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T
he discovery of carbon and inorganic
nanotubes (NTs) in 1991 and 1992
(CNT and INT, respectively) has drawn

significant scientific interest due to their
unique electrical and mechanical proper-
ties.1,2 The electromechanical properties
of CNTs in nanoelectromechanical system
(NEMS) applications such as strain and
motion sensors have been studied as well.3�5

However, the lack of chiral selectivity in the
CNT synthesis generally results in mixtures
of metallic and semiconducting CNTs.6�8

This has motivated research into 2D materi-
als such as graphene,9 atomic layers of BN,10

and MoS2,
11 to name a few. Additionally,

the low degree of interlayer mechanical
coupling exhibited by multiwall CNTs is
detrimental to their application in NEMS
due to sliding and, thus, energy dissipa-
tion via friction, which lowers the quality
factor.12�18 Nonetheless, the cylindrical
torsional mode, which is unique to NTs,
allows for straightforward angular motion
and force detection. Thus, many types of
NT-based torsional devices such as nano-
actuators, nanoaccelerometers, nanobalances,
and nanogyroscopes19 have been envi-
sioned. This, together with the extensive
recent application of WS2 fullerenes as
superior solid lubricants, suggests that NTs

composed of other materials should be
studied as well.
Unlike CNTs, INTs largely exhibit similar el-

ectronic properties to the bulk material.6�8

Thus, WS2 NTs are semiconductors, albeit
with an indirect or direct transition depend-
ing on the NT chirality.20�22 Doping of WS2
NTs using various atoms was reported in
recent years.23 Furthermore, the field of INT
synthesis underwent a recent renaissance
with numerous new INTs from different
materials including ternary and quaternary
misfit compounds.24�26 This large variety
offers an equally large range of tailorable
properties such as superconducting,27 semi-
conducting,28 and insulating behaviors.29

Thus, the recent demonstration of field-
effect transistors (FETs) based on WS2 NTs
with significant mobility and surprisingly
high conductivity suggests that INTs offer
many intriguing possibilities as potential
building blocks for functional nanodevices.30

Several mechanical and structural fea-
tures of INTs suggest that they may serve
as promising building blocks for NEMS. WS2
NTs, which are currently produced in semi-
commercial quantities, exhibit structural per-
fectness, resulting in excellent mechanical
properties.31,32 Additionally, boron nitride
nanotubes (BNNTs)33 and WS2 NTs possess
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ABSTRACT The incorporation of nanostructures into nanoelec-

tronic and nanoelectromechanical systems is a long sought-after

goal. In the present article, we report the first torsional electro-

mechanical measurements of pure inorganic nanotubes. The WS2
nanotubes exhibited a complex and reproducible electrical response

to mechanical deformation. We combined these measurements with

density-functional-tight-binding calculations to understand the

interplay between mechanical deformation, specifically torsion and tension, and electrical properties of WS2 nanotubes. This yielded the understanding

that the electrical response to mechanical deformation may span several orders of magnitude on one hand and detect several modes of mechanical

deformation simultaneously on the other. These results demonstrate that inorganic nanotubes could thus be attractive building blocks for

nanoelectromechanical systems such as highly sensitive nanometric motion sensors.
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significant interlayer mechanical coupling.34 Finally,
extensive theoretical work was devoted to INTs of
various materials and their properties. For example, a
recent theoretical study showed that the band gap of
various INTs decreases linearly with tension.35 None-
theless, the electromechanical (EM) properties of INT
have been studied rather sparingly. One study was
devoted to in situ bending of BNNTs,36 and another to
the torsion of hybrid BCNNTs.37 A significant change in
the conductance was observed for BNNTs during an
in situ bending test within the transmission electron
microscope (TEM) with very large bending curvatures.
Thus, the research into electromechanics of pure INTs
is in general limited with no demonstration of torsional
EM response.
Here we report the first measurement of torsional

electromechanics of pure inorganic nanotubes,
namely, WS2 NTs. The experimental work is comple-
mented by density-functional-tight-binding (DFTB)
calculations, which predict the effect of strain on the

NT band gap. The measured strain is then used to
estimate an expected electrical response and compare
it to the measured response. The WS2 NTs exhibited
a complex and reproducible electrical response to
mechanical deformation, where the combination of
experiment and theory allowed us to decipher the
individual influences of torsion and tension.

RESULTS AND DISCUSSION

Mechanical Properties of WS2 Nanotubes. The torsional
devices shown in Figure 1 are similar to those used
previously to study CNT,38,39 BNNT,33 and WS2 NT
torsion.34 They consist of a suspended nanotube
clamped by electrical contacts at each end with a
suspended pedal attached to the NT center (see
Supporting Information). When the atomic force mi-
croscope (AFM) tip applies a vertical force to the pedal,
it applies a torque to theNT aswell as a small amount of
bending or tension (see Figure 1d). Pressing the pedal
directly over the nanotube exerts a pure bending,

Figure 1. General description of the experiment. (a) Transmission electron microscope (TEM) image of a multiwall WS2
nanotube (NT). (b) Atomic force microscope (AFM) image of a suspended WS2 NT with a pedal on top. (c) Schematic
representation of the setup used for electromechanical (EM)measurements of WS2 NTs. The AFM tip presses the pedal down,
while a bias is applied to the source electrodes. The blue and red arrows depict the direction of the torsion, resulting in
intralayer shear of the outermost layer of theWS2 NT. (d) Schematic representation of the torsional deformation of theNT and
the mechanical measurement using the AFM. Forcing the pedal downward leads to bending of both the AFM cantilever and
theWS2 NT, as well as twisting theWS2 NT outer layer. The blue dots depict a specific point in each nanotube layer. When the
outer layer is twisted, the interlayer shear causes the inner layers to twist as well by “dragging” them along.34 (e and f)
Scanning electron microscope images of two different suspended WS2 NTs with a pedal on top, where in f the WS2 NT is
twisted to the point that the pedal sticks to the etched substrate (shown here to illustrate the device configuration range).
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whereas pressing further along the pedal applies an
increasing amount of torsion, changing the ratio of the
bending to torsion. Thus, differing lever lengths allow
for different ratios of tension and torsion. This setup
allows for the independent extraction of the torsion
angle and the torsional and bending components of
the overall strain (see Supporting Information). The
bending deformation may be regarded as primarily a
uniaxial strain, as the nanotube is clamped and the
vertical deformation is relatively small, while the tor-
sion may be regarded as shear strain of the nanotube
layers.38,40 The torsion may be further divided into
intra- and interlayer shear strain (see Figure 1c and d,
respectively).

