
Black plate (36,1)

Torsional electromechanical quantum
oscillations in carbon nanotubes

TZAHI COHEN-KARNI1*, LIOR SEGEV1*, ONIT SRUR-LAVI1*, SIDNEY R. COHEN2 AND
ERNESTO JOSELEVICH1†

1Department of Materials and Interfaces, Weizmann Institute of Science, Rehovot 76100, Israel
2Chemical Research Support, Weizmann Institute of Science, Rehovot 76100, Israel

*These authors contributed equally to this work
†e-mail: ernesto.joselevich@weizmann.ac.il

Published online: 4 October 2006; doi:10.1038/nnano.2006.57

Carbon nanotubes1,2 can be distinctly metallic or semiconducting
depending on their diameter and chirality3. Here we show that
continuously varying the chirality by mechanical torsion4 can
induce conductance oscillations, which can be attributed to
metal –semiconductor periodic transitions. The phenomenon is
observed in multiwalled carbon nanotubes, where both the
torque5 and the current are shown to be carried predominantly
by the outermost wall6,7. The oscillation period with torsion is
consistent with the theoretical shifting8 of the corners of the
first Brillouin zone of graphene across different sub-
bands allowed in the nanotube. Beyond a critical torsion, the
conductance irreversibly drops due to torsional failure,
allowing us to determine the torsional strength of carbon
nanotubes. Carbon nanotubes could be ideal torsional springs
for nanoscopic pendulums4,9,10, because electromechanical
detection of motion could replace the microscopic detection
techniques used at present. Our experiments indicate that
carbon nanotubes could be used as electronic sensors of
torsional motion in nanoelectro-mechanical systems11.

Owing to the promise of carbon nanotubes for application
in nanoelectromechanical systems (NEMS)12,13, the effects of
mechanical deformations on their electronic properties have
attracted great interest14. Linear electromechanical responses
have been observed for axial15,16, radial17 and flexural18 strain.
Torsional electromechanical effects have been predicted by
several groups8,19,20, but not yet observed. Conductance
oscillations have been observed with magnetic fields6 and
gating21,22, but not with strain. To measure the conductance of
carbon nanotubes under varying torsional strain, we built
torsional nanotube-based NEMS as shown in Fig. 1, where a
suspended multiwalled carbon nanotube is mechanically and
electrically connected to a pair of electrodes and a small pedal
in the middle. The nanotube is twisted by pressing against the
pedal with an atomic force microscope (AFM) tip, and the
electrodes allow us to simultaneously measure the two-
terminal conductance across the nanotube. The devices were
fabricated in an electron-beam lithography lift-off process,
followed by wet etching and critical-point drying. Similar
devices have been built with multiwalled5,9,23 and single-wall10

carbon nanotubes, and used as torsional pendulums9,10 and
nanorotors23,24, but no torsion-dependent electrical measurements
were reported.

Before the torsional electromechanical measurements, we
characterized independently the torsional mechanical properties
and the electronic properties of several nanotube devices. The
former were studied by measuring force versus pedal-deflection
curves at different points along the long axis of the pedal
(Fig. 2a). The results agree with Archimedes’ law of the lever
(Fig. 2b), indicating that the pedal compliance is mostly due to
nanotube torsion, rather than to bending or stretching. The
corresponding torsional spring constants (see Supplementary
Information for full data table) corresponded to the shear moduli
that are expected for hollow cylinders, rather than for solid rods,
indicating that torsion involves predominantly the outermost
wall, in accordance with previous reports5 (inner walls were
reported to be involved after a much larger number of actuations
than were performed here). The elasticity of the torsion is evident
both from the reversible and linear response to the force
applied by the AFM tip, and from the reversible pedal deflection
due to charging under a scanning electron microscope (see
Supplementary Information, movie). The differential conductance
as a function of bias in relaxed devices exhibits typical hyperbolic
shapes (Fig. 2c), similar to those observed in pristine arc-grown
multiwalled carbon nanotubes7, where conduction is ballistic
across the outermost wall, increasing with bias as more channels
become accessible. The low-bias differential conductance is
smaller than the quantum conductance owing to the large contact
resistance. From this preliminary characterization we conclude
that both the torque and the current are predominantly carried
by the outermost wall. Hence, our multiwalled nanotubes
effectively act as large-diameter single-wall nanotubes, where the
inner walls provide an inert mechanical support against bending
and collapse.

