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ABSTRACT The increasing demand for wearable electronic devices has made

the development of highly elastic strain sensors that can monitor various physical
parameters an essential factor for realizing next generation electronics. Here, we ésoo 2
report an ultrahigh stretchable and wearable device fabricated from dry-spun 2250 1
carbon nanotube (CNT) fibers. Stretching the highly oriented CNT fibers grown on a
flexible substrate (Ecoflex) induces a constant decrease in the conductive pathways
and contact areas between nanotubes depending on the stretching distance; this
enables CNT fibers to behave as highly sensitive strain sensors. Owing to its unique
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structure and mechanism, this device can be stretched by over 900% while
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retaining high sensitivity, responsiveness, and durability. Furthermore, the device with biaxially oriented CNT fiber arrays shows independent cross-

sensitivity, which facilitates simultaneous measurement of strains along multiple axes. We demonstrated potential applications of the proposed device,

such as strain gauge, single and multiaxial detecting motion sensors. These devices can be incorporated into various motion detecting systems where their

applications are limited to their strain.
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he demand for smart devices has

risen exponentially in recent years.

Flexibility and elasticity need to be
essential features of the next generation of
wearable electronics.'® There are signifi-
cant efforts underway to develop highly
elastic strain sensors that can monitor phy-
sical activity, health-related parameters
such as breathing, the healing of wounds,
and other user-related variables®~'" Var-
ious attempts have been made to produce
such highly elastic sensors. Nanoscale metal
films,'? metal films on flexible substrates,'®
and metal—polymer composite structures'
have been investigated for use in such
sensors; however, the semiconductor mate-
rials used in these devices are brittle and
allow only small strains. Recent research on
strain sensors has focused on the use of
nanoscale carbon materials to circumvent
the problems associated with brittle silicon
materials.">~'® Nanoscale carbon materials
can be used as strain-sensing materials
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either individually®®*' or as conductive

fillers in soft polymers.**?> Among these
materials, carbon nanotubes (CNTs), which
have a quasi-one-dimensional structure,
have attracted considerable attention.
Because of their unique sp>-bonded honey-
comb lattice and one-dimensional struc-
ture, carbon nanotubes have superior me-
chanical and electrical properties.>** The
ability to form conductive networks of CNTs
offers the possibility of fabricating highly
elastic strain sensors>2® in which the one-
dimensional structure of CNTs can be
exploited for detecting large strains. How-
ever, such sensors would exhibit low repeat-
ability under cyclic service conditions®®
and poor stability with respect to electrical
resistance, owing to current breakdown.?”8
In this paper, we describe a highly elastic
strain sensor based on CNT fibers fabricated
by the dry-spinning process, which can pro-
duce CNTs with a one-dimensional structure.
Placing highly oriented CNT fiber arrays on
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an elastic substrate resulted in a uniform stress dis-
tribution over the entire device when it was stretched.
The fabricated strain sensor exhibited a remarkably
high tolerance to tensile strains (greater than 900%)
along the CNT longitudinal axis, as well as high sensi-
tivity, a fast response time, and high durability. Further,
the axial elasticity of the sensor allowed it to simulta-
neously sense strains along multiple axes.

RESULTS AND DISCUSSIONS

Figure 1a illustrates the process for fabricating the
CNT-fiber-based strain sensor. The CNT fibers were
produced using the dry-spinning process, which can
be used to create highly oriented CNT arrays.?*>° The
CNT fibers were spun directly from vertically aligned
CNT arrays. These vertically aligned CNT arrays were
grown by chemical vapor deposition using an Fe
catalyst immobilized on a Si substrate. Figure 1b shows
a photograph and SEM images of 250-um- high CNT
arrays interacting with neighboring CNTs. Owing to
these van der Waals interactions, continuous fibers
could be spun directly from the vertically aligned
arrays. The density of the CNT fibers was calculated
to be 0.298 g/cm? in the case of triple-walled CNTs
(Supporting Information Figure S1). The aligned fibers
were attached directly to an elastic substrate called
Ecoflex (Figure 1c). Ecoflex is a platinum-catalyzed,
highly elastic silicone material that can withstand
strains greater than 900%. Dry-spun CNT fibers alone
cannot tolerate strains greater than approximately 8%
because of necking and stress concentration around
the defects in the fibers.>° However, using a flexible
substrate for support ensures that the strain is distrib-
uted uniformly across the fibers, reducing necking and
stress concentration. As a result, CNT fibers on an
elastic substrate can be stretched to the strain limit
of the substrate without the CNT fibers breaking. It can
be observed from Figure 1c that the CNT-fiber strain
sensor could be stretched to a strain of 900%.

