some of the C�C bonds, then
the section of the nanotube is an arm-
chair edge, and the nanotube, called
archmair nanotube, is also achiral. How-
ever, if graphene is rolled up at an angle
that is neither parallel nor perpendicular
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Figure 1. Torsional oscillators of different sizes. a) The Sun. b) Cavendish’s torsion balance. c) Torsion
pendulum clock. d) A popular dance of the 60’s. e) A microfabricated gyroscope.
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to any of the C�C bonds, then the nano-
tube, called chiral nanotube, is indeed
chiral. The chirality of a nanotube, q, is
defined as the angle between the tube
axis and the nearest zigzag direction of
the graphene sheet. Due to the hexago-
nal symmetry of graphene, q can range
from �308 to +308. A single-walled
carbon nanotube (SWNT) is composed of
just one such rolled up graphitic layer,
with a diameter ranging 0.4–10 nm,
whereas a multi-walled carbon nanotube
(MWNT) is composed of several coaxial
layers, with outer diameters ranging 3–
100 nm. Carbon nanotubes are the stiff-
est and strongest material known, with a
Young’s modulus of 1 TPa (1012 Nm�2).
Depending on their diameter and chirali-
ty, they can be metallic or semiconduct-
ing—hence their great potential in nano-
electronics and nano-electromechanical
systems (NEMS).[9]

The torsion of carbon nanotubes was
first addressed by several theoretical
studies.[10] The shear modulus of carbon
nanotubes was calculated to be approxi-
mately 0.5 TPa,[10a] thus anticipating that
these should be the stiffest torsional
springs (relative to their diameter). Their
geometric and electronic properties
were also predicted to vary with tor-
sion,[10c] in a way that is consistent with
the second sentence of the introduction:
When achiral nanotubes are twisted,
their bandgap should always increase
(so the conductance should decrease),
no matter the direction of the torsion.
However, when the nanotubes are chiral,
twisting in one direction increases their
bandgap, wherease twisting in the op-
posite direction should decrease their
bandgap.
Carbon nanotubes were first twisted

by Superfine and co-workers in 2002.[11]

They built torsional oscillators using
multi-walled carbon nanotubes (MWNTs)
as torsional springs. The NEMS devices
(Figure 2) were fabricated by spreading
the nanotubes from a liquid suspension
onto a thermally oxidized Si wafer con-
taining alignment marks. The nanotubes
were located by atomic force microscopy
(AFM) imaging, and then a pair of plat-
forms and a small paddle of Au were de-
posited on top of the ends and middle
of the nanotube, respectively, using elec-
tron-beam lithography. The SiO2 layer

underneath the nanotube and paddle
was then etched by HF to release a sus-
pended nanotube and paddle. They
pressed onto different positions along
the paddle with an AFM tip inside a
scanning electron microscope (SEM) and
found that the stiffness of the paddle
decreases with increasing distance from
the nanotube, basically obeying Archi-
medes’ law of the lever. From these
plots, they could determine the torsional
spring constant of the MWNTs, and cal-
culate the effective shear modulus for
the extreme cases of a solid rod and a
hollow cylindrical shell. Surprisingly, they
found the torsional spring constant to
increase upon repeated twisting and re-
lease, saturating after a few hundred
cycles. Apparently, in the beginning, only
the outer wall of the nanotube was
twisted, freely sliding around the inner
walls. However, repeated twisting cycles
increased the coupling between the dif-
ferent graphitic walls, resulting in the
stiffening of the MWNTs. Later, they
drove these torsional oscillators into res-
onance by applying an alternating cur-
rent (AC) bias to the substrate.[12] By op-
tically measuring the amplitude of the
oscillations as a function of the drive fre-
quency, they could plot the mechanical
spectrum of the resonant oscillators, and
thus characterize the dynamic torsional
mechanical properties of the MWNTs.