The torsional electromechanical response of the carbon
nanotubes was studied by repeatedly pressing and retracting an
AFM tip on one point of the pedal (about halfway between
the nanotube and the pedal edge), while monitoring the low-
bias differential conductance using a lock-in amplifier. The
applied a.c. bias amplitude (10 mV) was smaller than the
nanotube bandgap (�30 meV), and the a.c. frequency (1 kHz)
was significantly higher than the acquisition rate (loop rate,
0.2 Hz; 512 measurements per loop). The AFM probe was driven
at resonance (�70 kHz), with a sensing amplitude (60–80 nm) to
detect its landing and detachment from the pedal by following
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the abrupt damping or reappearance of this amplitude,
respectively. The torsion angle f and the torque jTj exerted on the
nanotube were monitored as f ¼ tan– 1[(zp – zc)/x] and

jTj ¼ kczcx, where zp, zc, kc and x are the z-piezo extension,
cantilever deflection, cantilever spring constant and lever arm
length, respectively (Fig. 1d).
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Figure 1 Nanotube-based torsional NEMS for the study of torsional electromechanics of carbon nanotubes. a, Schematic description of the device and

measurement set-up. b, SEM image of a device (see Supplementary Information for a movie showing charging-induced reversible torsion). c, SEM image showing

several devices (some devices are connected to electrodes and used for electromechanical measurements, and others are isolated and used only for mechanical

characterization). d, Schematic description of the torque– torsion measurement and its relevant parameters.
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Figure 2 Independent characterization of torsional mechanics and transport properties. a, AFM image of a device showing the line of points selected for

force–distance measurements. b, Archimedes’ law-of-the-lever behaviour, where linear sample compliance Kp ¼ kczc/z is given as a function of lever distance from

nanotube x, where kc is the cantilever spring constant, zc is the cantilever deflection, and z is the pedal deflection, and fitted to k/x2, where k is the torsional spring

constant. If bending is also considered, then Kp ¼ (x 2/k þ kb
– 1) – 1, where kb is the bending spring constant. However, kb

– 1 is significantly smaller than the other

term, which means that most of the paddle deflection is due to torsion. c, Differential conductance as a function of bias, G(V ), for several different devices.

Devices A (blue), B (cyan) and C (yellow) are further analysed in Fig. 3.
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Figure 3 shows the results obtained from three different
devices (see Supplementary Information for additional graphs
and full data tables). The arrows in the torque–torsion graphs
(Fig. 3, second row) indicate the angle at which the tip starts to

press the pedal and the nanotube starts to be twisted (negative
angles correspond to measurements where the tip has not yet
touched the paddle or has already retracted, so the actual torsion
angle of the nanotube is zero, unless the pedal is pulled back by
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Figure 3 Torsional electromechanical measurements for three representative devices A, B and C. The upper three rows display the simultaneous

measurements of sensing amplitude (Asens), torque (jTj) and low-bias differential conductance (G ), respectively, as a function of the torsion angle (f). The bottom

row displays the relative change in resistance (DR/R 0) as a function of torsion angle (f). In the first column, repeated experiments are indicated by blue (1st), green

(2nd), and red (3rd). In second and 3rd columns, red is the ingoing and blue the outgoing curve. Curve colours follow the red-green-blue sequence by order of

acquisition. In the top row, upwards and downwards midline arrowheads indicate pressing and retracting curves. The insets in the top row for device B show AFM

images before (right) and after (left) torsional failure. In the second row, tilted straight lines in the torque– torsion curves show the slopes of the elastic regime, and

in the second and third rows, black arrows show the angles at which the actual torsion of the nanotube starts (negative f values correspond to measurements

before the tip touches the pedal). The inset scheme in the second row for device B represents the positions of tip and pedal. In the bottom row, black curves