Figure 1d shows the strain versus the relative change
in the resistance, (R/Ry) — 1, where Ry is the initial
resistance of the strain sensor and R is its resistance
when stretched; the values corresponding to drawn
CNT fibers (black), CNT fibers on Ecoflex (red), and CNT
fibers on prestrained Ecoflex (blue) are shown. In
contrast to the case of the drawn CNT fibers (initial
conductivity of 8.12 Q-cm), which failed at a strain of
approximately 8%, a monotonic linear increase in
resistance was observed—along two different gauge
factors (GF)—in the case of the Ecoflex-supported
CNT-fiber-based strain sensor (initial conductivity of
0.917 k€2-cm). The GF is a measure of the sensitivity of
the strain sensor and is defined as follows: GF = (dR/R)/
(dL/L), where R is the resistance and L is the length of
the strain sensor. For strains of 0% to 200%, the relative
change in the resistance of the Ecoflex-supported CNT-
fiber-based strain sensor increased by a factor of 1.13
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(GF:0.56). From strains of 200% to 440%, at which point
the sensor failed, the relative change in the resistance
increased by a factor of 106 (GF: 47). The value of the
gauge factor for strains greater than 200% was ap-
proximately 100 times greater than that for strains
lower than 200%. This difference in the gauge factor
reveals that there are two different mechanisms affect-
ing the resistance under deformation, as shown in
Figure 1e. The irreversible sliding of the CNTs causes
pull out and subsequent buckling (Supporting Infor-
mation Figure S2), resulting in local disconnections
between the CNT bundles. At low strains, a regime
we named the “sliding phase,” local disconnections
were not observed; however, for strains greater than
200%, a regime we named the “disconnecting phase,”
local disconnections occurred between the CNT
bundles.

Introducing a preliminary strain in the elastic sub-
strate is a known approach for improving the elasticity
of films transferred onto the substrate.>'? This ap-
proach decreases the intrinsic strain on the structures
in the device and improves the elastic performance of
the device.3*3* CNT fibers were attached to the Ecoflex
substrate while it was subjected to initial strains of up
to 100%. Releasing the tension in the Ecoflex substrate
allowed it to contract to its initial length, causing an
increase in the elasticity of the CNT arrays. The CNT
devices fabricated using prestrained substrates (initial
conductivity of 0.389 kQ-cm) were able to function at
strains of up to 960% (Figure 1d, blue line). For strains
of 0% to 400% and 400% to 960%, the relative changes
in the resistance increased from 0 to 2.14 (GF: 0.54) and
2.14 to 358 (GF: 64), respectively. Compared to the
unstretched-substrate device (red line), the strain
range of the sliding-phase device and that of the
disconnecting-phase device was more than twice as
large. It can be observed from the SEM images in
Figure 1f that local disconnections appeared in the
structure for strains greater than 400% (Supporting
Information Figure S3). A decrease in the intrinsic strain
produced a more uniform strain in the CNT fibers,
which prevented local disconnections in the fibers
and subsequently increased the elasticity of the device.

