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ABSTRACT

Multifunctionality has become a mainstream trend in the development of smart clothing and flexible wearable devices. Nevertheless,
it remains a grand challenge to realize multiple functions, such as sensing, actuating and information displaying, in one single
multifunctional material. Here, we present one multifunctional integration strategy by employing monolithic superaligned carbon
nanotube (SACNT) composite, which can leverage three different functions through fascinating features of SACNT. Firstly, by
using thermochromic dye as a color-memorizing component and SACNT as a photothermal converter, the composite film can be
utilized as a flexible rewritable medium. It demonstrates excellent rewriting performances (reversibility > 500 times). Secondly, the
composite can be tailored to fabricate an actuator, when its length direction is along the SACNT alignment. The actuator shows a
bending-morphing when illuminated by near-infrared light. The morphing is attributed to a large difference in volume change between
the SACNT and polymer when the SACNT absorbs the optical energy and heats the composite. Thirdly, owing to the unique
anisotropy of SACNT, the composite is easily to be stretched in the direction perpendicular to the SACNT alignment, accompanied
by a change in electrical resistance. Therefore, the composite is able to be used as a strain sensor. Finally, we fabricate two smart
wearable devices to demonstrate the applications, which realize the functions of human-motion detection (sensing) and rewritable
information display (rewriting) simultaneously. This multifunctional SACNT composite is expected to have potential applications in
the next-generation wearable devices, smart clothing and so on.
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pressure and temperature stimuli into two independent electrical

1 Introduction
signals was proposed [12]. The multifunctional sensor was

For the past few years, flexible electronic devices have developed
rapidly [1, 2]. Compared with traditional non-stretchable rigid
electronics, the properties of flexible electronic devices won't be
significantly degraded under tensile and twisting deformation,
playing an important role in the field of smart clothing and
flexible wearable devices [3, 4]. Among them, actuators [5-7],
sensors [8, 9], and color-switching devices have attracted
particular attentions [10, 11]. However, many flexible wearable
devices currently only have one single function. With the
increasing demand on the various functions and lightweight,
the functions and volumes of single-functional devices are
approaching their limits. Multifunctional materials and devices,
which can reduce costs and improve space utilization, are
becoming an important direction for future research of flexible
wearable devices. Recently, researchers have begun to make
progress in this aspect. However, some multifunctional devices
are only prepared by combining materials with different
functions. For example, a multifunctional sensor that converts

integrated from piezoelectric and thermoelectric materials.
These two signals were generated from two different materials.
Meanwhile, most of the multifunctional devices can only
achieve two functions. For example, flexible devices with both
sensing and actuating functions [13-16], and actuating materials
with color-switching functions have been reported [17-19],
which extend the functions of actuating materials and are useful
in soft robotics. Energy storage devices with color-switching
functions have also been developed, in which the color can
reflect the state of supercapacitors [20-22]. Material selection
and functional design are the difficulties and challenges in
realizing multifunctional devices. In terms of material selection,
simply stacking multiple materials with different functions
will complicate the device system and make it more difficult to
manufacture multifunctional devices. It is preferred to make
use of different properties of the same material to achieve
multiple functions. In terms of functional design, it is difficult
to realize a multifunctional material with more than three
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functions, which places great demands on the choice of function
and the structure design. What's more, the synergy between the
different functions of multifunctional devices is also necessary.
Consequently, it remains a grand challenge to realize multiple
(> 2) functions, such as sensing, actuating and information
displaying, in one single multifunctional material.

Here, we propose one multifunctional integration strategy by
employing monolithic superaligned carbon nanotube (SACNT)
composite, which can deliver multiple functions through unique
features of SACNT. The composite film has a bilayer structure:
one layer is mainly composed of SACNT, and the other layer
consists of thermochromic dye (TD) and polydimethylsiloxane
(PDMS). The SACNT/TD-PDMS composite is capable of
realizing three functions respectively. Firstly, it can be used as a
rewritable medium. Information or patterns are photoprinted
and displayed on the composite film, which demonstrates
excellent rewriting performances (reversibility > 500 times
and legible time > 6 months). Secondly, the SACNT/TD-PDMS
composite can be tailored to fabricate an actuator, when its
length direction is along the SACNT alignment. The actuator
shows a bending-morphing under near-infrared (NIR) light
illumination. Thirdly, the SACNT/TD-PDMS composite is able
to be used as a strain sensor, which sustains stretching in the
direction perpendicular to the SACNT alignment, accompanied
by a change in resistance. Finally, we fabricate a smart glove
and a smart armband to demonstrate the applications, which
exhibit the functions of human-motion detection and rewritable
information display simultaneously. These results prove that
multifunctional wearable devices can be achieved by using
monolithic SACNT/TD-PDMS composite, which is expected
to have potential applications in the fields of rewritable media,
artificial muscles, soft robotics and smart clothing.