represent theoretical fits to the relative resistance change (DR/R0 versus f). Device A is assumed metallic based on the overall decrease in conductance upon

torsion, whereas B and C are assumed semiconducting based on the initial decrease and increase in conductance. Dipped peaks in some of the theoretical curves

arise from a phase lag of 12088888 between the periodic metal–semiconductor transitions expected for the two nanotube segments on either side of the pedal as they

are simultaneously twisted in opposite directions.
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the tip because of adhesion in the retraction). When twisting the
nanotube up to small torsion angles, f , 308 (device A), the
torque increases linearly with a slope that remains constant in
consecutive press–retract loops, indicating that each suspended
nanotube segment is elastically twisted, with a torsional spring
constant k equal to half of this slope. The conductance shows a
reversible decrease and increase on both pressing and retracting
the tip, suggesting the beginning of an oscillation (see
Supplementary Information for additional data). When twisting
the nanotube to large torsion angles, f ¼ 758 (devices B and C),
the torque shows an initial linear increase, followed by a narrow
region of softening, and then an abrupt and irreversible drop.
This behaviour indicates a transition from an elastic regime to a
plastic regime, ending with the eventual torsional failure of the
nanotube outermost wall. In the elastic torsion regime, the
conductance displays a series of oscillations as a function of
torsion angle, with periodicities of 14–208. The oscillations begin
when the nanotube starts to be twisted, and eventually end with
an abrupt and irreversible drop, coinciding with torsional failure.
AFM images before and after the experiment show the irreversible
deflection of the pedal, confirming the torsional failure. The
drastic conductance drop upon torsional failure supports the
previous assumption that the current is predominantly carried by
the outermost wall. It is important to note that in all the devices
the conductance varies only at positive angles, when the nanotube
is actually twisted, but remains constant at negative angles, when
the nanotube is not twisted.

The conductance oscillations as a function of torsion can be
theoretically explained, as graphically represented in Fig. 4, by the
geometric and the electronic structure of carbon nanotubes2. The
latter derives from the electronic structure of the graphene sheet,

with a quantization of the two-dimensional wavevector into a
series of one-dimensional sub-bands by the periodic boundary
condition of the cylindrical geometry, Chk ¼ 2p j, where Ch is the
circumferential vector, k is the wavevector and j ¼ 0, +1, +2,
+3, . . . is a quantum number associated with each sub-band. The
first Brillouin zone (BZ) of graphene is a perfect hexagon in
whose corners resides the Fermi level. Depending on the diameter
and chirality of the nanotube, which determine Ch , the sub-bands
may, or may not, include the BZ corners, in which case the
nanotube is metallic or semiconducting, respectively3. Upon
mechanical deformation, the BZ becomes distorted8, and its
corners can move away from or closer to the nearest allowed sub-
bands. This opens or closes a bandgap, leading to changes in the
conductance. Following the Yang–Han model8, the graphene BZ
corners are shifted by torsional strain from the initial kF

0 to
kF ¼ kF

0 þ DkF. The circumferential component of this shift
(perpendicular to the sub-bands) is Dk F

c ¼ j sin(3u0)/aC – C,
where u0 is the initial nanotube chirality, aC – C is the C–C bond
length and j is the torsional strain. The torsional strain is directly
related to the torsion angle f by j ¼ rf/‘, where r and ‘ are the
nanotube radius and length, respectively. Previous models
considered small-diameter single-wall carbon nanotubes, where
Dk F

c is smaller than the sub-band spacing dk ¼ 1/r, and hence the
bandgap changes linearly with torsion8. Here we show that this
linear regime should break down for large diameters, where
the nanotube becomes metallic at each torsion angle for which
the corner of the distorted BZ—that is, kF(f )—crosses any sub-
band allowed by the periodic boundary condition
ChkF(f ) ¼ 2p j. Therefore we can predict that the nanotube will
undergo periodic metal–semiconductor transitions, with an
angular period df ¼ aC – C‘/r2 sin 3u0. The conductance
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Figure 4 Theoretical model for the torsional electromechanical quantum oscillations in carbon nanotubes. a, First Brillouin zone of graphene (green hexagon),

with the sub-bands (black parallel lines) allowed in the nanotube. b, Magnification near a corner (circled in a), showing its simultaneous shifts on the two oppositely

twisted nanotube segments, DkF(þf) (red) and DkF( –f) (blue), and their sub-band crossing points, where the condition for metallicity ChkF(+f) ¼ 2pj ( j ¼ 0, +1,

