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The development of fiber-shaped pressure sensors is on the rise due
to their high flexibility, breathability and integrability for promising
applications in human-activity monitoring and personal healthcare.
Achieving simultaneous dynamic monitoring and real-time visualization in one fiber-shaped sensor is attractive but remains challenging.
Here, we demonstrate a fiber-shaped light-emitting pressure sensor
to simultaneously detect and visualize the force stimuli. This sensor is
realized by the design of a coaxial structure composed of a micropatterned polymer composite hollow fiber as the sheath and a fiber
electrode as the core. The sheath embedded with electroluminescent
phosphors serves as both pressure-sensing and light-emitting layers.
The resulting fiber-shaped sensor not only presents a high capacitive
sensitivity of 16.81 N 1, but also allows people to visualize the
real-time intensity and distribution of the force stimuli through
electroluminescence. Impressively, our sensor still aﬀords high flexibility and robustness even under recurring large deformations. As a
demonstration, the fiber-shaped sensors have been woven into a
smart textile and directly worn on human skin to monitor and display
human activities like finger motion and facial expression. The textiletype visualizing–sensing platform proposed in this work may aid in
pushing human-activity monitoring and personal healthcare a step
forward.

Introduction
Wearable pressure sensors that can measure and record physical
signals generated by human bodies have attracted increasing
attention due to their great potential in broad applications,
such as personal healthcare,1–4 soft robotics5–8 and human–
machine interfaces.9–11 However, conventional planar pressure
sensors will easily fall off during long-term dynamic motions.12–14
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Despite some efforts to mitigate the above problems by directly
sticking the ultrathin planar devices to the skin, they generally
result in some disadvantages concerning the long-term comfort
and safety. Specifically, due to the lack of gas permeability of
the thin polymer film-based devices, sweat generated during
intensive exercise cannot effectively evaporate, which could
lead to discomfort, and even skin rashes in severe cases.15,16
In this regard, the fiber-shaped pressure sensor is an outstanding
candidate for the next-generation wearable pressure-sensing
platform, owing to its one-dimensional configuration and
integrability into breathable and comfortable smart clothes
by the mature textile production.17–22 Recently, a handful of
fiber-shaped or textile pressure sensors have been demonstrated based on various sensing mechanisms, including
piezoresistive,23–25 piezocapacitive,26–29 piezoelectric30–33 and
triboelectric sensors.34–36
For practical applications, especially wearable platforms, it
is important for pressure sensors to have real-time feedback
which can help people reduce the risk of missing the best
treatment time for injuries caused by an external force.37
Therefore, it will be a significant advantage if the wearable
sensor itself could express the force directly. Visualized feedback is considered as a desirable module to be integrated with
pressure sensors because photonic and fluorescence signals are
the most intuitive and eﬀective ways to deliver messages.38–40
Previous reports to achieve visualized feedback mainly focused
on physically integrating the separated sensing and display
parts through an active matrix circuitry, but this way inevitably
leads to a complicated connection system and indirect feedback
between sensing and displaying.41–44
To this end, realizing the abovementioned two functions
in one single device through architecture design, which will
greatly simplify the integration, is more promising but remains
challenging. First, high-performance pressure sensing functionality must be achieved through the rational design of the
microstructure. Secondly, the structure and working principle
of the light-emitting device must be very similar to that of the
sensor to realize real-time visualized feedback, converting force
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signals to photonic signals. Thirdly, many traditional fabrication methods for planar integrated devices,45–47 such as photolithography and nanoimprint lithography, are not applicable
for fiber-shaped devices. To the best of our knowledge, a
flexible fiber-shaped light-emitting pressure sensor has not
yet been realized because of the above challenges.
Herein, we demonstrated a safe, versatile and wearable fibershaped light-emitting pressure sensor (FLPS) that is capable of
simultaneously detecting and visualizing external force stimuli
in a single device, through the rational combination of device
architecture and fabrication methods. The FLPS had a coaxial
structure with uniaxial folded micro-patterned elastomeric
polymers embedded with light-emitting phosphors as the sheath
and a fiber electrode as the core. The uniaxial folded microstructures distributed on the inner surface of the sheath were
made by an artful template method, using a spring-shaped fiber
as the template followed by chemical etching. Compared with
the one without the uniaxial folded microstructures, this
sensor presented a higher sensitivity and steady light-emitting
performance under pressing, and maintained stability even
under repeated deformations. As a proof of concept, the FLPS
was then woven into a fabric and directly mounted on the human
skin while using the epidermal skin as a grounding electrode.
The smart fabric could detect the force generated during muscle
movements such as finger bending and smiling, and simultaneously reflect them through the variations of the intensity
and distribution of electroluminescence (EL). Therefore, the
integrated smart fabric can function as a visualized-sensing
platform for human-activity monitoring and emotion detection
and imaging.

