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D
eformation describes the distortion
of an object from applied forces,
which can result in stretching, com-

pressing, shearing, twisting, vibration, torsion,
and bending. Sensing these deformations is
important to monitor the complex motion
and position of objects, such as human mo-
tion. The most well-known deformation sen-
sor is the strain gauge that operates by
registering changes in electrical properties,
e.g., resistance,when subjected to strain. From
this basic sensor, acceleration, pressure, ten-
sion, and strain can be monitored on an
object, and these gauges have been used in
cars, airplanes, building, and bridges.
Torsion is strain about an axis and repre-

sents a significantlymore complex deforma-
tion than linear strain. Torsion is commonly
observed in the motion of natural muscles,
robotics, and even torsional carbon nanotube
artificial muscles.1 In contrast to linear strain,
the surface of a torsionally strained object
undergoes both linear and rotational strain;
hence, the object experiences shearing at the
surface. The complexity of this strain has
limited the development of simple torsion-
sensing materials, and existing sensors are
built on complicated systems using optical
fiber devices with Bragg gratings (FBG)2,3

and corrugated long-period fiber gratings
(LPFG).4�6 For example, for the FBG torsion

sensor, when the optical fiber is torsionally
strained, the strain components induce strain
along the fiber axis and therefore a shift in
Braggwavelengthwithin the FBG. The amount
of torsion is then determined by detecting the
shift in the Bragg wavelength.2,3

Recently, the emerging new paradigms
for electronics with the attributes of flex-
ibility and stretchability to realize soft and
human-friendly devices have driven the
development of new stretchable and conduc-
tive materials. Apt examples include polymer
composites with conductive fillers7�9 and ex-
tremely thin metal films on stretchable poly-
mer substrates.10 Stretchable, yet conductive,
materials offer an opportunity tomeasure the
strain-dependent change in electronic perfor-
mance to monitor deformation. Such new
materials with superior tolerances against
high levels of strain might serve as sensors
with more robust properties and wider dy-
namic sensing ranges than, for example, a
conventional strain gauge consisting of un-
stretchable metal thin films. For example, it
was found that aligned single-walled carbon
nanotube (SWCNT) thin films could deform
when stretched in a manner similar to the
structural deformationof peeled string cheese
and thus withstand strains up to 280%,11 a
value markedly higher than the 5% limit of
conventional metal strain gauges described
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ABSTRACT A rational torsion sensing material was fabricated by wrapping aligned single-

walled carbon nanotube (SWCNT) thin films onto the surface of a rod with a predetermined and

fixed wrapping angle without destroying the internal network of the SWCNTs within the film.

When applied as a torsion sensor, torsion could be measured up to 400 rad/meter, that is, more

than 4 times higher than conventional optical fiber torsion sensors, by monitoring increases in

resistance due to fracturing of the aligned SWCNT thin films.
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above. A strain sensor assembled from this SWCNT thin
filmmeasured strain with high durability (10 000 cycles
at 150% strain), fast response (delay time: 14 ms), and
low creep (3.0% at 100% strain). Moreover, the strain
sensor could precisely monitor rapid, large-scale hu-
man motion by embedding the strain sensors into
clothing to detect movement, typing, breathing, and
phonation (speech).11

In this article, a rational rod torsion-sensing material
was demonstrated that could be used as a sensor to
measure torsion (400 rad/meter) more than 4 times
higher than conventional optical fiber torsion sensors6

by monitoring increases in resistance due to fracturing
of an aligned SWCNT thin film wrapped around a rod.
The exceptionally large torsion tolerance of the torsion
sensor originated from the large stain tolerance (up to
280%) of the SWCNT thin film11 that was wrapped
around the rod with a predetermined angle to opti-
mally align the principle axis of the SWCNT film with
the direction of the torsional strain.

RESULTS AND DISCUSSION

Representative resistivity�torsion data recorded for
the sensor in Figure 1d showed a linear increase up to
50 rad/meter and a monotonic and continuous