+2, +3, . . .) is fulfilled. c,d, Simultaneous bandgap shifts due to torsion, DEg(þf) (red) and DEg(–f) (blue), for initially semiconducting (c) and metallic (d)

nanotubes of radius 13 nm.
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oscillation periods observed in our devices agree with this
prediction for chiralities ranging between u0 ¼ 148 and 308.

The changes in conductance with torsion can be related to the
induced change in the bandgap, which affects the barrier height
for thermally activated transport. We modelled the torsional
piezoresistance of the device (that is, the relative change in
resistance with torsion) by assuming serial contributions16 from
the two suspended nanotube segments on either side of the pedal,
which are simultaneously twisted through the same angle but
in opposing directions (Fig. 4, red and blue). Solving the
Landauer–Büttiker formula25 (see Supplementary Information
for details), gives

DRðfÞ
R0

¼ 1

A

1

2
eDEðfÞ=kBT þ eDEð�fÞ=kBT
h i

� 1

� �
;

A ; 1þ 4e2jtj2Rc

h
þ 1

� �
e�E0=kBT ;

ð1Þ

where DE(f ) is the torsion-induced change in the activation
energy, A is an attenuation factor due to contact resistance,
scattering, doping and thermal smearing, Rc is the contact
resistance, h and e are Planck’s constant and the electron
charge, respectively, jtj2 is the transmission probability, and E0 is
the initial activation energy. This last energy depends on the
initial bandgap and possible effects of doping and Schottky
barriers26 (see Supplementary Information). In any case, the
torsion-induced change in activation energy is half the bandgap
change, DE(f) ¼ DEg(f)/2 (Fig. 4c,d).

We verify the consistency of our measurements with this
model using a semi-quantitative analysis, where the experimental
amplitudes of Fig. 3 are fitted to equation (1) (black curves in
bottom row of Fig. 3). The fitting parameter A is consistent with
reasonable energy barriers, high contact resistances and low
transmission probabilities, which may be due to the morphology
of the contacts (see Supplementary Information, table). The
electromechanical effects can be observed at room temperature
because the maximum bandgap change with torsion is larger
than, or comparable to, the thermal energy kBT, and hence
significantly affects the Fermi–Dirac statistics, even if some
doping may exist and increase the attenuation factor (see
Supplementary Information). In fact, both p- and n-doped
multiwalled carbon nanotubes have been observed to coexist in
arc-discharge samples27, and two-channel conductance has been
reported when pristine samples were used7, which means that
doping can also be very small. This could not be confirmed in our
devices because gating is not technically feasible owing to the
large distance from the silicon wafer, the low dielectric constant of
air, and the electrostatic deflection of the pedal. The statistical
ensemble of data available is limited by the difficulty of finding
devices that are both elastically resilient and electrically well-
connected, in addition to the effect of tip-pedal capillary adhesion
forces in air, which results in the overtwisting or breaking apart of
many devices during scanning or experiments. However,
oscillations were observed in all the devices that were elastically
resilient, but never in irreversibly twisted ones. The acquisition
time is long (5 s per loop), so the frequencies of the oscillations
(3.7–8.2 Hz) are very low compared with any source of periodic
noise. In the elastic regime, there is no correlation between the
electromechanical oscillations and the torque–torsion response,
which is linear. The possible electromechanical effect of tension
(see Supplementary Information) was also estimated to be linear,
and significantly smaller than that of torsion. Theoretical studies
have also predicted that changes in the registry between the walls

can affect the probability of scattering when more than one wall
participates in conduction28. Although this effect cannot be
completely ruled out, the fact that in our case most of the current
is carried by the outer wall makes it relatively unlikely.