The mechanical response of the INT to the applied
torque is presented in Figure 2a. The equivalent linear
spring constant K is shown as a function of the position
along the pedal x. The mechanical response is an
expression of Archimedes' law of the lever, where a
longer lever applies a larger torque, yielding a lower K
(see Supporting Information).33,38,40 The extent of tor-
sional interlayer coupling in the WS2 NT was evaluated
by calculating the effective shear modulus (G) for
the two extreme cases of a solid rod and a hollow
cylinder33,34,37�39 and comparing those effective shear
moduli to the theoretical value, assuming that the

actual situation should be somewhere between these
extreme cases. Since G is an intrinsic characteristic of
the material, an exact calculation of G requires knowl-
edge of the inner radius of the NT, i.e., how many
layers are effectively twisting. Alternatively, we may
calculate an effective G assuming either negligible or
infinite interlayer coupling, i.e., “hollow cylinder” (Gh)
and “solid rod” (Gs) cases, respectively (see Supporting
Information). Thus, under the hollow cylinder case,
application of torque would result in the outer layer
only twisting and free-sliding around the inner layers.
Contrarily, the solid rod case would entail the simulta-
neous twisting of all the layers, which are locked
together. Finally, Gh and Gs are compared to the
expected intralayer G calculated by DFTB (Gc) for
reference, which enables the assessment of the effec-
tive number of walls contributing to the torsional
stiffness of WS2 NTs.41 It should be clarified that this
effective number of walls is a means of expressing the
extent of mechanical interlayer coupling. This does not
necessarily mean that each wall is either completely
locked or unlocked in an all-or-nothing situation, but
that the effective contribution of all the walls is equiva-
lent to that of a certain number of lockedwalls twisting
together. Mechanistically, it is possible that there is
some friction between the layers, so that the load is

Figure 2. Mechanical and electromechanical (EM) response of WS2 NTs. (a) Mechanical response of a WS2 NT to torsion when
pressed at several points along the pedal length (see inset). The “Archimedes lever plot” shows the linear spring constant (K)
of the device versus the position along the pedal (x) as described in the Supporting Information. (b) WS2 NT shear moduli (G)
calculated assuming either negligible or infinite interlayer coupling, i.e., “hollow cylinder” (Gh) and “solid rod” (Gs) cases, as a
function of the NT diameter (D). The expected intralayer G calculated by DFTB (Gc) is shown as a reference. Inset: close-up of
the solid rod case values. (c) EM response of a WS2 NT to torsion as a function of the torsion angle (see Supporting
Information). (d) Different EM response of a WS2 NT in another device to different combinations of torsion and tension.
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partially transferred to a number of layers larger than
the effective number of layers.

The comparison of Gh and Gs to Gc (see Figure 2b)
shows that Gh overestimates the shear modulus, while
Gs is an underestimate. This indicates that a significant
interlayer mechanical coupling occurs upon torsion
of the WS2 NTs with several, but not all layers being
twisted together. This would indicate that themechan-
ical properties are related to the layer ensemble,
while the electrical properties are dominated by the
outermost layer of the NT.30 The WS2 NTs used here
and previously in FETs were produced by outside-in
sulfidization (OS),42 unlike the earlier studies of WS2 NT
mechanical properties, which used WS2 NTs produced
by vapor�solid growth (VS).43 Interestingly, the OS
WS2 NTs used here demonstrated a higher interlayer
mechanical coupling for tension,44 and torsion when
compared to the VS WS2 NTs used previously.32,34 This
observation is promising for the possible use of the OS
WS2 NTs in NEMS.

Electromechanical Properties of WS2 Nanotubes. The EM
response of the WS2 NTs is obtained by the simulta-
neous application of torque andbias on the suspended
WS2 NT while measuring the NT conductance.38 The
measured EM response is defined as the ratio of the
strained to the relaxedWS2NTconductance (G measured=
G measured, strained NT/G measured, relaxed NT).

Figure 2c and d show the mechanical and EM
response (the torque, τ, and G measured, respectively)
of two typical WS2 NT torsional devices as a function of
the torsion angle (φ). All the EM responsive devices
(∼85% of the devices; see Table S2) showed a qualita-
tively similar response. Furthermore, some devices
were subjected to more than 700 deformation cycles
with no hysteresis above the signal-to-noise ratio
(see Supporting Information). Moreover, all the devices
responded in a uniform manner where the G measured

increased in response to strain. This is in contrast to
the oscillatory response observed for CNT38 and the
nonuniform response of BCNNT-based devices.37 Of
interest is the electrical sensitivity of the WS2 NTs to
mechanical deformation, which may be defined as the
highest EM response for bending and highest EM
response slope for torsion. It is interesting to note that
both the number of responsive devices and the mea-
sured EM response are quite high, particularly when
compared to CNTs (see Supporting Information).38,45,46

Figure 2d highlights the different EM responses
when lever arms of different lengths are employed,
resulting in different ratios of torsion versus tension.
Figure 2c and the dashed line in Figure 2d represent
mostly torsion (300 nm lever arm), whereas the solid
line in Figure 2d representsmostly tension (50 nm lever
arm). The application of mostly torsion results in a
rise in G measured from the baseline value accompanied
by noticeable oscillations until a plateau is reached.
On the other hand the application of mostly tension

results in a rise of G measured with little or no oscillations
and the lack of any plateau. Thus, while the WS2 NTs
exhibited a highly sensitive and repeatable electrical
response to mechanical deformation, the decoupling
between the electrical responses of the two mechan-
ical modes, i.e., torsion and tension, cannot be ad-
dressed without leaning on detailed calculations.