increase up to 400 rad/meter. In other torsion sensors
(Figure 1d), a linear increase of resistance up to
200 rad/meter is observed, pointing to the possibility
to even further increase the range of linearity by struc-
tural optimization This monotonic increase in resistiv-
ity with torsion demonstrated the potential use of this
device as a gauge to measure large torsion much
higher than the 30 rad/meter limit of LPFG5 and the
100 rad/meter limit of rotary-LPFG.6 When torsion was
applied in the opposite direction, the resistivity de-
creased (Figure 1e), demonstrating the ability to dis-
criminate between left- and right-handed twists.
However, the resistivity�torsion behavior for left-
handed torsional strain was less sensitive and less
linear. When the torsion level exceeded 100 rad/meter,
the torsion sensor failed from buckling and lifting of
the SWCNT thin film. In the opposite direction, buckling
and lifting occurred much more easily, resulting in
nonlinear behavior of electrical resistance with a small
torsion level. The inability to measure bidirectional
torsion is one of weaknesses of this current torsion
sensor. One possible approach to overcome this issue
is to wind SWCNT thin films on a prestrained PDMS rod.
Our SWCNT torsion sensor exhibited reasonable

durability. Fatigue testing of the sensor for 1000 torsion

Figure 1. (a) Process steps in fabricating the SWCNT film torsion-sensing material and array of thin SWCNT films grown. One
film was picked up and laid down on the substrate densfied by solution and dried. (b) Photograph of the SWCNT film torsion-
sensingmaterial. Inset: Opticalmicroscope image of the SWCNTfilmon the elastomeric rod. (c) Scanning electronmicroscope
(SEM) image of the SWCNT film on the elastomeric rod. (d) Relative change in resistance versus torsion rate. Inset: Image of
SWCNT film torsion sensor and photograph of the SWCNT film torsion sensor at a torsion level of 250 rad/meter. (e) Relative
change in resistance versus torsion level repeated for 1000 torsion cycles of (100 rad/meter.
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cycles of (100 rad/meter showed that the electrical
response remained fairly unchanged (Figure 1e).
Intrinsically our torsion sensor could bear torsion

much higher than 400 rad/meter, as demonstrated by
the resistivity�torsion data shown up to 950 rad/meter

(Figure 2a). First, the ability to record resistivity data
throughout this torsion range meant that the SWCNT
film sensing material could withstand this high level
of torsion without being ruptured. Second, beyond
400 rad/meter, in general, the resistance followed the

Figure 2. (a) Relative change in resistance versus torsion level up to 950 rad/meter. (b�d) Photographs of the SWCNT film
torsion sensor at torsion levels of 500, 660, and 910 rad/meter, respectively.

Figure 3. (a�c) Low-resolution SEM images of the SWCNT film at 0 (a), 165 (b), and 330 (c) rad/meter torsionwith 45�winding
angle. Inset of (a) and (c): Optical microscope image of the SWCNT film at 0 (a) and 330 (c) rad/meter twist. (d�f) High-
resolution SEM images of the SWCNT film at 0 (d), 165 (e), and 330 (f) rad/meter torsion with 45� winding angle. (g) Average
island width (solid blue circle), gap (solid red circle), and buckling size (solid green circle) versus torsion level and strain for
initial loading of the torsion sensor with 45� winding angle. Open blue and red circles indicate island width and gap size,
respectively, for the linear CNT strain sensor at ∼25% strain. (h) SEM image of the fracturing of the SWCNT film of the linear
strain sensor at 25% strain.
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increasing trend with torsion; however, local variations
arose. Pictures of the torsion sensor at different torsion
levels showed various levels of rod buckling due to stress
concentration on the polymeric rod (Figure 2b�d). It is
interpreted that this nonuniform buckling led to nonuni-
form strain on the film surface and therefore to the local
variations in the measured resistance. Hence, this limited
the sensing range of the device. This meant that the
device measurement range was governed by the elasto-
meric properties of the rod rather than the SWCNT thin
film, and thus further improvement couldbe expectedby
tailoring the material and radius of the rod to prevent
strain-induced buckling.
To understand the underlying mechanism of the

torsion-sensing material, the structural change in the
SWCNT film was examined under different levels of
torsion. Initial application of torsion resulted in fractur-
ing throughout the SWCNT film, which created islands,
gaps, and surface buckling of the SWCNT film surface.
Upon further torsion, the width of the gaps and surface
buckling increased (Figure 3a�f). Importantly, sus-
pended SWCNT bundles bridging the gaps (an appear-
ance similar to peeled string cheese) were created and
prevented complete film rupture. Film fracture led to
an increase in resistance, explaining the observed
linear resistivity behavior. SWCNT bundles bridging
the gaps are the unique feature of the aligned SWCNT
film that allowed exceptional torsion tolerance. Lateral
interconnections between the SWCNTs were essential
to create the suspended bundles, and millimeter-scale
SWCNTs produced durable and elongated bundles span-
ning wide gaps. The islands, in contrast, acted as anchors
to prevent film detachment from the rod substrate.
Furthermore, in the direction parallel to the principle axis,
surface shear forces induced extensive film buckling
(Figure 3f) that increased with torsion level.
The observed fracturing greatly differed from the