Another interesting aspect of the results concerns the
dynamics of torsional failure of the nanotubes, which was
accurately monitored by following the conductance drop beyond
a critical torsion angle. Considering the measured torsion angles
of failure ff and the torsional spring constants k, we determined
the torsional strength of carbon nanotubes as t ¼ jfM, where
jf ¼ rff/‘ is the torsional strain of failure and M ¼ k2‘/p[r4 –
(r – dr)4] is the single-wall shear modulus, dr being the interwall
distance. The obtained values �10 GPa (see Supplementary
Information) are one order of magnitude larger than the shear
strength of carbon fibres29. The maximum torque that a carbon
nanotube can withstand has been predicted to be jTjmax ¼ fr2 per
wall, where f ¼ 6 N m– 1 (ref. 30). Our observed values (Fig. 3; see
Supplementary Information, table) agree with this prediction for
the failure of only the outermost wall.

In summary, we have studied for the first time the torsional
electromechanical response of carbon nanotubes, and found
an oscillatory behaviour that is consistent with the metal–
semiconductor periodic transitions predicted by theory. Each
oscillation involves a different sub-band defined by the wavevector
quantization around the nanotube. This is a conceptually
interesting system where a quantum number is forced to leap by
pressing on a pedal. In this respect, carbon nanotubes could act as
torsional transducers in NEMS, where the oscillatory behaviour
would resemble the response of an interferometric sensor. From
these measurements, we also determined for the first time
the torsional strength at failure of carbon nanotubes, which is
an important parameter of these unique building-blocks for
nanotechnology.
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Table S1. Torsional mechanical characterization 

Device:  D E F G H 

Radiusa (nm) r 10 ± 1 10 ± 1 6 ± 1 6 ± 1 12.5 ± 1 

Lengtha (nm) l  450 ± 20 450 ± 20 450 ± 20 450 ± 20 160 ± 10 

Torsional spring constant 

(10-15 N·m) 
κ 1.3 ± 0.1 1.9 ± 0.2 0.35 ± 0.3 0.32 ± 0.3 10 ± 2 

Shear modulusb (GPa) M 290 ± 75 420 ± 100 370 ± 140 340 ± 130 400 ± 80 

aFrom AFM topography. bAssigned to outermost wall only. 

 



2 

 

Table S2. Torsional electromechanical characteristics  

Device:  A B C 

Radiusa (nm) r 14 ± 1 13 ± 1 15 ± 1 

Lengtha (nm) l  380 ± 20 300 ± 20 385 ± 20 

Levera (nm) x 150 ± 20 135 ± 20 150 ± 20 

Torsional spring constantb (10-15 N·m) κ 11.2 ± 2.0 2.4 ± 0.5 5.2 ± 0.9 

Shear modulusc (GPa) M 750 ± 140 160 ± 30 290 ± 50 

Torsion angle of failureb (deg) φf - 68 ± 3 45 ± 4 

Torsional strengthb,c (GPa) τ - 8 ± 2 9 ± 2 

Observed maximum torqueb (10-15 N·m) |T|max
obs - 1.0 ± 0.3 2.0 ± 0.4 

Calculated maximum torquec (10-15 N·m) |T|max
cal - 1.0 ± 0.2 1.5 ± 0.3 

Initial resistance (kΩ) R0 5800 500 3100 

Observed oscillation periodicity (deg) δφobs 15 ± 4 12 ± 3 13 ± 4 

Calculated minimal oscillation periodicityd (deg) δφmin 16 ± 3 14 ± 2 14 ± 2 

Estimated nanotube chiralitye (deg) θ0 14 − 30 18 − 30 15 − 30 

Attenuation factor A 8.7 4.5 7.1 

Initial activation energyf (meV) E0 0 16 14 

Transmission probabilityf |t|2 0.01 0.11 0.025 

aFrom AFM topography. bFrom torque-torsion curves. cAssigned to outermost wall only. 
dCalculated for the maximal chirality θ = 30º. ePossible range within error margins. fHypothetical 

values assuming E0 = 0 for metallic nanotubes and E0 = Eg
0/2 = γ0aC-C/r for semiconducting 

ones. 
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Figure S1. Torsional electromechanical response in the elastic regime for 

several consecutive actuations (following the rainbow order from red to purple). 