The schematic in Figure 1g explains the mechanism
underlying the change in the resistance for the two
ranges of stretching. In contrast to the electrical resis-
tance of individual CNTs, the contact resistance be-
tween CNTs is so large that the resistance of the device
depends on the effective contact area between the
individual CNTs. According to the tunneling model, the
initial resistance of a CNT fiber (R) can be determined
using the following expression: R = (87hL/3A>XdN)e*?,
where X = 47(2m®)""?/h, d is the tunneling distance,
his Planck's constant, L is the number of CNTs forming a
single conducting path, N is the number of conducting
paths, A% is the effective cross-sectional area, and @ is
the height of the potential barrier between adjacent
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Figure 1. Extremely elastic CNT-fiber-based strain sensor. (a) lllustration of the fabrication process. The dry-spun CNT fibers
attach directly to the elastic Ecoflex substrate. (b) Photograph of the dry-spinning process and SEM images of the fibers:
vertically aligned CNT arrays obtained using the dry-spinning process (upper inset) and dry-spun CNT fibers (lower inset).
(c) Photographs of the strain sensor being stretched parallel to the direction of orientation of the CNT fibers. The structure of
the CNT fibers remains intact up to a strain of 900%. (d) Relative change in resistance versus strain for unsupported CNT fibers
(black), CNT fibers on an unstrained Ecoflex substrate (red), and CNT fibers on an Ecoflex substrate prestrained by 100% (blue);
the strain ranged from 0% to 450% strain (inset). (€) SEM images of CNT fibers on an Ecoflex substrate for various strains.
(f) SEM images of CNT fibers on an Ecoflex substrate prestrained by 100% for various strains. The arrows indicate the direction
of the strain. (g) Schematic showing the morphology of a CNT fiber under strain.

CNTs.3 In the initial sliding phase, the increase in the sliding CNTs. Although the degree of contact between
resistance is caused by a decrease in the contact area the wavy CNTs is low, the use of the elastic Ecoflex
(i.e., the effective cross-sectional area, A%) between the substrate decreases the effective cross-sectional area
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Figure 2. Sensitivity, stability, and durability of the CNT-fibers-based strain sensor (substrate prestrained by 100%).
(a) Relative change in resistance (black) versus time for cycling at 1.5 Hz and strains between 3% and 9% (blue). (b) Relative
change in resistance versus time for increases in the strain from 0% to 200% (black), 400% (red), and 800% (blue). Relative
change in resistance versus strain for 10 (black), 1000 (red), 1000 (blue), and 10000 cycles (green) for increases in the strain
from 0% to (c) 300% and (d) illustration and SEM image of CNT fibers after 10000 cycles.

between the CNTs in proportion to the applied strain.
When the device is stretched beyond the sliding limit,
the CNTs begin to disconnect. Because of the stress
concentration and variations in the frictional force, a
few CNTs get disconnected, while the rest of the CNTs
remain in the sliding phase. The distances between the
disconnected CNT bundles increase, decreasing the
number of conductive paths (N) and increasing the
number of CNTs forming a conductive path (L). Con-
sequently, in the disconnecting phase, the effects of
sliding and the disconnecting of the CNTs combine,
resulting in an increase in the GF value. The micro-
structure of the synthesized CNTs (thickness, number
of walls, and chirality, among others) as well as the
dimensions of the CNT fibers (diameter, density, and
number of defect sites) influence the sensitivity and
transition phase of the sensor. Longer CNTs may
increase the transition charge at the higher strain.
Further, the GF will be affected by the density and
alignment of the CNT fibers, as these parameters
determine the contact area and the number of con-
tacts. Dry spinning allows for the synthesis of highly
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oriented CNT array structures; however, it requires that
there be optimized interactions between the CNTs. The
CNTs used in the present study were limited in their
microstructural properties (thickness, length, and
number of walls, among others). These issues will be
examined in future studies.