Calculations of the WS2 Nanotube Band Gap as a Function of
Applied Strain. The next stepwas to calculate the change
in the band gap ΔEg as a function of the strain. The
mean-free path for electrons in 2D metal dichalcogen-
ides (∼22 nm) is 2 orders of magnitude smaller than
the NT length and is dictated by the strong electron�
phonon coupling.47 As the ballistic transport model
is inappropriate for describing the electron within
the NT, we use a phenomenological model assuming
that G � exp(�Eg/2kBT) as described in the Supporting
Information.

The influence of structural deformation on the
electronic properties of INTs was studied by DFTB
calculations using helical boundary conditions48�50

(see Supporting Information for details). This allows
us to apply torsion to the NT structure, thus breaking
the translational symmetry but keeping the number
of atoms independent of the torsion angle. Due to
the high degree of similarity between MoS2 and WS2,
we used a (14,14)-MoS2 NT with trigonal-prismatic-
coordinated Mo atoms and a small radius of R ≈
1.2 nm (compared to the WS2 NTs used here, R ≈
20�40 nm) for the present calculations.

The optimized geometries for both an untwisted
and twisted (14,14)-MoS2 NT and the related band
structures are depicted in Figure 3a and b, respectively.
Here the torsion is represented by the dimensionless
shear strain ξ = Rφ/L where R and L are the radius
and the length of the nanotube, respectively. This
representation allows for the direct comparison of
the ΔEg�ξ relationship between NTs of different dia-
meters. The band gap of the (14,14)-MoS2 NT (see
Figure 3c) decreases significantly with increasing tor-
sion, reaching less than 10% of the original values at
ξ = 0.35 (equivalent to φ ≈ 360� for a nanotube with
L = 420 nm, R = 23 nm, similar to the WS2 NTs used
here). Here the sharp decrease of the torsional energy
at ξ = 0.35 indicates that the elastic limit is reached.
Nonetheless, as the experimental shear strain values
are limited to <0.1, a linear ΔEg�ξ relation may be
assumed.

In order to study NTs of larger radii, it is useful to
calculate the ΔEg�ξ relationship of the other extreme
where R f ¥, i.e., a flat MoS2 layer. The monolayer is
then sheared, representing the mechanical counter-
part of torsion around the NT axis. The resulting
monolayer ΔEg�ξ relationship depicted in Figure 3c
is in good agreement with that of the (14,14)-MoS2 NT
(hollow squares and circles, respectively). This indi-
cates that the ΔEg�ξ relationship is independent of
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the NT radius. Similarly, applying a shear in a zigzag
direction shows the same behavior, suggesting that the
ΔEg�ξ relationship does not dependon theNT chirality.
Calculating the response to tension (uniaxial strain, σ),
i.e., the ΔEg�σ relationship, shows a similar behavior
and is in agreement with previous studies.35,51,52

Thebandgap�strain relationshipsmaybe intuitively
understood through molecular orbital theory (MO),
where the HOMO�LUMO (highest occupied and lowest
unoccupied molecular orbitals, respectively) gap se-
paration is reduced with increasing separation between
the binding atoms.53 DFTB calculations largely support
this notion and show that twisting an NT about its
own axis shifts the conduction band dominated by un-
occupied sulfur 3S states closer to the Fermi level and
therefore reduces the band gap.54

Combining Experiment and Theory: Electromechanical Proper-
ties of WS2 Nanotubes. The band gap�strain relationships
derived from theDFTB calculations are used to estimate

the expected EM response due to torsion, tension, and
the combined torsion and tension (G estimated,torsion,
G estimated, tension and Gestimated,torsionþtension, respec-
tively; see Supporting Information for the full
calculations). Figure 4a and c compare the different
estimated EM response values to G measured. A qualita-
tive comparison between G estimated,torsionþtension and
G measured is presented in Figure 4b and d, where the
change in G estimated,torsionþtension is rescaled by a ratio
A � (ΔGhestimated,torsion&tension)max/(ΔGmeasured)max

38

to put the measured and estimated EM response
on the same scale (G *estimated, torsionþtension = 1 þ
ΔG estimated, torsionþtension/A). A is an empirical attenua-
tion factor between the measured electromechanical
response and the one expected from theory. This factor
A, which exhibits values ranging from 5 to 10, can stem
from different experimental contributions, such as the
contact resistance between the electrodes and theWS2
NT, which can strongly attenuate themeasured current
in the two-terminal configuration of the devices, result-
ing in adifferencebetween themeasuredand expected
EM response.

Figure 4a and c demonstrate thatG estimated, torsionþ
tension exhibits a similar behavior to G measured, albeit
higher by a significant difference (Δ� G estimated,torsionþ
tension � G measured). On the basis of studies of the
optomechanical response of MoS2 bilayers55�59 and
the large contact resistance found forWS2NT-FET,

30 it is
reasonable to assume that the largest contribution toΔ
is the contact resistance (see Supporting Information).
As the contact resistance is independent of φ, we may
estimate the contact resistance and the WS2 NT con-
ductivity (see Supporting Information). The calculated
contact resistance values are 1 to 2 orders ofmagnitude
higher than those of the WS2 NTs used here. Therefore,
the estimated contact resistance and conductivity
values are in line with previous results.30

The rescaled estimated EM response (G *estimated,

torsionþtension) shown in Figure 4b and d further demon-
strates that G estimated,torsionþtension replicates minor
features such as small changes in the slope ofG measured

(see ξ = 0.35, 0.5 in Figure 4a and d, respectively).
Thus, G estimated may be used to decouple the electrical
responses of the two mechanical modes, i.e., torsion
and tension.