The pressing (a) and retracting (b) curves for the same actuations are displayed 

separately for clarity. The pressing purple curve ends with torsional failure. The 

purple retracting curve and both pressing and retracting black curves are 

already in the plastic regime. All the pressing curves show clearly the same 

reproducible oscillation in the elastic regime. Retracting curves follow the same 

behaviour, although presenting more noise and random shifts than the pressing 

curves, probably due to slack and adhesion. Overall, at least one oscillation is 

observed before torsional failure. 

 

Figure S2. a Progressive torsional failure of a device in the plastic regime upon 

consecutive pressing-retracting loops. b Conductance G(V) of a device before 

and after torsional failure. 
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Movie S1. (Available on-line) Elastic torsion of a nanotube-based NEMS by 

charging in a scanning electron microscope. This device was made with a very 

thin multiwalled carbon nanaotube (nanotube diameter ~ 3-5 nm). 

Methods 

Materials and nanofabrication: Multiwalled carbon nanotubes (Iljin Nanotech 

Co., Ltd.) were as-produced by arc-discharge, and dispersed in 1,2-dichloroethane or 

1,2-dicholorbenzene by brief sonication prior to deposition. No surfactants, oxidizing 

agents, plasma or ozone were used during fabrication, to minimize damage and oxygen-

doping. The torsional nanotube-based NEMS were produced as reported for similar 

devices5,9,23. Briefly, the dispersion of multiwalled carbon nanotubes was spin coated on 

a thermally oxidized silicon wafer (Si<100>, boron-doped 0.005-0.025 Ωcm, oxide 

thickness: 1 µm) containing an array of electron-beam lithographic alignment marks. 

The nanotubes were located by AFM imaging, and the electrodes and pedal were laid 

down on top of the selected nanotubes by electron-beam lithography (Nabity NPGS 

with JEOL 6400), followed by electron-beam evaporation of Cr (3-10 nm) and Au (100 

nm) and lift-off with acetone. At this point, the samples were annealed at 400 °C in Ar 

for 5-10 minutes, then mounted onto a chip carrier, and wire-bonded. The SiO2 

underneath the nanotubes and pedals was etched in aqueous HF/NH4F (1:6) for 5 

minutes. Then, without drying the samples, the etching solution was consecutively 

replaced by water, ethanol and pressurized CO2, from which they were critical-point-

dried. 

Measurements: AFM imaging, nanomanipulation and electromechanical 

measurements where done with a Veeco Multimode/Nanoscope IV using Nanoprobes 

FESP silicon tips (resonant frequency 70 kHz, nominal spring constant 1 N/m, 

recalibrated by the thermal noise method), except for the torsional mechanical 

characterization with variable lever distance (Fig 2b,c), which was done with closed-
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loop NT-MDT EntegraTM AFM. Coupled electromechanical measurements (Fig. 3) 

were performed at room temperature under dry nitrogen, which reduces capillary tip-

sample adhesion and minimizes thermal drifts. The chip-carrier with the sample was 

placed inside the AFM head, which was closed with a polydimethylsiloxane seal with 

an inlet for the dry nitrogen. The electrical measurements were done with a Perkin-

Elmer DSP7280 lock-in amplifier, interfaced to the AFM and a computer with 

appropriate data acquisition cards. Samples were first imaged by tapping mode AFM. 

We then zoomed at the desired position on the pedal, and performed force-distance 

measurements while measuring the zero-bias differential conductance. The torsion angle 

and torque were monitored as explained in the text and Fig. 1d. The cantilevers were 

chosen to be relatively stiffer (1 N/m) than the pedals (0.04-0.2 N/m), so that torsion 

angles could be widely varied and monitored with relative accuracy, whereas the torque 

measurements are relatively less sensitive. A likely source of noise in the torque 

measurements, sometimes apparent as random narrow spikes, is the friction of the tip as 

it slides over asperities on the surface of the pedal during actuation. Due to the relative 

sensitivity of the torsion angle measurements with respect to the torque measurement, 

this noise may be assumed to have only a small effect on the actual torsion angle.  SEM 

imaging (stills and movie) was performed with a Supra 55VP FEG LEO field-emission 

SEM in ultra-high vacuum, at acceleration voltage 5 kV, working distance 8 nm, and 

aperture 30 µm, and the beam current was about 0.5 nA. 