2 Experimental

The highly anisotropic SACNT film was manufactured by a
solution-free approach, which has been developed since 2002
[23-26]. Figure 1(a) displays the fabrication process of SACNT/
TD-PDMS composite. Firstly, 50 layers of SACNT sheets were
pulled out from a SACNT array and coated on a PET substrate.
Secondly, the TD and uncured PDMS mixture were uniformly
mixed in a mass ratio of 2:8 and coated on the SACNT. The

(a) Uncured TD-PDMS mixture  gaAcNT/TD-PDMS
composite
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Figure 1 (a) Schematic illustration of the fabrication process of SACNT/
TD-PDMS composite. (b) SEM image showing the surface morphology of
SACNT film. (c) Optical photographs of the prepared SACNT/TD-PDMS
film: thermochromic surface (left panel), SACNT surface (right panel).
(d) Optical photograph showing the flexibility of SACNT/TD-PDMS film.
(e) Cross-sectional SEM images of the SACNT/TD-PDMS film.
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color of the TD will change according to the temperature
variation. Finally, the solid-state SACNT/TD-PDMS composite
was obtained after curing. The thickness of composite film
was 279 pm. More details of experiment are in Note S1 in the
Electronic Supplementary Material (ESM).

3 Results and discussion

3.1 Characterization of SACNT/TD-PDMS composite

SACNT is one of the important components in the SACNT/
TD-PDMS composite. The SACNT is flexible, conductive
and highly anisotropic, making it ideal for a wide range of
flexible electronic devices [25,27-29]. The scanning electron
microscope (SEM) image (Fig. 1(b)) demonstrates the microscopic
morphology of SACNTs. It can be seen that the nanotubes
were highly anisotropic and well-aligned in the same direction.
The appearances of two sides of the SACNT/TD-PDMS
composite are shown in Fig. 1(c). The thermochromic layer
(TD-PDMS layer) was blue and the SACNT layer was black.
Figure 1(d) shows that the SACNT/TD-PDMS composite film
was highly flexible, making it applicable for wearable devices.
The SEM image of the SACNT surface of the composite is
shown in Fig. S1 in the ESM, indicating that the SACNTs are
still well-aligned in the same direction after fabrication. Figure 1(e)
displays the cross-sectional SEM images of the composite film.
The whole thickness of the SACNT/TD-PDMS composite is
about 279 pum. The enlarged SEM image shows that the com-
posite has a bilayer structure. One layer is TD-PDMS composite.
The other layer is mainly composed of SACNT, while the gaps
between the SACNTs are filled by TD-PDMS composite. As
the main component of this layer is SACNT, it is still named as
“SACNT layer”. There is no delamination between the SACNT
layer and the TD-PDMS layer, indicating that the two layers
are well combined.

The prepared SACNT/TD-PDMS composite is a multifunctional
material that can deliver three different functions according to
requirements, as shown in Fig. 2. Firstly, by means of light
irradiation and low temperature condition, we can easily
photoprint and erase patterns on the composite film. Therefore,
it demonstrates the function of a rewritable medium and can
be used for information display. Secondly, as the SACNT is
highly anisotropic, the angle between the length direction of
the composite and the SACNT alignment is defined as a.
When the SACNT/TD-PDMS film is tailored into strips (« = 0°),
it is an actuator and shows obvious bending-morphing under
NIR light irradiation. Finally, the SACNT/TD-PDMS composite
is stretchable along the direction perpendicular to SACNT
alignment (a = 90°), and can be used as a strain sensor. More
details will be explained in the following sections.
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Figure 2 Schematic diagram of the three functions delivered by SACNT/
TD-PDMS composite.
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3.2 Rewritable performance of the SACNT/TD-PDMS
composite