same aligned SWCNT film when applied as a linear
strain sensor, i.e., when stretched linearly along the
principle axis.11 Although, the fundamental features of
fracturing, i.e., islands, gaps, and bridges, and surface-
buckling were observed for both sensors, the repre-
sentative scale of each feature and the response to the
deformation were different. In general, when acting as
a torsion sensor, the SWCNT film fractured into much
larger segments, as demonstrated by the 4, 7, and
15 times larger width of the gaps, islands, and level of
SWCNT buckling compared to that of the linear SWCNT
strain sensors. The difference lies in the fracturing
properties when additional strain (torsion) was applied.
Further, unlike the linear strain sensors, where strain in
the SWCNT film resulted in island fragmentation into
smaller islands and increased gap separation (Figure 3g),
strain in the SWCNT film for torsion sensor was observed
by SWCNT film buckling and increased gap separation.
The SWCNT film buckling was the particularly promi-
nent difference for the torsion sensor, as it was not

observed for the linear SWCNT strain sensor (Figure 3h).
It is interpreted that, once this buckling occurred, it
prevented the film from fracturing into smaller seg-
ments. When torsion was applied, the SWCNT film
experienced not only normal strain along the principal
axis but also shear strain in the perpendicular direction.
It is interpreted that this shear strain induced the
extensive buckling and meant that the shearing forces
were destructive to the SWCNT torsion sensor. It should
alsobenoted that the sensingmechanismof the torsion
sensor provides selectivity against bending. This is
because torsion acts on the entire SWCNT thin film,
while bending acts locally on a section of the SWCNT
thin film, thus giving a relatively small change in the
resistivity.

Figure 4. (a) Photograph of the SWCNT film torsion-sensing
material with 30�, 45�, and 60� winding angles. (b) Relative
changes in resistance versus torsion level for the SWCNTfilm
torsion sensors with 30� (green), 45� (blue), and 60� (red)
winding angles. Inset: Relative changes in resistance versus
100 to�100 rad/meter torsion cycles for the torsion sensor
with 0� winding angle. (c) Schematic of the torsion sensor
strain. (d) Normal and shear strain vectors invoked by
the torsional action (purple and light green dotted half
circle lines show 100 and 200 rad/meter torsion level,
respectively) and with respect to 30� (green vector), 45�
(blue vector), and 60� (red vector) winding angle.
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The winding angle of the SWCNT film of the rod was
an important parameter that governed the ratio be-
tween normal and shear strain when torsion was
applied. The importance of the winding angle was
readily demonstrated by the failure of a SWCNT film
with 0 winding angle (along the principle axis) to
gauge the torsion because the resistivity showed a
chaotic change of resistance with increased torsion in
contrast to a monotonic increase (Figure 4b, inset).
Therefore, the effect of winding angle on the perfor-
mance of the torsion sensors was investigated by
fabricating three torsion sensors with different SWCNT
film winding angles (30�, 45�, and 60�) (Figure 4a) and
torsion-resistance behavior (Figure 4b). As shown in
Figure 4b, the increase in sensitivity (gauge factor) of
the torsion sensor as well as the 225% linear increase
with the winding angle demonstrated the preference
of larger winding angles. A schematic of the torsion
sensor is presented to illustrate the normal and shear
strain vectors acting on SWCNT films, with respect to
the principal axis, wrapped on a rod with predeter-
mined winding angles at different torsional strain
(Figure 4c). Normal/shear strain is defined as the
component parallel/perpendicular to the principal axis.
It is important to note that the magnitude of the
normal strain vector determined the sensitivity of the
torsion sensor, while that of the (destructive) shear
vector governed the torsion tolerance. A two-dimen-
sional map was constructed from the schematic to
show the dependence of the magnitudes of the strain
versus torsion vectors on the torsion level and winding
angle (Figure 4d). The map showed that the shear
strain decreased with increasing winding angle; thus a
larger winding angle was preferred to minimize the
destructive shear strain, in agreement with experimen-
tal observation. However, above 45�, the normal strain
also decreased with increasing winding angle, which
resulted in a decrease in sensitivity of the torsion
sensor. It should be noted that this is in agreement
with standard solid mechanics theory for the surface

stress distribution on a solid rod from torsionwhere the
maximum shear stress occurs at 45�with respect to the
long axis. As such, the winding angle must be chosen
to balance sensitivity (large normal strain vector) and
torsion tolerance (small shear strain vector). Our ex-
perimental results found a winding angle of 60� to be
optimal, as the sensitivity (proportional to the magni-
tude of the normal strain vector) was similar to that at
30� and 87% smaller than that at 45�, while the torsion
tolerance (proportional to the magnitude of the shear
strain vector) was one-third of that at 30�.