Theoretical model 

We shall first derive an expression for the torsion-induced bandgap change 

∆Eg(φ), following the graphical description shown in Fig. 4, and then describe how 

these changes are translated into torsion-induced changes in resistance (torsional 

piezoresistance). Due to the linearity and symmetry of the energy dispersion of 

graphene near the Fermi energy, the bandgap is equal to twice the energy k-gradient at 



6 

 

the Fermi energy
FE

Ek∇ multiplied by the k-distance between the corner of the 1st 

Brillouin zone of graphene and the nearest subband. The latter is initially zero for 

metallic nanotubes and 1/3 of the subband spacing for semiconducting, and is shifted by 

the torsion-induced shift of the Brillouin zone corner perpendicular to the subbands. 

Hence, the bandgap is given by eq. S1, where p = 0, 1 or -1 is given by the 

crystallographic indices, n - m = 3q + p, and ∆j is an integer number corresponding to 

the change in the quantum number associated with the nearest subband before and after 

twisting. Substituting all the terms by these definitions leads to eq. S2. Since the initial 

bandgap is Eg
0 = |p|γ0aC-C/r, the bandgap change with torsion is given by eq. S3. This 

expression describes the period and the amplitude of the band gap oscillations, 

δφ = aC-C /r2sin(3θ0) and ∆Eg
max = 3γ0aC-C/2r, respectively, displayed in Fig. 4. l

( ) ( )φδδφ c
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The overall resistance of the torsional nanotube-based NEMS arises from the 

series contributions from the two suspended nanotube segments on both sides of the 

pedal, which are simultaneously twisted at opposite angles φ and -φ, and from the metal-

nanotube contacts Rc, as given by eq. S4. Assuming ballistic conduction, the resistance 

of each twisted segment Rt(φ) can be modelled following the Landauer-Büttiker 

formula, eq. S5, where F(E) is the Fermi-Dirac function, T(E) is the transmission 

probability, and N is the number of channels. At low-bias, the number of channels 

accessible for conduction is N=2, corresponding to wavevectors k and -k. We assume 

that electrons with energies within the bandgap are scattered (eq. S6), whereas those 

with energies below the valence band edge Ev or above the conduction band edge Ec can 
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flow across the nanotube with a transmission probability |t|2 (eq. S7). We first assume 

the simplest case of an intrinsic (undoped) nanotube without Schottky barriers, and then 

make corrections for the other cases. In the first case, the Fermi energy is found exactly 

in the middle of the bandgap, so the solution to the Landauer-Büttiker formula (eq. S5) 

is eq. S8. By inserting this solution into eq. S4 for the two oppositely twisted nanotube 

segments, the overall resistance is given by eq. S9. This can be rearranged into the 

equations given in the text, where the initial activation energy is E0 = Eg
0/2 and its 

torsion-induced change is ∆E(φ)  = ∆Eg(φ) /2. 
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Now we address the effects of doping and Schottky barriers. If the nanotube is 

lightly doped with a Fermi energy shift ∆EF
0, then the result of the Landauer-Büttiker 

formula (eq. S5) is eq. S10, and the resistance of each twisted nanotube segment is 

given by eq. S11. This makes the analytical expression for the relative change in 

resistance rather complicated. However, if ∆EF
0 is comparable to Eg/2, then the right 

term in eq. S10 becomes negligible, and the relative change in resistance becomes 

similar to the equations provided in the text, where E0 = Eg/2-|∆EF
0|. This can 
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significantly increase the attenuation factor A, but, due to the bandgap changes with 

torsion, an electromechanical effect could still be observed, even if E0 is very small or 

negative. If the current is limited by thermionic emission through a Schottky barrier, 

then the transmission probability becomes zero below the zero-bias barrier height ΦB0, 

so the solution has the same form as given in the text, but E0 = ΦB0. A more complicated 