Despite the continuous development of digital technology, we
still need a lot of traditional printing materials in our lives.
However, most printing materials are used only for one-time
reading, and the printing materials after use will cause enormous
environmental problems. The rewritable medium is one of the
alternative solutions to this problem. The SACNT/TD-PDMS
composite can be utilized as a rewritable medium, which
is attributed to the thermochromic effect induced by color-
memorizing TD. The TD is usually composed of an electron donor,
an electron acceptor, and a solvent. Here, crystal violet lactone
(CVL) works as the electron donor. Phenolic compound (e.g.,
bisphenol A) works as the electron acceptor, and aliphatic carboxylic
acids (or aliphatic esters) are used as the solvent. The TD is blue
under normal conditions. When the temperature of TD is higher
than the fusing point of the solvent (> 60 °C), the solvent molecules
block the interaction between the electron donor (CVL) and the
electron acceptor (developer). Therefore, the color of TD shifts
from blue to colorless. Afterwards, the low temperature will
make the CVL and the developer recrystallize to a solid-state
and restore their interaction, so the color of TD returns to blue.
In a word, the thermal-driven phase change mechanism results
in the thermochromic effect [30]. The color-memorizing of the
SACNT/TD-PDMS composite is owing to the thermochromic
layer, while the SACNT provides fast energy conversion
from optical energy to heat energy. As shown in Fig. 3(a),
customized patterns can be photoprinted on or erased from the
SACNT/TD-PDMS film in a facile way. A photomask is placed
on the SACNT layer side of the composite. When exposed to
NIR light, the exposed positions of the SACNT/TD-PDMS
film are heated and the color will be changed. When the light
is turned off, the patterns can be remained on the SACNT/
TD-PDMS film, so the information can be kept and displayed
clearly. Two ways are offered to “erase” the patterns on the
rewritable medium. The first way is called “resetting”. By placing
the SACNT/TD-PDMS film at low temperature (—20 °C) for 10
min, the thermochromic layer can restore the original blue
color. Accordingly, operators are able to continue photo-
printing patterns on the SACNT/TD-PDMS film by using
NIR light again. However, such an erasing method may cause
inconvenience, because it needs some patience to wait for the
erasing (10 min), and it is discommodious to achieve a low
temperature environment (—20 °C) without refrigeration equip-
ment. Therefore, we provide the other fast erasing way—the
“deleting” method. By placing the SACNT layer under NIR
light, the entire SACNT/TD-PDMS composite will be heated
up promptly due to photothermal effect. The remaining portion
with blue color on the thermochromic layer will also shift to a
colorless state, so the previous printed patterns are deleted
instantaneously. If the operators intend to photoprint other
patterns on the SACNT/TD-PDMS film, the low-temperature
resetting process should be conducted again.

For the purpose of more intuitively investigating the
thermochromic properties, a TD-PDMS composite film was
prepared and tested. The thickness of TD-PDMS film was
270 um. As shown in Fig. 3(b), the TD-PDMS film had an
obvious absorption peak at wavelength of 610 nm, accompanied
by blue color of the film appearance. Once its temperature
exceeded 60 °C, the color of the TD-PDMS film turned from
blue to colorless and the absorption peak vanished. When the
TD-PDMS film was cooled to —20 °C, the absorption peak
showed up again, and the TD-PDMS film emerged blue color
once more. For comparison, the absorption spectrum of the
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Figure 3 (a) Schematic illustration of photoprinting or erasing patterns
on the SACNT/TD-PDMS film. (b) Absorption spectra of the TD-PDMS
composite (grey line), heated TD-PDMS composite (60 °C, red line),
cooled TD-PDMS composite (—20 °C, green line), and pure PDMS (blue
line). (c) Absorption spectrum showing the hysteresis characteristic of TD-
PDMS composite. (d) Absorption spectrum of the TD-PDMS composite for
500 heating/cooling cycles. (e) Temperature of the SACNT/TD-PDMS film
as a function of time under different light powers. (f)-(h) Optical photo-
graphs of patterns or English letters photoprinted on the SACNT/TD-PDMS
film by using NIR light.

pure PDMS film which had no absorption peak is also
demonstrated in Fig. 3(b).