Experimental section
Fabrication of a fiber-shaped light-emitting pressure sensor
Firstly, a copper wire with a diameter of 50 mm was spirally
wound onto the steel wire (100 mm in diameter) to fabricate
a spring-shaped template with a dense thread structure.
Secondly, the ZnS:Cu/poly(dimethyl siloxane) (PDMS) mixture
was prepared by mixing the PDMS precursor, namely, a mixture
of an elastomer prepolymer and a curing agent with a weight
ratio of 9 : 1, then with ZnS : Cu microparticles at a weight ratio
of 1 : 1. Next, the obtained mixture was dip-coated onto the
as-prepared spring-shaped template, and then cured in an oil
bath for 10 s at 160 1C. The template with a ZnS:Cu/PDMS layer
was put into an acetone solution of ferric chloride (0.1 g ml 1)
and sonicated for 2 h to obtain the hollow fiber. The obtained
hollow fiber was washed with acetone and ethanol, and then
dried at 80 1C for 30 min. After fully etching the template,
a steel fiber was inserted into the hollow fiber to fabricate a
fiber-shape light-emitting pressure sensor.
Characterization
The morphology was characterized using a field-emission scanning electron microscope (S-4800, Hitachi) operated at 1 kV. The
photographs were taken using a digital camera (a6000, SONY).
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The optical images were taken using an optical microscope
(BX521, OLYMPUS). The change in the capacitance of the sensor
was measured at 100 kHz frequency with 1 V AC using a precision
inductance, capacitance, resistance (LCR) meter (YD2817B-I,
CZYAZi), which was connected to a computer for data acquisition. And two electrodes of the sensor were connected to the LCR
meter through copper wires and each contact was fixed with a
highly conductive silver paste. The applied force was controlled
using a Hengyi Table-Top universal testing instrument combined
with a force meter. The EL intensity was measured using a
miniature fiber optic spectrometer (Idealoptics PG2000-pro,
China) installed in an optical microscope (Olympus BX51, Japan).
A function generator (3312 A, Hewlett Packard) connected with
an amplifier (610 D, TREK Inc.), as a power supply, was used to
drive the devices to illuminate with the eﬀective voltage of 35 V.
And the inner electrode of FPLS served as the working electrode
and the skin could serve as the grounding electrode.