Torsion and Tension Contributions to the Electromechanical
Response of WS2 Nanotubes. Interestingly, G estimated,torsion

andG estimated,tension responddifferentlywhen the lever
length is changed (see Figure 4a, mostly tension, and
Figure 4c, mostly torsion). G estimated,tension and the
torque reach a maximum when the pedal is twisted
with a longer lever (mostly torsion case; see Figure 4c
and d) and then drop slightly. Here a stick�slip phe-
nomenon allows twisting of the outer layer continu-
ously, while the mechanical decoupling from the inner
layers prevents bending the WS2 NT any further (see
Figure 4e). When torque is applied to a WS2 NT, all the

Figure 3. DFTB calculations for the electronic structure of
a twisted trigonal prismatic (14,14)-MoS2 NT. (a) Snapshots
of the NT structure while twisting. (b) Electronic band
structures of the snapshots in a. (c) Torsional energy (solid
circles) and relative change of the INT band gap (hollow
circles) as a function of the dimensionless shear strain
ξ = Rφ/L (torsion) and the band gap relative change for
a sheared trigonal prismatic MoS2 monolayer (hollow
squares).
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shells initially stick and twist together (represented by
a pre-stick�slip configuration in Figure 4e). However,
beyond the elastic region and a critical angle, a stick�
slip event occurs where the outer shell slips and twists
around the inner shells, reducing the torsional spring
constant (post-stick�slip configuration in Figure 4e).34

As a result, the torque, the vertical force, the bending,
and the tension are all relaxed. Thus, the tension cannot
rise any further beyond a stick�slip angle and the
relaxation of the tension strain component reduces
G estimated,tension.

34 This EM behavior suggests also a
possible origin for the observed oscillations in
G measured. Here the stick�slip events release the ten-
sion on the NT, resulting in a quasi-periodical drop in G
(see Figure 4e and the Supporting Information).

On the other hand, G estimated,torsion constantly rises
with φ regardless of the lever length. This behaviormay

be attributed to the ever-increasing torsion angle
of the outermost layer.34 The combined effect of the
continuous increase in G estimated,torsion and the drop in
G estimated,tension due to the stick�slip events depicted
in Figure 4e may create the plateau seen in Figure 4d
(see ref 60). Therefore, different mechanical deforma-
tions may yield different EM responses, which could
enable simultaneous motion sensing in two axes in
various NEMS applications.

Intrinsic Electromechanical Response Range of WS2 Nano-
tubes. The strain values employed here were relatively
small (ξ < 0.08, σ < 0.01). Nonetheless, an exceptionally
small vertical deflection of the NT (∼3 nm) results
in a significant change in G (∼25%). Moreover, it is
most likely that Δ, i.e., the contact resistance, may
be minimized or excluded by optimizing the device
fabrication using other contact materials or by utilizing

Figure 4. Comparison of G estimated and G measured in response to different combinations of torsion and tension presented in
Figure 2d. (a and c) Comparison of G measured (mostly tension and mostly torsion, respectively) to G estimated,torsion and
G estimated,tension, separately and the combination of both, G estimated,torsionþtension. A qualitative comparison of the measured
EM response (G measured) in b and d to the estimated EM response is performedby adjusting the estimated EM response to the
same scale (G *estimated,torsionþtension; see Supporting Information). (e) Schematic description of a stick�slip event34 during
torsion. When torque is applied to a WS2 NT, all the shells initially stick and twist together. When a critical φwas reached, the
outer shell slipped and twisted around the inner shells, reducing the torsional spring constant. As a result, τ, the vertical force,
the bending, and uniaxial strain are all reduced.
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a four-terminal configuration, respectively. Consider-
ing that WS2 NTs have been shown to withstand
large strains (up to σ ≈ 0.12 before failure),32 we may
extrapolate the electrical response to significantly
larger strain values. The extrapolated electromechani-
cal response presented here is divided into the
extrapolated electrical response to torsion and the
extrapolated electrical response to tension. The extra-
polation of the electrical response to tension is done
by taking values of σ applied to other WS2 NTs without
any damage.34 The electrical response to tension is
extrapolated by using values of φ applied toWS2 NTs in
this work without any damage to WS2 NTs of larger
diameters used in the FET research.30 In essence, the
theoretically calculated ΔEg�ξ and ΔEg�σ relation-
ships are used in the same manner previously used
to produce G estimated,torsion and G estimated,tension (see
Figure 5a and c). This consideration indicates that G
would increase by an order of magnitude per 0.01
uniaxial strain or 10� torsion and up to more than
10 orders of magnitude overall (see Figure 5a and b,
respectively, as well as the Supporting Information
and Figure S5). In practice, such a change is unlikely
due to deviations from ideality such the contribution
of contact resistance and possible changes in the

electrical and mechanical parameters upon deforma-
tion. Nonetheless, this extrapolation suggests that
obtaining even a small part of the EM response could
yield a large response range.

CONCLUSION

In summary, we have demonstrated the first
experimental and theoretical study of torsional elec-
tromechanics in pure inorganic nanotubes. WS2 NTs
demonstrated a high degree of interlayer mechanical
coupling, ideal for use in NEMS. The EM response of
WS2 NTs exhibited high sensitivity to torsional strain
and tension in particular. Modeling qualitatively repli-
cated the results and allowed for a deeper under-
standing of the different response modes as well as
an estimation of the contact resistance and the con-
ductivity. Finally, the large variety of INT currently
synthesized and the doping possibilities may result in
many other EM effects. Thus, the uniform and large
response range, different response modes for different
mechanical deformation modes, durability in tension
and torsion, and the large variety of tailorable proper-
ties position INTs as promising building blocks for a
variety of NEMS such as ultraminiature accelerometers
and gyroscopes.

EXPERIMENTAL SECTION
Device Fabrication. The mechanical and electromechanical

properties of inorganic nanotubes were studied using torsional
devices similar to those used previously in the study of the
mechanical and electromechanical properties of CNTs,38,39 WS2
NTs,34 BNNTs,33 and BCNNTs.37 The torsional device is com-
posed of a suspended nanotube that is clamped between two
metallic pads, with an isolated metallic pedal situated on top
of it. A vertical force is applied by AFM tip, which twists the
nanotube (see Figure 1d).

The WS2 NTs torsional devices were fabricated on thermally
oxidized silicon wafers (Si Æ100æ, oxide thickness: 1 μm). Align-
ment marks were created by electron beam lithography, metal
evaporation, and lift-off. INTs were dispersed on the substrate
by dry dispersion61 and then mapped using scanning electron
microscopy (SEM). An appropriate pattern and Au contacts are
laid on the INT by electron beam lithography, followed bymetal
evaporation of Cr (5 nm) and Au (80 nm) and lift-off in acetone.
The Si wafer was then cut, mounted on a chip carrier, and
wire-bonded, followed by characterization of the structural

and electrical properties of the INT-FET. The final step entailed
etching of the oxide under the INT by an HF-buffered
solution, HF/NH4F (1:6), for 7 min in order to suspend the
nanotubes; the HF-buffered solution was successively diluted
into water and then replaced by ethanol and critical point
drying with CO2.