The fabricated devices exhibited fast responses,
good stability, and high durability. The responses of
the strain sensors were measured by applying a cyclic
load with a position-recorded actuator (Instron 8848);
the relative change in the resistance with respect to
time is shown in Figure 2a. To avoid a delay between
the detectors, the electrical signal was received
using the same detector. The delay in the strain sensor,
which was determined from the sinusoidal signal,
was 10 ms when the strain was increasing and 12 ms
when the strain was decreasing. These results indicate
that the CNT arrays could respond almost immediately
to external strains. The strain sensor was stretched
and maintained at strains of 200%, 400%, and 800%
(Figure 2b); the stretched sensor showed overshoots of
only 1.0%, 1.2%, and 2.2%, respectively; the resistance
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remained stable and the recovery time was 12 ms. The
sensor was subjected to numerous loading—unloading
cycles, and exhibited stable properties for up to 10 000
cycles. From strains of 0% to 300% in the sliding phase,
the sensitivity of the strain sensor stabilized with a GF
of 0.26 at the 10th cycle and remained at 93% (0.24)
after 10000 cycles (Figure 2c). Figure 2d shows SEM
images obtained after 10 000 cycles during the sliding
phase; it can be observed that the alignment of most of
the CNT bundles was retained even after the loading/
unloading cycles. The initial orientation of the micro-
scale structure was maintained. The GF decreased
further in the disconnecting phase (42%) after 10 000
cycles (Supporting Information Figure S4). A corre-
sponding decrease in the sensitivity occurred owing
to structural deformation (Supporting Information
Figure S5). This decrease in the sensitivity is primarily
due to an increase in the initial resistance (Supporting
Information Figure S6). Although the decrease in the
sensitivity in the disconnecting phase is greater than
that in the sliding phase, the initial conductivity of this
device remained at 26.891 kQ-cm, while the GF value
remained at 22 after 10 000 cycles. Thus, the device has
high potential as a sensor at extremely high strains. In
future studies, we aim to minimize the degradation in
the cyclic performance of the sensor by preventing the
deformation of the CNT arrays. This extremely elastic
strain sensor may be used as an ordinary strain gauge
(see Supporting Information Figure S7) or in applica-
tions and devices requiring high elasticity such as
artificial skin and wearable electronic devices.?>>®
Figure 3 illustrates some of the possible applications.
By attaching these sensors to a pair of tights using
Ecoflex glue, we could measure the complex motion of
human joints. The motions of the knee and hamstring
could be measured simultaneously during the basic
act of jumping (Figure 3a). In the initial squatting
position, the knee was flexed, causing the knee sensor
to stretch and its relative resistance to increase, and the
hamstring muscles contracted, causing the hamstring
sensor to contract and its resistance to decrease. When
the wearer jumped, with the jump lasting from the
400 ms point to the 800 ms point, the knee extended,
causing the knee sensor to contract and its relative
resistance to decrease, while the hamstring muscle
lengthened, causing the hamstring sensor to stretch
and its relative resistance to increase. When the wear-
er's feet touched the ground, the knee joint flexed and
the hamstring muscles contracted for a short period
(from 800 to 1200 ms) to absorb the impact, and
the wearer returned to the initial squatting position.
Figure 3b demonstrates the potential of the wearable
strain sensor for detecting motion as well as the move-
ment of the fingers. We fabricated elastic motion
sensors by attaching CNT arrays to a conventional latex
glove. The latex glove was first coated with a thin layer
of Ecoflex. The CNT fibers were dry spun and attached
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directly to the Ecoflex substrate prestrained by 100%.
The ends of the fibers were connected to electrodes
composed of a silver paste and Ecoflex. To prevent the
CNT fibers from separating from the electrodes during
stretching, the junctions between the CNT fibers and
the electrodes were covered with solid tape. The
complex motion of the fingers was measured using
five independent CNT fibers, each attached to a differ-
ent finger. The delays and the strains associated with
the finger movements were monitored using both the
strain sensors (Figure 3b) and images (Figure 3b upper
photo) obtained during the experiment. We could
successfully monitor the grasping and releasing mo-
tions of the hand over a period of 1.5 s. The grasping
motion, which involved four fingers, began after
0.411 s, while the thumb remained in the relaxed
position. The thumb became involved in the grasping
motion 0.170 s after the fingers had started moving.
The releasing motion was initiated instantly in all the
fingers in 0.158 s. The strain from the fingers was
determined by comparing the results of the measure-
ments of the respective CNT-fiber-based strain sensors
in the same cycle. The maximum strain measured
during the movement of the individual joints was
estimated to be 55%. However, the movement of
multiple joints requires sensors that can detect larger
strains, as fingers have multiple joints and exhibit
different strains. Figure 3b shows the relative change
in resistance and the estimated strains as measured for
the fingers. The thumb, which has two joints, exhibited
a strain of 120%, whereas the other fingers, which have
three joints, exhibited strains greater than 200% (index,
241%; middle, 297%; ring, 275%; and little, 218%).