To further investigate the color-switching characteristics,
the above TD-PDMS film was placed in different temperature
environments (—30 to 80 °C, and 80 to —30 °C). The arrows in
Fig. 3(c) indicate the temperature variation process. Figure 3(c)
exhibits the trend of absorption intensity (wavelength at 550 nm)
with different temperature. When the ambient temperature was
below 60 °C, the TD-PDMS film maintained a blue color. It
became colorless and such state could be maintained, when
the temperature exceeded 60 °C. The TD-PDMS film remained
colorless during the cooling process. It returned to the colored
state (blue color) only in low temperature environment (< —20 °C).
The above results show that the TD-PDMS film can keep the
colored or colorless state in the normal temperature range
(0 to 40 °C). Such bistable states are the working principle of
the SACNT/TD-PDMS rewritable medium. Afterwards, the
repeatability of the TD-PDMS film was studied. The film was
placed under 65 and -25 °C repeatedly. As displayed in Fig. 3(d),
the absorption intensity (550 nm) did not show significant
degeneration during 500 cycles test. Therefore, the TD-PDMS
film exhibits good repeatability for color-switching.

Using SACNT as the photothermal layer will greatly
facilitate the usage of rewritable medium. The temperature of
SACNT/TD-PDMS film increased rapidly, when the SACNT
layer was illuminated by NIR light. When the temperature
reached 60 °C, the color of TD-PDMS layer changed accordingly.
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As shown in Fig. 3(e), the temperature of SACNT/TD-PDMS
film changed with time under different light powers. Higher
temperature of the composite film is caused by higher light
power. If the patterns need to be photoprinted within 10 s, the
required light power density should be higher than 300 mW-cm™.
In other words, higher light power would lead to shorter
photoprinting time.

Diversiform patterns can be photoprinted on the SACNT/
TD-PDMS film by NIR light irradiation through the photomask.
As shown in Figs. 3(f) and 3(g), the patterns of lightning or
snowflake were photoprinted on the SACNT/TD-PDMS film.
Not only clear patterns can be photoprinted, but also English
letters can be clearly displayed on the SACNT/TD-PDMS film,
as shown in Fig. 3(h). The SACNT/TD-PDMS film has good
stretchability and flexibility. Its mechanical properties are shown
in Fig. S2(a) in the ESM. Along the direction perpendicular to
the SACNT alignment (« = 90°), the SACNT/TD-PDMS film
can be easily stretched (maximum strain > 60%). The Young’s
modulus and tensile strength were 0.47 and 0.27 MPa respectively
(Fig. S2(b) in the ESM). Along the direction parallel to the
SACNT alignment (a = 0°), the composite film can hardly be
stretched (maximum strain < 3%). The Young’s modulus and
tensile strength were 92.4 and 1.6 MPa respectively (Fig. S2(b)
in the ESM). Meanwhile, when the SACNT/TD-PDMS film
was stretched, the photoprinted pattern could still be clearly
displayed (Fig. S3(a) in ESM). As shown in Fig. S3(b) in the
ESM, the pattern also did not change after the folding of the
composite film. Therefore, the SACNT/TD-PDMS composite
film is able to be fixed at irregular parts without affecting the
information displaying.

It should be noted that the patterns can be kept legible for at
least 6 months (Fig. $4 in the ESM), demonstrating long legible
time compared with other rewritable media. To demonstrate
that the SACNT/TD-PDMS composite provides a long-term
usage, it was exposed to NIR light for a long time. After 24 and
72 h of NIR light irradiation (200 mW-cm™) respectively, the
mechanical properties of the SACNT/TD-PDMS composite
were studied. The tensile stress-strain curves are shown in
Fig. S5(a) in the ESM. Compared to the initial state (Fig. S2(b)
in the ESM), the Young’s modulus and the tensile strength
showed no significant decrease (Fig. S5(b) in the ESM). Hence,
after 72 h of continuous exposure to NIR light, the mechanical
properties of the SACNT/TD-PDMS composite did not change
obviously, and it was still stretchable in the direction perpendicular
to SACNT alignment. It shows that the composite film can
meet the practical application.

In a word, these results fully reveal the potential of SACNT/
TD-PDMS film using as the flexible rewritable medium for
information storage and display.