Measurements. AFM imaging and mechanical and electro-
mechanical measurements were performed on a Veeco Multi-
mode/Nanoscope V equippedwith a closed-loop scanner, using
Olympus silicon tips (nominal resonant frequency 70 kHz).
Each measurement was preceded by several calibrations and
initial preparations. The AFM chamber was flushed with dry
N2 flow in order to reduce humidity and thermal fluctuations.
The spring constant of the AFM tip cantilever was acquired
by measuring the cantilever deflection as a function of its
z-position (force�distance measurement) on a hard SiO2 sur-
face as a calibration (see Figure S1) followed by the thermal
tuningmethod. The spring constant of the AFM tips (kc≈ 2N/m)
was roughly on the same order of magnitude as the apparent
spring constant of the nanotube. This compromise between

Figure 5. Extrapolation of the electrical response assuming no contact resistance to (a) torsion and (b) tension.
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the nanotube deformation and AFM signal was done in order to
obtain the most meaningful data.

The electromechanical measurements were preceded by
separate mechanical measurements and electrical measure-
ments in order to extract the mechanical properties and
electrical properties as well as verify that the INTs are intact.
The mechanical properties (see Supporting Information) are
further used as a calibration curve that allowed for the accurate
determination of the lever arm in the electromechanical mea-
surements. The torsional device was located and imaged in
tapping mode AFM. A series of force�distance measurements
were performed in contact mode AFM at different locations
along the pedal, which twisted the INT up to various angles.
During these measurements both the tip and the device were
grounded electrically. These measurements are later fitted
to eq 2 in the Supporting Information according to previous
procedures.33 Each press cycle yielded both the oscillation
amplitude of the cantilever and a force distance measurement
(cantilever deflection). The cantilever deflection plot records
the deformation of the cantilever as it presses on the pedal.
Since the oscillation amplitude of the cantilever is assumed
to be zero while in contact with the pedal, the amplitude plot
is used as a control to verify tip�pedal contact (dashed line in
Figure S1).

Prior to the electromechanical measurements, the device
was connected to the source and drain connections and dc and
ac electrical measurements were performed. The dc measure-
ments were carried out through a Keithley and the ac measure-
ments were performed using the Keithley as a dc bias and a lock-
in amplifier (a Keithley 6517A electrometer and a PerkinElmer
DSP7280 lock-in amplifier, respectively, connected via a sum-
ming amplifier). The electrical bias was composed from a sum
of a dc bias and an ac bias applied by a lock-in amplifier in
order to increase the signal-to-noise ratio. The lock-in amplifier
was interfaced to the AFM and a computer via appropriate data
acquisition cards. The AFM tip was then moved to a selected
location, and then successive force distancemeasurementswere
performed. The electrical datawere fed back to theAFM through
appropriate data acquisition cards such that the electrical
data were recorded and synchronizedwith themechanical data.
The ac frequency, theAFM, and the lock-in acquisition rateswere
chosen to prevent possible interference between the various
feedback loops.37
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WS2 NT synthesis. The growth mechanisms of WS2 nanotubes (NT) can be divided into two: 

outside-in sulfurization (OS) of long suboxide (W18O49) nanowhiskers,1 or a vapor-solid (VS) 

growth of an incipient WS2 NT, where a volatile tungsten oxide phase is continuously sulfurized 

at the tip of the INT by H2S gas.2 The WS2 NTs used here, were synthesized using the commonly 

used outside-in sulfurization method, similar to that used for the INT detailed in the FET 

research,3 were synthesized by Nanomaterials Inc.4 Here WO3-x nanoparticles elongate under 

reducing atmosphere (1%H2/99%N2) to tungsten suboxide nanowhiskers which are subsequently 

converted to WS2 NTs by sulfurizing the needlelike WO3-x precursors.2, 5-7 The INT empty core 

is the result of the difference between the oxide and sulfide densities. 

These mechanisms produce WS2 NTs with distinct structural differences. The VS WS2 NTs are 

perfectly cylindrical, crystalline, open ended, slender (length~2-500 µm, diameter~15−20nm) 

with the most distinctive feature being the thin walls (5−8 layers) and the large hollow core (up 

to 70 vol%). The OS WS2 NTs exhibit diameters of 40-250 nm with numerous shells and are 

almost exclusively capped at one of their ends and in some cases capped on both ends. 
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AFM cantilever response during measurement  

 

Figure S1. a) AFM tip oscillation amplitude and b) Force-distance (cantilever deflection) 
measurements recorded upon pressing on the pedal (right). The contact point is indicated by the 
tapping amplitude reaches zero (dashed line). The tapping mode deflection then increases 
linearly, corresponding to cantilever deformation indicated by the linear slope. The yielding of 
the pedal to the force results in a decreased cantilever deformation and therefore a smaller slope.  

 

Mechanical properties. The mechanical properties of 17 WS2 nanotubes (NT), specifically 

the torsional spring constant κ and the shear modulus G, were obtained from these measurements 

(Table S1). Here the first is the property of the torsional device, the second is an extrinsic 

property of the inorganic NT (INT) and the third is an intrinsic property of the INT torsional 

stiffness. The WS2 NT was twisted by pressing the pedal at a series of points along the long axis 

of the pedal with an atomic force microscope (AFM) tip. Care was taken to maintain low torsion 

angles (< 20°), so as to avoid elastic to plastic transition, which may arise at high torsion angles. 

Additional care was taken by fabricating pedals with dimensions and materials identical to those 
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used in previous studies. These aforementioned pedals were studied in order to rule out possible 

artifacts arising from pedal deformation,8 thus ensuring that the measured properties are those 

pertaining to the WS2 NT itself. 