A biaxial strain sensor can measure strains in two
dimensions instead of only one>”3® Highly elastic
strain sensors are useful for the simultaneous measure-
ment of strains along multiple axes and can be em-
ployed as wearable sensors. Figure 3c shows the
process for fabricating a biaxial CNT-fiber-based strain
sensor. The CNT fibers were directly dry spun and
bonded to the Ecoflex substrate through van der Waals
interactions. This process was repeated after rotating
the Ecoflex substrate by 90°. As shown in the SEM
image in Figure 3d, the CNT arrays were oriented
biaxially at an angle of 90°. When stacked in multiple
layers, the CNT fibers in these arrays could respond
nearly independently to strains along their alignment
directions. We observed a small degree of cross-sensi-
tivity between the two axes. Figure 3e shows the
relative change in the resistance along the x-axis for
a strain applied along the x-axis in the case of the array
fixed along the y-axis. For a strain of 200% along the
x-axis, there was a slight increase in the resistance
along the y-axis (0.019 when there was no y-axis strain
and 0.022 for a y-axis strain of 200%); however, the
x- and y-axis CNT fibers responded independently. This
feature is essential for monitoring biaxial movements
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Figure 3. Wearable, extremely elastic CNT-fibers-based strain sensor (substrate prestrained by 100%). (a) Relative change
in resistance (and estimated strain) versus time while jumping for strain sensors placed over a knee joint and hamstring
muscles. (b) Photograph of a wearable strain sensor glove and relative changes in resistance (and estimated strain) versus
time for grasping motion. (c) lllustration of the process for fabricating a biaxial strain sensor. (d) SEM image of biaxial strain
sensor. (e) Relative changes in resistance versus strain for a biaxial CNT-fiber strain sensor: x-axis resistance with variable
x-axis strain and y-axis at constant 0% strain (black), y-axis resistance with variable x-axis strain and y-axis at a constant 0%
strain (blue), y-axis resistance with variable x-axis strain and y-axis at a constant 200% strain (red), and y-axis resistance with
variable x-axis strain and y-axis at a constant 200% strain (blue). (f) Relative changes in resistance versus time for a biaxial
strain sensor placed over an elbow, with the x-axis parallel to the arm (black) and the y-axis parallel to joint's axis of rotation
(blue).
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resulting in deformations in multiple axes. Figure 3f
shows a biaxial strain sensor placed over an elbow. The
strain sensor was placed with the y-axis parallel to the
axis of rotation of the elbow joint and the x-axis parallel
to the long axis of the arm (i.e., the arm bones). The
arm was initially extended. The elbow was then flexed
and extended rapidly. Strains in both the x-axis and the
y-axis began at 0.105 s, and the elbow returned to its
initial position at 0.811 s. The maximum measured values
of the strain were 48% along the x-axis and 15% along
the y-axis. These results demonstrate that a CNT-fiber-
based strain sensor has great potential for monitoring
both the movements of the multiple joints of fingers and
the biaxial movements of complex joints. In this study,
we only tested the fabricated CNT-fiber-based strain
sensors in a few configurations. However, it should be
possible to align the CNT fibers in other directions as well
in order to sense movements along multiple axes.