Results and discussion
The FLPS was composed of an elastomeric PDMS hollow fiber
with uniaxial folded microstructures on the inner surface and
embedded with ZnS:Cu phosphors for light-emitting, together
with a steel fiber electrode, to form a coaxial structure (Fig. 1a).
A template method was used to fabricate a FLPS with uniaxial
folded microstructures (Fig. S1, ESI†). Firstly, a spring-shaped
fiber template with a dense thread structure was prepared by
using one fiber as the core and another fiber helically wound
around its surface. And the copper wire and steel wire were
used for a demonstration. The thread structure could be tuned
by changing the diameters and wrapping methods of wires,
oﬀering a general and eﬀective method to systematically tune
the size and shape of the micro-patterns. Subsequently,
the outer surface of the prepared fiber template was evenly
dip-coated with a layer of ZnS:Cu/PDMS, which served as the
dielectric layer and electroluminescent layer. Following with
that, the template was removed to obtain the ZnS:Cu/PDMS
hollow fiber. A steel fiber was then inserted as the inner
electrode to prepare the FLPS.
Fig. 1b illustrates the working principle of pressure-sensing
and visualization of FLPS with the epidermal electrode,
which was equivalent to a parallel-plate capacitor. The skin,
which was naturally conductive,48,49 functioned as a grounding
electrode for the FLPS operated under an alternating electric
field. For general capacitive pressure sensors, the related
equation governing the capacitance is given by the following
equation:
C = eeﬀ (A/d)
where eeﬀ, A and d represent the eﬃcient dielectric constant
of the dielectric material, the contact area and the distance
between separated electrodes, respectively.50 When applying an
external force, the elastic ZnS:Cu/PDMS layer with uniaxial
folded microstructures dramatically deformed, leading to
a decreased thickness with an increased eﬀective dielectric
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Fig. 1 (a) Schematic of the device structure of the fiber-shaped light-emitting pressure sensor (FLPS). (b) Working principle of the FLPS with
an epidermal electrode. (c) Optical micrograph of the bare PDMS hollow fiber with uniaxial folded microstructures. (d) Optical micrograph of
the ZnS:Cu/PDMS hollow fiber under ultraviolet light with the ZnS:Cu particles emitting blue light. (e and f) SEM images of the inner surface of the
ZnS:Cu/PDMS hollow fiber at diﬀerent magnifications. Scale bars in c–d, e and f, 100 mm, 50 mm and 10 mm, respectively.

constant between the folded microstructure array and the inner
electrode,51,52 which could give rise to a large enhancement in
capacitance. At the same time, the EL intensity of the ZnS:Cu
phosphors was proportional to the alternating-electric field
applied across the EL layer between the two electrodes.
The thickness of the EL layer was decreased under pressure,
resulting in an increased electric field at the same voltage,
followed by the enhancement of EL intensity.53 In addition,
it was relatively easy for the designed uniaxial folded microstructures to deform as the local force was mainly concentrated
at the ridge tips, beneficial for strengthening force perception.
Therefore, the FLPS could eﬀectively detect the applied force
and visualize it by electroluminescence in real time.

This journal is © The Royal Society of Chemistry 2020

For detailed analysis of the microstructure and composition
of the FLPS, a series of tests were conducted. The optical image
clearly indicated that the uniaxial folded microstructures were
homogeneously distributed on the inner surface of the bare
PDMS hollow fiber with a diameter of 250 mm (Fig. 1c). The
ZnS:Cu particles with an average diameter of B30 mm, as an
electroluminescent material, were uniformly embedded in the
PDMS matrix, indicated by the optical image of the ZnS:Cu/PDMS
hollow fiber under ultraviolet light or visible light illumination
(Fig. 1d and Fig. S2, ESI†). The scanning electron microscopy
(SEM) images (Fig. 1e and f) showed periodic microstructures
with an average height of B20 mm and a distance of 50 mm on the
inner surface of the ZnS:Cu/PDMS hollow fiber. These structural
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Thanks to its composition and structure, the composite
hollow fiber was incorporated with the inner electrode to
obtain a FLPS, as a stable core–sheath structure.
Before monitoring the pressure exerted on the human skin,
the pressure-sensing performance of the FLPS was first examined
with the indium tin oxide (ITO) conductive fiber as the counter
electrode, cross-stacked to each other to form a capacitive
pressure sensor. The capacitance was generated at the intersection between the two electrodes. To investigate the eﬀect of
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parameters could be easily tuned by changing the diameter
and winding density of template fibers (Fig. S3 and S4, ESI†).
Compared with the bare PDMS matrix (Fig. S5, ESI†), no
noticeable change in the inner surface morphology was
observed after the introduction of ZnS:Cu particles into the
PDMS matrix. The cross-sectional SEM image showed the
ZnS:Cu/PDMS hollow fiber with a very thin wall of 50 mm
and a uniform diameter of 250 mm (Fig. S6, ESI†), which
could robustly undergo various deformations (Fig. S7, ESI†).