For each point, K is calculated from eq. 1, where kc is the spring constant of the cantilever, zp is 

the Z-axis piezo extension, and zc is the Z-axis cantilever deflection of the cantilever (see Fig. 

1d).9, 10  

� = ����/��� − ��
                                                                                                                      (1) 

K is plotted against the position (x) along the pedal (see Fig. 1d), and fitted to Eq. 2, a modified 

leverage equation allowing for axis displacement (see Fig. 1d) where x-a is the lever arm , a  is 

the pedal center location and KB is the WS2 NT bending spring constant, the latter two and the 

torsional spring constant κ being left as floating parameters.10 

� = �� − ���/2� + �������                                                                                                      (2) 

Using this method allows for the separation of the lever-arm dependent and independent 

components such as twisting as opposed to bending and slack, respectively.  

The shear modulus G, is calculated using classical elasticity theory for a cylinder under torsion 

(eq. 7) where L is the length of the suspended segments of the WS2 NT, and rin and rout are the 

inner and outer radii of the cylinder, respectively.10, 11  

�� = �������� �! ∙ �������� �! = �#$%,���' ∙ ℎ��'��,���'                                                                   (3) 

) = 	�� ∙  = �#$% ∙ +                                                                                                                    (4) 

�����, = �������� �! + ℎ��'��,���' + ℎ��'��,�-�.�                                                                            (5) 

+ = tan���������, − �������� �! − ℎ��'��,���'
 ⁄ �                                                          (6) 

3 = 2�4/56�7,8�9 − 7��9�:                                                                                                           (7) 
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Here the inner radii is a function of n, the number of mechanically coupled layers twisting 

together,12 and thus a measure of the WS2 NT inter-layer mechanical coupling. At the extreme 

values of n, the INT is treated as a solid rod (Gs) or a single layer INT (Gh). Thus for the first 

case Eq. 7 is reduced to Eq. 8 or to Eq. 9 for the second when using the interlayer spacing for 

WS2, 6.2Å.13  

3! = 2�4/�67,8�9�	                                                                                                                       (8) 

3� = 2�4/�467,8�<=7�	                                                                                                                 (9) 

It is possible to consider the moderate case where it is treated as a hollow-core cylinder where 

the inner radius is taken to be half of the outer.3 However as the fourth power on the radii results 

in a change of 6% only and within experimental error this case does not give any additional 

information. Finally, it is possible to use the shear modulus (Gc≈80GPa) from DFTB 

calculations,14 Young’s modulus measurements and mechanical measurements on WS2 NTs 

synthesized by other techniques  such as VS WS2 NTs.12, 14. In cases where Gs < 80GPa this 

facilitates a reverse estimation of n (Table S1). 

  



                   

 

S6

Table S1. WS2 NT torsional mechanical properties.1 

Device 
Outer 

Diameter 
Length 

Torsional 
spring 

constant 

Effective shear modulus 
Mechanically 
coupled layers Solid rod Single Layer 

# 
d L κ Gs Gh n 

[nm] [nm] [N*m*1015] [GPa] 
 

1 30.7±3.2 330±10 10.3±0.5 39.5±11.9 243.8±55.5 3.9±2.7 

2 34.8±2.2 320±10 27.7±1.4 51.5±6.6 376.9±38.9 6.7±1.6 

3 37±0.9 310±10 32.9±1.5 56.7±5.2 423.3±32.3 7.9±1.4 

4 39.8±0.3 320±10 42.6±1.3 55.3±2.4 443.7±18.7 8.2±0.6 

5 40.2±3.2 260±10 15.4±0.4 12±0.6 103.7±4.7 1.4±0.7 

6 46.7±1.7 420±10 109.8±4.2 99.6±11.2 935.7±83.3 
 

7 48.2±19 320±10 25.2±1.9 4.7±0.4 61.3±4.8 0.8±0.2 

8 49.3±4.8 300±10 43.9±1.7 31.5±2 312.6±17.3 4.7±0.7 

9 49.2±8.9 410±10 64±1.7 24.2±3.3 259.6±27.2 3.7±1.9 

10 53.1±16.7 140±10 146.1±13.7 10±1.5 135.3±17.9 1.8±1.9 

11 55.2±1.5 420±10 254±15 117±11.3 1302.3±108.4 
 

12 58.3±1.3 290±10 92±8.3 23.2±2.7 273.3±29.1 3.9±1.2 

13 59.7±4 320±10 201±6.2 40.8±1.6 519.2±20.1 8.3±0.5 

14 65.9±1.4 390±10 87.4±7.7 18.5±2 245.7±24.8 3.4±1.1 

15 67.8±3.4 430±10 115.8±6.8 23.7±3.8 324.3±41.4 4.6±2.7 

16 89±2.6 400±10 328.3±14.3 22.3±2.2 395.7±32 5.6±2.1 

17 127.1±1.8 470±10 328.5±35 6±0.7 154.8±17.3 2±1.4 

 

 

                                                 
1 L: suspended length. The error for d is the standard deviation of 4 measurements performed 

along the WS2 NT length while the error for L is derived from the AFM topography resolution. 
The error for all other values is derived from the previous errors. Devices 11 and 15 are depicted 
in Fig 1e and 1f, respectively. 
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Figure S2. The effective shear modulus as a function of the nanotube diameter for OS WS2 NTs 

and VS WS2 NTs (circles and triangles, respectively) synthesized by different techniques. The 

effective shear moduli are calculated assuming either negligible or infinite inter-layer coupling, 

i.e. “hollow cylinder” (Gh) and “solid rod” (Gs) cases (hollow and full markers, respectively). 

The expected intra-layer shear modulus calculated by DFTB (Gc) is shown as a reference.12 Inset 

– close-up of the solid rod case values. The horizontal and vertical error bars correspond to the 

standard deviation of the experimental data. 
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Fig. S2 plots the shear moduli data against the OS WS2 NT diameter for the devices measured 

here, the VS WS2 NTs synthesized by a different synthetic technique,12 and the theoretical value 

marked by a dotted line.14 These results show that over the entire diameter range Gh , which is 

calculated using a single layer case, is significantly larger than the theoretical value Gc. This 

indicates that a significant number of layers are twisting together. This observation is in 

agreement with the experimental results for VS-WS2 NTs as well as the theoretical work on VS 

WS2 NTs where it was shown that for small angles all the layers twist together. Additionally, it 

can be seen that for both types of WS2 NTs, experimental Gs values larger than Gc are observed, 

indicating that Gth is possibly underestimated. Finally, the torsional spring constant κ values 

obtained here are up to an order of magnitude higher than BNNT,8  and two orders of magnitude 

larger than CNT, indicating that WS2 NTs possess quite a high torsional stiffness. 