METHODS

Synthesis of Vertically Aligned CNT Arrays. Vertically aligned CNT
arrays were synthesized using a chemical vapor deposition
(CVD) process (Sabre Tube Desktop Thermal Processing System).
An Al (10 nm)/Fe (1.7 nm) catalyst layer was deposited on a Si
wafer through thermal evaporation (Atech System). Argon (Ar)
and hydrogen (H,) were used as the carrier gases, and ethylene
(CH4) gas was used as the carbon source. To synthesize the
vertically aligned CNT arrays, the temperature was raised to
750 °C for 10 min, and Ar was allowed to flow at 2000 sccm.
Subsequently, 60 sccm of H, was added to the flow for 5 min.
Finally, 1000 sccm of C;H, gas and 1 sccm of O, were introduced
to the flow for 10 min.

Fabrication of CNT-Fiber-Based Strain Sensor. To produce the
elastic substrate, equal volumes of Ecoflex (Ecoflex Supersoft
0050, Smooth-On, Inc.) Part A and Part B were mixed and placed
in a vacuum chamber to remove any air bubbles. The mixture
was then cured at room temperature for 7 days. The cured
Ecoflex was cut into rectangular strips. To produce the pre-
strained substrate, the cured Ecoflex stripes were clamped at
both ends and stretched at a strain of 100%. To produce the
epoxy bar strain sensor, an epoxy bar was coated with uncured
Ecoflex. To produce the leg motion sensor, the cured Ecoflex
substrate was attached to a fabric garment using Ecoflex glue.
To fabricate the finger motion sensor, a latex glove was coated
with uncured Ecoflex. The CNT fibers were dry spun directly and
became attached to the surfaces of the Ecoflex substrates
prestrained by 100% owing to van der Waals interactions. The
attached CNT fibers were coated with a thin film of Ecoflex
during the curing process to prevent the separation of the fibers
from the substrate. To measure the relative change in the
resistance with strain, conductive electrodes were attached to
the strain sensors with clamps. To measure the movement of
the epoxy bar, the knee joint, the hamstring muscles, and the
fingers, the electrodes of the strain sensors were connected to
wires using a silver paste and covered with rigid tape. To
fabricate the biaxial strain sensor, the process used to produce
the single-axis sensor was repeated after rotating the substrate
by 90°, and the resulting array was covered with a thin film of
Ecoflex. To measure the elbow movements, the biaxial strain
sensor was attached to a fabric garment using Ecoflex glue

Characterization. Scanning electron microscopy (XL30SFEG,
Philips) was used to observe the microstructure of the CNT
arrays during stretching and after cycle testing. A NI USB-6210
data acquisition (DAQ) board was used to measure the relative
change in the resistance as the sensors were stretched. The
sensors were connected across a DC voltage source (at constant

RYU ET AL.

CONCLUSION

To conclude, in this study, we developed an extre-
mely elastic strain sensor using highly oriented CNT
fibers fabricated by dry spinning. As this device was
fabricated on a flexible substrate, it could measure
strains greater than 900% with high sensitivity and
exhibited a fast response and good durability. To the
best of our knowledge, no previously reported CNT-
based sensors have exhibited this degree of elasticity
and such high sensitivity. Such sensors should find
wide use in applications in which large strains are
involved, including in soft robotics. Further, highly
elastic strain gauges have enormous potential for use
in a variety of systems. These devices could be adapted
for common strain gauge applications, the detection of
animal and human motion, and many other applica-
tions requiring embedded and wearable devices.

voltage), and the voltage drop across the strain sensor (which
acted as a resistor) was measured by the DAQ board; the results
were observed on a computer using LabVIEW. A microforce
testing system (Instron 8848, Instron) was used to apply the
cyclic strains, constant stresses, strains, and displacements to
the strain sensors. Transmission electron microscopy (JEM-3010,
JEOL) was used to observe the microstructure of the CNTs. The
weight of an individual CNT fiber 3 m in length was measured;
the fiber weighed 1.2 mg. Further, the calculated volume of
the fiber was 4.014 mm?, and the density of the CNT fiber was
0.298 g/cm?. The elasticity of the strain sensor was calculated
from the GF value measured over one cycle.
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