Journal of Materials Chemistry C

Fig. 2 (a) Schematic illustration of the cross-sectional structure of the fiber-shaped pressure sensors with and without uniaxial folded micro-patterns.
(b) Relative capacitance changes of diﬀerent fiber-shaped sensors under increasing forces. (c) Real-time capacitance responses of the micro-patterned
sensor to a small piece of paper (10 mg) and a leaf (50 mg). (d) Capacitance responses to diﬀerent bending angles of the micro-patterned sensor.
(e) Cycle stability of the sensor by applying periodic 0.02 N force for 1500 cycles. The insets show the partially magnified curves. Scale bars in c, 0.5 cm.
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the uniaxial folded micro-patterns in the inner surface on the
sensing performance, we fabricated the fiber-shaped pressure
sensors with and without microstructure design for comparison
(Fig. 2a). The relative capacitance changes (DC/C0) of sensors
were tracked under increasing applied forces (Fig. 2b). The
result showed that the fiber-shaped sensor with micro-patterns
exhibited a higher pressure sensitivity (DC/C0 per N) of
B16.81 N 1 in the low region (o0.05 N) and B0.91 N 1 in
the high region (40.05 N), while it was only B2.20 and
0.16 N 1 for that without micro-patterns, respectively. Such
impressive enhancement in sensitivity of the micro-patterned
pressure sensor was attributed to two key factors: enabling an
eﬀortless deformation of the dielectric layer, and the increase
in the eﬀective dielectric constant.54,55 The eﬀective dielectric
constant of the intermediate layer was determined by the
relative proportion of polymer composites and air. Since the
dielectric constants of the air and the polymer composite were
diﬀerent, when d was changed due to an external force, the
overall proportion of the polymer and air also changed followed
by the variance of the eﬀective dielectric constant of the intermediate layer. For instance, the eﬀective dielectric constant of
the micro-patterned layer was increased by 19.5% under a force
of 1 N (Fig. S8, ESI†). For the non-patterned device without
microstructures, the intermediate layer is composed entirely of
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polymers or polymer composites. When d was changed under
force, the dielectric constant remained stable. As a result, the
well-designed microstructure, which could more eﬀectively
tune the force-induced thickness and dielectric constant of
the dielectric layer, endowed the sensor with a high sensitivity.
Other than the excellent sensitivity, the sensor also delivered
a very low detection limit and could reliably detect the subtle
force such as 0.098 mN (a small piece of paper, 10 mg) and
0.49 mN (a leaf, 50 mg), respectively, as shown in Fig. 2c.
Furthermore, the device exhibited a reliable capacitance
response to diﬀerent bending angles ranging from 101 to 901
(Fig. 2d). By analyzing the change in the capacitance, we could
estimate the force of the joint under bending conditions.
On the other hand, stability and durability were also crucial
to a pressure sensor. A minor force of 0.02 N was applied to
the sensor periodically for over 1500 cycles. The capacitance
response of the fiber-shaped sensor remained stable (Fig. 2e).
In addition, the partially magnified response curves also clearly
showed that there was no noticeable fluctuation during the
whole cyclic process. These results indicated that the fiber-shaped
pressure sensor had high stability and durability.
Given the excellent performance of the fiber-shaped pressure sensor, the electroluminescent ZnS:Cu phosphors were
introduced into the PDMS matrix for real-time visualization