Comparing these results to those obtained for VS WS2 NTs shows a similar trend,12 albeit at 

higher values. Interestingly, a similar effect was observed in the telescopic shear of WS2 NTs 

where nanotubes synthesized by outside-in sulfurization exhibited a larger degree of inter-layer 

mechanical coupling when compared to VS WS2 NTs.15 This is in line with the promising 

performance of WS2 NTs in nanocomposites and further highlights the possible use of the WS2 

NTs in NEMS. 

Electromechanical properties. After the WS2 NTs were characterized mechanically they 

were connected to an AC voltage of 0.1 V with a DC bias of 5V (see section 2.3). However due 

to technical issues only 6 of the 17 devices were available for electromechanical measurements. 

Of these, 5 out of the 6 showed a consistent electromechanical response to torsion (see Fig. S3). 

Two devices were subjected to bending and both showed a consistent electromechanical 
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response. Due to the measuring equipment generating electrical noise the results presented in 

table S2 were obtained by averaging a large number of measurements.  

 

Figure S3. Repeatability of the electromechanical response with over 250 repeat twists of a WS2 

NT. The blue line shows the average value and the black lines denote the standard deviation of 

the average.  

From this data two values are extracted – �>@̅��.8!�',			.�!���
@�A for bending or as 

�>@̅��.8!�',			.�!��� +⁄ 
@�A for torsion where + is the torsion angle in radians. 

�>@̅��.8!�',			.�!���
@�A	 is calculated for the highest overall change, while 
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�>@̅��.8!�',			.�!��� +⁄ 
@�A yields the maximum sensitivity of the signal at a given angle within 

the rise region. 

Table S2. WS2 NT mechanical and electromechanical properties under torsion and\or tension.2 

# 
d Gs Gh B>̅@��.8!�',	.�!���

/+C
@�A

 B>̅@��.8!�',	.�!���
C
@�A

 

[nm] [GPa] [%*rad-1] [%] 

1 30.7±3.2 39.5±11.9 243.8±55.5 
  

2 34.8±2.2 51.5±6.6 376.9±38.9 
  

3 37±0.9 56.7±5.2 423.3±32.3 
  

4 39.8±0.3 55.3±2.4 443.7±18.7 
  

5 40.2±3.2 12±0.6 103.7±4.7 14% 30% 

6 46.7±1.7 99.6±11.2 935.7±83.3 145% 
 

7 48.2±19 4.7±0.4 61.3±4.8 
  

8 49.3±4.8 31.5±2 312.6±17.3 
  

9 49.2±8.9 24.2±3.3 259.6±27.2 3% 
 

10 53.1±16.7 10±1.5 135.3±17.9 
  

11 55.2±1.5 117±11.3 1302.3±108.4 0% 
 

12 58.3±1.3 23.2±2.7 273.3±29.1 
  

13 59.7±4 40.8±1.6 519.2±20.1 
  

14 65.9±1.4 18.5±2 245.7±24.8 
  

15 67.8±3.4 23.7±3.8 324.3±41.4 8% 26.0% 

16 89±2.6 22.3±2.2 395.7±32 47% 
 

17 127.1±1.8 6±0.7 154.8±17.3 
  

                                                 
2 The error for d is the standard deviation of 4 measurements performed along the WS2 NT 

length while the error for all other values is derived from the previous errors. Device 15 was bent 
by pressing on the pedal above the NT center giving a similar behavior to device 5 (the pedal 
curvature in this section does not allow for extraction of the lever length). 
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It is interesting to note that both the number of responsive devices and the electromechanical 

response are quite high, particularly when compared to CNT (30-350% and 23.8%, respectively). 

9, 16, 17  

Density-functional-tight-binding calculations. The density-functional-tight-binding (DFTB) 

method is an approximate density-functional theory method.18, 19. The single-particle Kohn-Sham 

eigenfunctions are expressed as a linear combination of localized atom-centered basis function, 

which are determined by self-consistent density-functional calculations on isolated atoms. The 

effective one-electron potential in the Kohn-Sham Hamiltonian is written as a superposition of 

atomic potentials, and only one- and two-center integrals are calculated to set up the Hamiltonian 

matrix. The calculations of the twisted nanotubes utilized helical boundary conditions20. 

Calculation of the strain – band gap relationships. We start by several assumptions where 

D is the free charge carrier concentration based on the intrinsic semiconductor model, �E is 

boltzmann’s constant , T is the temperature in kelvin, F is strain, G is the uniaxial strain, H  is the 

shear strain, Y is the measured young’s modulus,14 Fz is the vertical force and Acs is the nanotube 

cross section calculated from d and assuming the inner radius is d/2:3 

> ∝ D                                                                                                                                          (10) 

More specifically that: 

> ∝ J ∝ KL	�−MN 2�OP⁄ 
	                                                                                                       (11)  

 As was demonstrated in article we may assume a linear ΔMN − F relation: 

∆MN ∝ SF                                                                                                                                     (12) 

Thus assuming MN alone is affected by F as: 

>̅ = �>.�!��� >T⁄ � = KL	�−MN,.�!��� 2�OP⁄ + MN,T 2�OP⁄ 
 = KL	�− SF 2�OP⁄ �        (13) 

We may then apply Eq. 13 to calculate >�̅.��@���' for three cases where we calculate the 
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contribution from torsion, tension and the combination of both (>�̅.��@���',			�,!.�,�, 

>�̅.��@���',			���.�,� and  >�̅.��@���',			�,!.�,�&���.�,�, respectively). 