SUMMARY

In conclusion, a torsion-sensing material composed
of an aligned SWCNT thin film embedded on the
surface of an elastomeric φ 3 mm rod that could be
applied as a sensor tomeasure a very large torsion level
of 400 rad/meter, 4 times higher than conventional
optical fiber sensors, was demonstrated.2�6 The tor-
sion sensor has several advantages over conventional
torsion sensors that use optical fibers. The device was
simpler and could be made very small, and thus the
sensor could be easily surface mounted or directly
embedded in many components subjected to tor-
sional motion. The aligned SWCNT films as used in this
research have also shown low creep and fast response
on the order of milliseconds.11 In principle, any form of
aligned CNTs would likely be useable as a strain and
torsion sensor; thereforemultiwalledCNT (MWCNT) arrays
drawn from aMWCNT forest might also be used, giving a
simple route for mass production of these sensors.16,17

Furthermore, the aligned SWCNTfilmdemonstratedgood
signal-to-noise selectivity against environmental effects,
such as temperature and humidity, through coating with
polydimethylsiloxane (PDMS) without losing the ability to
monitor strain. These features make our torsion sensor a
promising tool to monitor motions and deformations of
human, robots, and emerging new stretchable devices for
applications in a wide range of fields, such as recreation,
virtual reality, and health care.

EXPERIMENTAL METHOD
The key process in fabricating the torsion-sensing material

was to wrap the aligned SWCNT thin film onto the surface of a
rod with a predetermined and fixed wrapping angle without
destroying the internal network of the SWCNTs within the film.
This difficulty was magnified by the need to assemble the film
onto a rod with a 10 cm length, while simultaneously account-
ing for the fragile film (thickness: 400 nm). To overcome these
difficulties, first aligned SWCNT thin films were assembled onto
a flat Teflon substrate and then simply rolling an elastomeric rod
across the Teflon substrate at a predefined angle (Figure 1). The
relatively weak adhesion force between the Teflon substrate
and SWCNT film compared to that among the SWCNTs within
the film and to that between the elastomeric rod and SWCNT
film allowed efficient transfer of the entire SWCNT film onto the
elastomeric rod with no residual SWCNTs remaining on
the surface and minimal structural distortion to the thin film.

SEM observation showed no significant damage to the SWCNT
films from the transfer process. In general, transferring of SWCNT
thin films without incurring structural damage is made fairly easy
because of the mechanical cohesion within the SWCNT film
stemming from the intertwining among the long SWCNTs. It is
surmised that this is because the SWCNT thin film is a macro-
scopic assembly of very long and intertwined SWCNTs held
together by their imperfect alignment. This intertwining pro-
vides a mechanical cohesion in the SWCNT thin films, making it
easy to transfer while retaining the internal structure.
Figure 1a schematically illustrates the processes in fabricating

the SWCNT film torsion-sensing material. Vertically aligned and
very sparse (3�4% occupancy) SWCNT thin films (height, 1 mm;
width, 6 mm; length, 16 mm) were first grown from lithogra-
phically patterned catalysts using water-assisted chemical va-
por deposition.12 Films were individually removed and laid side
by side, with a 1 mm overlap,11 onto a flat Teflon substrate with
the alignment of the SWCNTs arranged perpendicular to the
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principal axis. For each iteration, the film was wet with a droplet
of isopropyl alcohol, which flattened the film (thickness:
400 nm) to the substrate in a manner similar to deflating an
airmattress. This allowed the SWCNTs to be packed into a highly
dense solid form (density, ∼0.46 g/cm3; occupancy, ∼42%;
SWCNT spacing, ∼1.3 nm).13,14 An elastomeric (PDMS) φ 3 mm
rod was slowly rolled across the Teflon substrate along a
predetermined direction relative to the principal axis of the
SWCNT film. In this way, the SWCNT film was transferred to the
elastomeric rod (Figure 1b and c). Finally, to fabricate the sensor,
two electrodes were attached at both ends of the rod with
either silver paste or a SWCNT conductive rubber paste.11,15
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