3.3 Actuation performance of the SACNT/TD-PDMS
composite

Actuating materials have great potentials applications in artificial
muscles, bionic devices, switches, robots, etc. As mentioned
previously, the SACNT/TD-PDMS composite can be used as
an actuator through tailoring. The length direction of the
actuator should be along the SACNT alignment direction («a = 0°).
Figure 4(a) schematically illustrates the morphing mechanism
of SACNT/TD-PDMS actuator. After the preparation process,
the embedded SACNT is still well-aligned in the polymer
matrix (Fig. SI in the ESM). Because the coefficient of thermal
expansion (CTE) of the SACNT layer along the SACNT
alignment is much smaller than that of the TD-PDMS layer,
the actuator will bend toward the SACNT side when heated
by NIR light. Owing to the introducing of TD, the CTE of
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TD-PDMS composite is smaller than that of pure PDMS.
However, the SACNT/TD-PDMS actuator still showed visible
morphing under NIR light irradiation. If the temperature
of actuator is higher than 60 °C, the color of TD-PDMS layer
changes. By turning off the NIR light, the actuator will return
to its initial shape and its color remains the colorless state.
Therefore, the color-switching phenomenon can serve to
indicate the use trace of the actuator.

Figure 4(b) shows the bending-morphing of the actuator in
different states, corresponding to Fig. 4(a). Note S2 and Fig. S6
in the ESM explain the calculation of bending curvature. The
bending curvature is defined as a positive value, when the
actuator bends to the SACNT side. In contrast, the curvature
is defined as a negative value, when it bends to the TD-PDMS
side. The actuator was initially in a relatively straight state
(curvature of —0.19 cm™). When illuminated by NIR light
(600 mW-cm™), the actuator showed bending morphing to
the SACNT side in 10 s. The bending curvature was 0.43 cm™.
When the NIR light source was taken away, the actuator shape
would be recovered. Simultaneous measurements of bending
curvature and temperature in the morphing course were carried
out (Fig. 4(c)). When illuminated by NIR light (600 mW-cm™),
the temperature of actuator rapidly increased from 28 to 98 °C in
10 s. The bending curvature and temperature gradually returned
to the initial states after the NIR light was turned off.

The relationship between the maximum bending curvature
and the light power is shown in Fig. 4(d). It can be seen that as
the light power increased, the actuator would have higher
temperature and larger bending-morphing. The relationship
between the bending curvature and the temperature is also
shown in Fig. S7 in the ESM. Furthermore, the morphing process
was tested for 200 cycles repeatedly. As shown in Fig. 4(e), the
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Figure 4 (a) Schematic illustration of the light-driven actuation of
SACNT/TD-PDMS actuator. (b) Optical photographs of the SACNT/
TD-PDMS actuator before NIR light irradiation (left panel), under NIR
light irradiation (600 mW-cm™) for 10 s (middle panel) and after NIR
light irradiation (right panel). (c) Bending curvature (black curve) and
temperature (red curve) of the SACNT/TD-PDMS actuator as a function
of time. (d) Maximum bending curvature (black curve) and maximum
temperature (red curve) of the SACNT/TD-PDMS actuator as a function
of light power density. (e) Repeatability test of the SACNT/TD-PDMS
actuator under repeated NIR light irradiation (600 mW-cm™). (f) Initial
state of the bionic flower fabricated by SACNT/TD-PDMS actuators.
(g) Bending-morphing process of the bionic flower under NIR light
irradiation (600 mW-cm™). (h) Bionic flower returns back to the initial
state.
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maximum bending curvature almost maintained at 0.43 cm™,
indicating good repeatability and durability of the SACNT/
TD-PDMS actuator. Based on the characteristics of the
SACNT/TD-PDMS actuator, a bionic flower was fabricated.
The bionic flower was composed of four petals. The size of
every petal was about 0.5 cm x 2 cm. When the bionic flower
was placed on a table, the petals were flat initially (Fig. 4(f)).
When illuminated by NIR light, the petals bent upwards
(Fig. 4(g)). After turning off the NIR light, the bionic flower
returned to the flat state (Fig. 4(h)).