>�̅.��@���',			�,!.�,� = exp�− SYH 2�OP⁄ 
                                                                                     (14)            

>�̅.��@���',			���.�,� = exp�−SZG 2�OP⁄ �                                                                                    (15) 

>�̅.��@���',			�,!.�,�&���.�,� = KL	�− �SYH + SZG
 2�OP⁄ 
                                                         (16) 

Where G is calculated as:9 

G = 0.5��� ^_�.⁄ ��/<                                                                                                               (17) 

Using the torque ) and the lever length x-a extracted from the measured data. 

�� = ) ∙ � − ��                                                                                                                        (18) 

A qualitative comparison between >�̅.��@���',			�,!.�,�&���.�,� and >@̅��.8!�' is made by 

normalizing >�̅.��@���',			�,!.�,�&���.�,�  by a ratio A (A=5-10) to put them both on the same scale 

(>̅∗�.��@���',			�,!.�,�&���.�,� =	>�̅.��@���',			�,!.�,�&���.�,� _⁄ ) as in Eq. 19-20.   

_ = �∆>�̅.��@���',			�,!.�,�&���.�,�
@�A �∆>@̅��.8!�'�@�A⁄                                                        (19) 

>̅∗abcdefcag,			chibdhj&cajbdhj = 1 + ∆>a̅bcdefcag,			chibdhj&cajbdhj _⁄                                         (20) 
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Estimation of resistive elements in the WS2 NTs torsional device setup. The electrical 

model for the device may be described as in Fig. S4: 

 
 
 
 
 
 
 
 
 
 
 

Figure S4. Schematic rendering of the separate resistive elements in the setup used for 

electromechanical measurements. a) Electromechanical measurement scheme. b) Electrical 

diagram of the resistive elements in the circuit.  

① - Contact resistance of untwisted WS2 NT under the Cr\Au source electrode and the Cr\Au source electrode.  

② - Resistance of untwisted WS2 NT under the contact. 

③ - Resistance between twisted and untwisted WS2 NT sections. 

④ - Resistance of twisted WS2 NT section. 

⑤ - Resistance between untwisted and twisted WS2 NT sections. 

⑥ - Contact resistance of untwisted WS2 NT under the Cr\Au pedal and the Cr\Au pedal. 

⑦ - Cr\Au pedal resistance. 

⑧-⑭: Mirrored elements of - ⑥-①. 
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Assuming that: 

1. Twisting the INT produces a symmetric effect with respect to the twist direction. Thus the 

right-hand side resistors are equal to those on the left-hand side. 

2. Previous 4-probe measurements are applicable here:3    

2.1. ⑥+⑦+⑧ >>⑨ 

2.2. ① >>②+[(⑥+⑦+⑧)-1+⑨]-1 

3. The slight differences in Eg (~10 meV) would not cause significant scattering. Thus, ③, 

⑤→0. 

Contact resistance and conductivity estimations. Thus, the contact resistance would remain 

as the dominant resistive element which is independent of +. Furthermore, we then may assume 

that the discrepancy between the estimated and measured values is predominantly due to contact 

resistance (① or Rc) and calculate Rc based on this assumption. 

Using Eq. 21 and 22 for the measured overall device resistance for the relaxed and twisted 

WS2 NT cases (vT and vw, respectively) may be expressed as: 

vT = 2�v� + v�+ = 0�xyz	$%
                                                                                                  (21) 

vw = 2�v� + v�+�xyz	$%
											                                                                                               (22) 

We may express the measured relative conductance >@̅��.8!�' as: 

>	̅@��.8!�' = vw�� vT��⁄ = �v� + v�+ = 0�xyz	$%
 �v� + v�+�xyz	$%
{                              (23) 

The estimated relative conductance >�̅.��@���',			�,!.�,�&���.�,� assumes v� = 0 and thus: 

>�̅.��@���',			�,!.�,�&���.�,� = v�+ = 0�xyz	$% v�+�xyz	$%⁄                                                       (24) 

Finally, we may extract the contact resistance from: 

2v� = vT �>	̅|}~���}�
�� − >}̅���|~�}�,			�������&�}�����

��� �1 − >}̅���|~�}�,			�������&�}�����
���{                (25) 
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Table S3. WS2 NT measured and estimated electromechanical properties.3 

# Deformation >}̅���|~�}�,			�������&�}����� 
vT >	̅|}~���}� 

v� v� vxyz	$%⁄  

[MΩ] [MΩ] 

5 
Twisting 1.65 

800 
1.08 320 7 

Bending 3.00 1.30 260 6 

6 Twisting 3.00 150 1.25 53 7 

9 Twisting 1.40 0.18 1.01 0.088 65 

15 
Twisting 1.60 

417 
1.05 180 11 

Bending -- 1.26 -- -- 

16 Twisting 3.00 1.5 1.03 0.72 64 

 

  

                                                 
3 Device 15 was bent by pressing on the pedal above the NT center giving a similar behavior to 

device 5 (the pedal curvature in this section does not allow for extraction of the lever length). 
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Electromechanical response extrapolation 

 The extrapolated electromechanical response presented here is divided into the 

extrapolated electrical response to torsion and the extrapolated electrical response to tension. The 

extrapolation of the electrical response to tension is done by taking values of σ applied to VS 

WS2 NTs without any damage.12 The extrapolation of the electrical response to tension is done 

by taking values of + applied to OS WS2 NTs in this work without any damage and 

extrapolating them to WS2 NTs of larger diameters used in the FET research.3 It should be noted 

that >�̅.��@���',			�,!.�,� and >�̅.��@���',			���.�,� are not directly comparable in terms of strain 

values. For the sake of completion,  >�̅.��@���',			�,!.�,� as a function of the uniaxial strain (see Eq. 

33 and the inset in Fig. S6a) shows a similar response to that of  >�̅.��@���',			���.�,�. 

G = 	��H ∙ 4�� + 4� 4⁄                                                                                                                 (26) 

 

Figure S5. Extrapolation of the electrical response assuming no contact resistance to a) torsion 

and b) tension. The inset of a) shows  >�̅.��@���',			�,!.�,�as a function of the shear strain converted 

to uniaxial strain using Eq. 26 for the sake of comparison with b). 
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