Fig. 3 (a) EL intensity change of the FLPS with and without uniaxial folded microstructures under diﬀerent forces. (b) EL intensity of the micro-patterned
FLPS in response to diﬀerent applied forces. (c) EL intensity in response to the applied force with diﬀerent frequencies. (d) Electroluminescence cycle
stability of micro-patterned FLPS with 100 cycles at 1 N. The inset shows a partially magnified curve. (e) Photographs and the corresponding distributions
of the EL intensity of the micro-patterned FLPS attached to fingers with diﬀerent bending angles. (f–i) Photographs of the micro-patterned FLPS
deformed into different shapes. Scale bars in e and f–i, 2 cm.
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of the applied force. To investigate the eﬀect of the microstructure on the visual-sensing performance, quick loading/
unloading forces of 0.5 N and 1 N were repeatedly applied to the
two sensors for comparison. Fig. 3a indicates that the device
with microstructures exhibited essentially noise-free responses
and consistent increases in EL intensity, while the one without
microstructures showed no response under diﬀerent forces.
This result indicated that the designed microstructures significantly improved the visual-sensing performance. Then a series
of forces from 0.05, 0.1, and 0.5 to 1 N were repeatedly loaded
and unloaded on the FLPS (Fig. 3b and Fig. S9, ESI†). The EL
intensity significantly increased with the applied force and also
retained its original level after several repetitive operations.
To further examine the reliability to work under complex
situations, the cycle stability and frequency dependence of
the FLPS were carefully studied. Fig. 3c demonstrates that the
EL intensity of the FLPS remained stable and repeatable under
varied frequencies from 0.5 to 4 Hz. Fig. 3d shows that the
luminescence response of the FLPS remained steady under the

Journal of Materials Chemistry C
loading–unloading cycle test at 1 N 100 times. These results
proved that the sensor had excellent sensitivity and stability
regardless of the applied force frequency.
We attached the device to a finger knuckle to visually show
the magnitude and distribution of the force of the finger
knuckle during bending motions. In Fig. 3e, the enhancement
of electroluminescence was directly observed by the naked eye
as the bending angle of the FLPS mounted on a finger knuckle
increased. To better understand these changes, the corresponding distributions of EL intensity at bending angles of
30 and 901 were mapped by extracting the gray scale values of
the obtained images. Such images further confirmed that as
the bending angle increased, not only the overall luminous
brightness increased, but also the uneven spatial distribution
of the luminous brightness was displayed, and both sides of the
finger knuckle were significantly larger than the middle part.
This result was consistent with the force distribution of the
finger knuckle in real life. Furthermore, the FLPS possessed a
high real-time visual-sensing performance and flexibility under

Fig. 4 (a) Schematic of device architecture and the working principle of the FLPS attached to the human body for dynamic visual monitoring of daily
activities. (b–e) Photographs of a glove with the FLPS under different bending angles or gestures. (f–i) Photographs of a textile mask with the FLPS under
different facial expressions such as smile or laugh. (j–m) Photographs of the textile light-emitting pressure sensor for imaging different shapes such as a
semicircle, square, rectangle and ring. Scale bars in b–e, f, g, h–i, and j–m, 2 cm, 4 cm, 1 cm, 4 cm and 0.5 cm, respectively.
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various deformations (Fig. 3f–i), including stretching, bending,
twisting and folding. Consequently, the FLPS with a simple and
ingenious structure design and material engineering enabled
real-time detection and visualized feedback of the magnitude
and distribution of force, which hasn’t been achieved in
previous fiber-shaped sensors, and even stable operation under
various deformation conditions. The realization of visualization of fiber-shaped sensors benefits from the uniaxial folded
microstructures prepared by the fiber-shaped template method
and the ZnS:Cu electroluminescent materials.
As a proof of concept, the FLPS was then woven into daily
fabrics to serve as a wearable visualized-sensing platform for
dynamic monitoring of daily activities through the real-time
feedback from EL intensity and position (Fig. 4a). As a demonstration, three FLPSs were woven into a glove to display
pressure change induced by finger motions and diﬀerent
gestures (Fig. 4b–e). As the bending angle of the finger changes,
the EL intensity and areas of the sensors within the region of
the entire joint changed accordingly, while the non-joint part
remained almost unchanged, which was consistent with the
force distribution during finger movement. In addition, when
the finger returned from the bent state to the initial state,
the EL intensity also returned to its original level.
Another three FLPSs were woven into a mask to monitor
facial expression changes (Fig. 4f and g). It was obvious that
the EL intensity and region of the smart mask showed great
changes induced by facial muscle movements when a person
smiled or laughed, and thus it could serve as an emotion detector
(Fig. 4h and i). A proof-of-concept textile light-emitting pressure
sensor array was also fabricated to visually detect the spatial
pressure distribution through weaving technology. When
diﬀerent shapes of conductive objects were placed on the fabric
by hand, the distinct images, such as a semicircle, square,
rectangle and ring, instantly appeared with high resolution
(Fig. 4j–m). The mapping resolution of the light-emitting
pressure sensor textile could be further tuned through adjusting
the weaving density of the FLPS.