In addition, the SACNT/TD-PDMS composites are prepared
without using toxic or environmentally harmful materials and
the preparation process is environmentally friendly. Meanwhile,
the SACNT and TD are almost encapsulated by PDMS, which
allows the composite to remain stable during utilization. When
the SACNT/TD-PDMS composite is used, only the PDMS
contacts the human body. As the PDMS has good biocom-
patibility, the SACNT/TD-PDMS composite is expected to be
used in wearable devices, especially in smart clothing. We also
notice that there were several reports about the use of actuating
materials in smart clothing [19, 31]. For example, Mu et al.
proposed an ambient-driven actuator and obtained a smart
fabric with self-adaptive function [19]. When the temperature
and humidity of human body change, the channel on the fabric
can be opened or closed automatically, which helps to control
the body moisture and skin temperature. We expect that the
SACNT/TD-PDMS actuators can be applied in smart clothing.
An example is designed as follows. At first, the human body is
in a comfortable state under cool conditions. At this time, the
SACNT/TD-PDMS actuators integrated in the clothing are in
the flat state (Fig. S8(a) in the ESM). However, when the body
is irradiated by strong sunlight or the ambient temperature
increases, the human body needs to dissipate heat to the
environment. Under such conditions, the SACNT/TD-PDMS
actuators bend outward, thereby providing opening air holes
for heat dissipation (Fig. S8(b) in the ESM). According to
the actual situation, we can control the shape-morphing
of SACNT/TD-PDMS actuators, so as to adjust the body

5

temperature and make the clothing smart.

3.4 Sensing performance of the SACNT/TD-PDMS
composite

The SACNT/TD-PDMS composite film is capable of being
utilized as a strain sensor as well. The stretching property of
the composite is demonstrated in Fig. S2(a) in the ESM. We can
see that the composite can be hardly stretched in the direction
along the SACNT alignment, but can be easily stretched in the
direction perpendicular to the SACNT alignment. The unique
anisotropy of SACNT results in such phenomenon. Figure 5(a)
shows the photographs of SACNT/TD-PDMS composite
under different strains. The composite film can withstand at
least 20% applied strain, when it is stretched along the direction
perpendicular to the SACNT alignment.

We further characterized the electrical resistance changes
of SACNT/TD-PDMS sensor under different applied strains
(5%, 10%, 15% and 20%). As shown in Fig. 5(b), the relative
resistance change (AR/Ro) increased as the strain increased, but
the increasing was non-linear (AR = R — Ry, R is the resistance
under different strains, and Ry is the initial resistance without
strain). The figure of merit to illustrate the sensitivity of sensor
is the gauge factor (GF). The definition is GF = AR/(Ro ¢€), in
which e means the strain. As shown in Fig. 5(c), the strain sensing
curve is divided into three regions. The relative resistance
change increased in the strain range of 0-2.8% with a GF of 4.56.
When the strain continued to increase, the relative resistance
change increased rapidly and the GF was 13.5, which can be
explained by breaking the microcrack connection of SACNT
layer under tensile stress. When the strain further increased to
be larger than 9.5%, the relative resistance change slowed down
and the GF was 1.86.

To explore the mechanism of strain sensing, we used an
optical microscope to observe the surface morphology of
SACNT/TD-PDMS sensor under different strains, as shown
in Fig. 5(d). When no strain was applied, the SACNTs in the
composite were bonded together to form a good conductive
network. When a small strain was applied (region I in Fig. 5(c)),
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Figure 5 (a) Optical photographs of the SACNT/TD-PDMS sensor under different tensile strains (0, 5%, 10%, 15% and 20%). (b) Relative resistance
change under different tensile strains during the stretching-releasing process (tensile rate: 0.7 mm-s™). (c) Relative resistance change as a function of strain
(tensile rate: 0.7 mm-s™"). (d) Optical microscopic images of the SACNT surface under different tensile strains during stretching, corresponding to (a).
(e) Repeatability test of the SACNT/TD-PDMS sensor under strain of 20% for 2,000 cycles (tensile rate: 0.7 mm-s™").
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the SACNTs were still bonded together, allowing many possible
electron paths. When a larger strain was applied (region II in
Fig. 5(c)), the SACNTs started to separate from each other,
resulting in fewer conduction paths in the stretching direction.
As the strain continued to increase (region III in Fig. 5(c)), the
resistance change became slower. Such phenomenon can be
explained as follows. On one hand, the disconnection of the
SACNT network is still the main factor according to the applied
strain. On the other hand, the cross-sectional area reduces during
stretching, which may raise the areal density of SACNTs.
Therefore, the resistance would continue to increase during
the stretching process, but the change rate would slow down.
Similar resistance change phenomena were also reported in
previous CNT-based sensors [9, 32, 33].