case is if doping is so heavy that the Fermi energy shift is larger than the inter-subband 

energy δE, so that |∆EF
0| > Eg/2 + nδE, where n is an integer number. In this case, more 

than one subband contributes to conduction. Since the energy of all the subbands is 

shifted by torsion, an electromechanical effect might still be observed if only a few 

subbands participate, but not if doping is too heavy. 
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In summary, in the ideal case of an intrinsic nanotube, the initial activation energy 

is half the bandgap, E0=Eg/2. If the nanotube is doped, the activation energy is lowered 

by the Fermi energy shift to E0 = Eg/2-|∆EF
0|, leading to large attenuation, but still 

observable changes in resistance. If the current is limited by a Schottky barrier, then 

E0=ΦB0 (the barrier height). If the Fermi energy shift due to doping is larger than the 

inter-subband energy (∆EF
0 > δE ≈ 50 meV), the picture is complicated by the 

participation of more than one subband in the conduction, but since the energies of all 

the subbands are shifted by torsion, there can still be an electromechanical effect. In any 

case, the torsion-induced change in activation energy is half the bandgap change, 

∆E(φ)=∆Eg(φ)/2. 
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Lastly, we should note that the assumption of ballistic conduction, which is 

consistent with the hyperbolic shapes of the experimental G(V) curves (Fig. 2b), makes 

it easier to model the torsional piezoresistance, but ballistic conduction is not a 

necessary condition for the torsional electromechanical oscillations, as long as there is a 

modulation of the band gap, which should not be affected by scattering. 

Possible effect of tension vs. torsion 

To address the possible effect of tension vs. torsion, we calculate the uniaxial 

strain along the nanotube, and compare its expected electromechanical effect with that 

of torsional strain. An upper limit to the uniaxial strain is calculated by assuming that all 

the force exerted on the pedal leads to stretching of the nanotube outer wall, neglecting 

the force that is compensated by the bending rigidity of all the nanotube walls. In this 

case, each suspended segment of nanotube on either side of the pedal can be assumed to 

be straight and stretched down by an angle α from the initial horizontal position to a 

length ll ∆+ . This directly leads to eq. S12, where the uniaxial strain is ll /∆σ = . 

The force Fz exerted by the tip on the pedal is countered by the normal components of 

the tension force Ft along the two nanotube segments, as expressed in eq. S13. The 

tension is related to the uniaxial strain by the tensile Young�s modulus Y and the cross-

section area Acs, as in eq. S14. Combining eqs. S12-S14 leads to eq. 15. For relatively 

small uniaxial strains σ << 1, the uniaxial strain can be given by eq. 16. 
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The measured normal force can be retrieved back from the torque-torsion data (Fig. 3 

and table S2) as Fz = |T|/x. The cross-section area of the outer wall is Acs = 2rδr and Y = 

1 TPa. For example, from the maximum observed torque in device B (in which 5 

oscillations are observed) the maximum normal force is 15 nN, which corresponds to a 

uniaxial strain of σ = 0.007. This is one order of magnitude smaller than the maximum 

torsional strain for the same experiment, ξ = 0.06. The overall shift of the corner of the 

1st Brillouin zone perpendicular to the subbands, following the Yang-Han model8, is 

given by eq. S17, where ν is the Poisson ratio (which in this case can be neglected due 

to the presence of the inner walls). The maximum shift that can be expected from 

tension for σ = 0.007 is ∆kF
c = 5 × 107 m-1, which is one order of magnitude smaller the 

maximum shift from torsion for ξ = 0.06, ∆kF
c = 4.3 × 108 m-1 , and is smaller than the 

subband spacing δk = 1/r = 8 × 107 m-1, although not negligible. Hence, we can 

conclude that the maximum possible electromechanical effect of tension in our devices 

might not be completely negligible, but it should be monotonical and not oscillatory, so 

it would be difficult to detect. If we considered the bending rigidity of all the nanotube 

walls, which could be significant compared to the tensile rigidity of the outer wall, then 

the maximal effect of tension would be even smaller. 

 ( )[ 00 3sin3cos11 θξθσν∆ ++=
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