Using quite similar devices, Zettle and
co-workers showed that when the
MWNT was twisted beyond a critical
angle, the outer wall broke, in such a
way that the paddle could freely rotate
around the intact inner walls with very
little friction.[13] They connected the
nanotube to electrodes, and added an-
other pair of electrodes near the edges
of the paddle (300 nm) to work as sta-
tors. By applying alternating bias to the
two stators and the underlying Si wafer,
with phase lags of 908 relative to each
other, they electrostatically forced the
paddle to continuously rotate at angular
rates of several hertz. This way, they cre-
ated the smallest man-made rotor in the
world.
The first real single-molecule torsional

pendulum, based on a single-walled
carbon nanotube (SWNT), was recently
reported by Meyer et al. (Figure 3).[8]

Unlike the sturdy MWNTs, the SWNTs
could be elastically twisted by 1808 with-
out breaking. The SWNT was so slender
that the paddle could be observed to os-
cillate without applying external forces,
only excited by thermal fluctuations. An
optically visible object was thus hanging
from just a few tens of chemical bonds.
Beside the fact that they used SWNTs in-
stead of MWNTs, the devices were not
very different from those produced by
the pervious groups, except for another

Figure 2. Torsional mechanics of multi-walled carbon nanotubes (MWNTs). a) Paddle oscillator based on
a MWNT torsional spring. b) Determination of the torsional spring constant of MWNTs by pressing on
the paddle with an AFM tip. c) Schematic representation of the measurement.

Figure 3. Single-molecule torsional pendulum based on a single-walled carbon nanotube (SWNT). a)
Optical, b) TEM, c) detail, and d) high-resolution TEM images.
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significant detail : The devices were pro-
duced over the cleaved edge of a wafer,
so that the paddle oscillators had no
substrate underneath. This allowed
Mayer et al. to observe the devices with
a transmission electron microscope
(TEM). More significantly, they could
obtain an electron diffraction pattern
from a twisted segment of the SWNT,
and thus accurately determine the exact
crystallographic indices of the nanotube
and its chirality. In principle, the diffrac-
tion of enantiomorphic nanotubes is the
same, so it is not possible to determine
the handedness of a nanotube from a
diffraction pattern. However, as expected
from the second paragraph of our intro-
duction, the torsion broke the symmetry
between the two enantimorphs, and
gave rise to a distorted diffraction pat-
tern, which corresponded only to a
right-handed nanotube, and not its left-
handed mirror image.
With these experiments, the torsion of

carbon nanotubes is now open for sys-
tematic studies and applications. One
important question that remains experi-
mentally unanswered is : How does the
conductance of a carbon nanotube
change with torsion? Besides the funda-
mental interest, this is an intriguing prac-
tical question. As we have seen so far,
the detection of motion in nanotube-
based torsional oscillators was always
using a microscope, either an optical mi-
croscope, a SEM or a TEM. This is certain-

ly not very practical for NEMS, such as
our dreamed nanogyroscope. However,
since the electronic properties of carbon
nanotubes are expected to change with
torsion, measuring the changes in the
conductance could be an efficient
means of detection in future torsional
NEMS.
Regarding the issue of chirality, it is in-

teresting to note that all the papers
dealing with nanotube torsion hereby
cited, both theoretical and experimental,
still refer to the chirality of nanotubes as
to a discrete and invariant parameter.
We hereby claim, however, that by its
definition, mentioned before, the chirali-
ty q of a nanotube actually changes with
torsion. This is a simple and necessary
symmetry condition, as stated in the
second sentence of the introduction. In
fact, it is not too difficult to show that if
a nanotube of radius R and length L is
twisted by a torsion angle f, the chirality
of the twisted nanotube is q=

tan�1(tanq0+Rf/L), where q0 is the chiral-
ity of the relaxed nanotube. If so, is not
this an evident case of continuous sym-
metry and quantitative chirality? One
thing is sure, when it comes to mole-
cules, the effects of torsion and chirality
have to be related.
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