To compare with the SACNT/TD-PDMS composite, we
also used disordered CNT (DCNT) to prepare the composite.
The preparation method was similar to that of SACNT/
TD-PDMS composite. More details of the experiment are
in Note S1 in the ESM. The mechanical properties of the
DCNT/TD-PDMS composite are shown in Fig. S9(a) in the
ESM. Although the DCNT/TD-PDMS composite was also
stretchable, the strain (< 25%) was much smaller than that
of SACNT/TD-PDMS composite (> 60%) in the direction
perpendicular to the SACNT alignment. As a large strain is
required at some joints, relative small starin may affect the
wearing comfort when the DCNT/TD-PDMS composite is
used in wearable devices. As shown in Fig. S9(b) in the ESM,
the sensing performance of the DCNT/TD-PDMS composite
was also tested with a GF of 2.0, which was poorer than that
of the SACNT/TD-PDMS composite (maximal GF of 13.5).
Therefore, although the sensing function could also be achieved
by using the DCNT, its strain and sensing performance were
not as good as those by using the SACNT.

To test the sensing repeatability, the SACNT/TD-PDMS
sensor was subjected to 2,000 cycles of tensile testing (¢ = 20%).
As shown in Fig. 5(e), the sensor output stable sensing signals
during the test. The interface between SACNT layer and
TD-PDMS layer after the cycle test is shown in Fig. S10 in the
ESM. There was no delamination at the interface after the
cycling test. The above results demonstrate excellent stability
of SACNT/TD-PDMS composites for practical sensing
applications.

3.5 Applications of the SACNT/TD-PDMS composite

As mentioned in the previous sections, the SACNT/TD-PDMS
composite is able to deliver the functions of rewriting, actuating
and sensing respectively. We hope that these functions can be
applied synergistically. As a proof of concept, we present two
smart wearable devices fabricated by the SACNT/TD-PDMS
composite, which demonstrate rewritable information display
together with sensing function. As shown in Fig. 6(a), a
customized pattern was photoprinted on the SACNT/TD-PDMS
film and electrodes were embedded in the film in advance.
Then, the composite film was attached onto a glove to fabricate
a smart glove. When wearing the smart glove, the movement
of hand could be detected by testing the electrical signals, as
shown in Fig. 6(b). Initially, when the hand was in a relaxed
state, the resistance of the smart glove did not change. When
the hand turned to a fisted state, the smart glove was stretched
and the resistance changed significantly. The pattern on the
smart glove remained intact, although it was stretched during
this process. Furthermore, the pattern on the smart glove could
be replaced many times according to actual needs.

As another application example, a smart armband composed
of two parts was prepared (Fig. 6(c)). The main part was the
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Figure 6 (a) Optical photograph of the smart glove. (b) Using the smart
glove to monitor hand movements. (c) Optical photograph of the smart
armband. (d) Using the smart armband to monitor elbow movements.

SACNT/TD-PDMS composite for sensing and rewritable
information display. The rest of pure PDMS part acted like a
watch band. After wrapping the smart armband around the
elbow, two ends of the pure PDMS part were overlapped. By
placing two magnet stones on the overlapping part of pure
PDMS, the smart armband with a customized photoprinted
pattern was fixed firmly on the elbow (inset figure of Fig. 6(d)).
Figure 6(d) shows the relative resistance change of the smart
armband, which demonstrated the movement of elbow in
real-time. Regular and periodic signals were observed obviously.
Meanwhile, the English letters of “FJNU” could be clearly seen
on the smart armband. This strategy can extend to fabricate
other multifunctional wearable devices, which display the
specified information while implementing the sensing function.
The rewritable feature will enrich the life and usage scenarios
of such multifunctional devices.

4 Conclusions

In summary, a facile method is proposed to prepare
multifunctional wearable devices based on SACNT/TD-PDMS
composite. By fully utilizing the characteristics of each com-
ponent material, the composite film realizes three different
functions. First, it can be used as a rewritable medium. Patterns
can be repeatedly photoprinted on and erased from the flexible
composite film. Second, the SACNT/TD-PDMS composite can
be used as an actuating material, showing bending-morphing
under NIR light illumination. We also put forward the concept
of combining actuating materials with clothing to prepare a
smart clothing. Third, the SACNT/TD-PDMS composite is able
to be utilized as a strain sensor. Based on the above characteristics,
we propose a strategy that both sensing and rewriting functions
are realized in one monolithic SACNT/TD-PDMS composite
film. Two wearable sensing devices capable of displaying
information at the same time are demonstrated as application
examples. With further development, this versatile SACNT/
TD-PDMS composite is expected to have promising potentials
in smart clothing, multifunctional appliances and next-generation
wearable devices.
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