Conclusions
In summary, we developed and demonstrated a fiber-shaped
light-emitting pressure sensor for visualized dynamic monitoring with high pressure selectivity (16.81 N 1), low detection
limit (40.098 mN) and high endurance (over 1500 cycles),
which were attributed to material engineering, internal surface
microstructure design and the core-sheath device architecture.
The internal surface microstructures were accomplished by
using the spring-shaped fiber template with a dense thread
structure. The fiber-shaped pressure sensor showed good
sensitivity and stability even under repeated deformations.
In addition, utilizing the skin as one of the electrodes endowed
the device structure with both sensing and displaying functions.
More importantly, the fiber-shaped light-emitting pressure sensor
could be easily integrated into a common fabric to serve as a
wearable visual-sensing platform to monitor daily activities and

This journal is © The Royal Society of Chemistry 2020

Communication
expression of emotions. Such a visual way to display force change
may allow us to achieve remote monitoring of human activity
by the naked eye. And the idea of implementing multiple
functions in a single device, including the power source and
wireless modules, through device architecture design, may be
the mainstream of future wearable device designs.

Conflicts of interest
The authors declare no conflicts of interest.

Acknowledgements
This work was supported by MOST (2016YFA0203302), NSFC
(21634003, 51573027, and 51673043), STCSM (16JC1400702
and 17QA1400400), SHMEC (2017-01-07-00-07-E00062), and
the Yanchang Petroleum Group.

Notes and references
1 J. Y. Oh and Z. Bao, Adv. Sci., 2019, 6, 1900186.
2 J. Zhong, H. Zhu, Q. Zhong, J. Dai, W. Li, S. H. Jang, Y. Yao,
D. Henderson, Q. Hu, L. Hu and J. Zhou, ACS Nano, 2015,
9, 7399.
3 T. Q. Trung and N. E. Lee, Adv. Mater., 2016, 28, 4338.
4 T. Wang, D. Qi, H. Yang, Z. Liu, M. Wang, W. R. Leow,
G. Chen, J. Yu, K. He, H. Cheng, Y. L. Wu, H. Zhang and
X. Chen, Adv. Mater., 2019, 31, 1803883.
5 M. A. Darabi, A. Khosrozadeh, R. Mbeleck, Y. Liu, Q. Chang,
J. Jiang, J. Cai, Q. Wang, G. Luo and M. Xing, Adv. Mater.,
2017, 29, 1700533.
6 C. Pang, G. Y. Lee, T. I. Kim, S. M. Kim, H. N. Kim, S. H. Ahn
and K. Y. Suh, Nat. Mater., 2012, 11, 795.
7 C. Wan, G. Chen, Y. Fu, M. Wang, N. Matsuhisa, S. Pan,
L. Pan, H. Yang, Q. Wan, L. Zhu and X. Chen, Adv. Mater.,
2018, 30, 1801291.
8 Y. Kim, A. Chortos, W. Xu, Y. Liu, J. Y. Oh, D. Son, J. Kang,
A. M. Foudeh, C. Zhu, Y. Lee, S. Niu, J. Liu, R. Pfattner,
Z. Bao and T. W. Lee, Science, 2018, 360, 998.
9 S. Jung, J. H. Kim, J. Kim, S. Choi, J. Lee, I. Park, T. Hyeon
and D. H. Kim, Adv. Mater., 2014, 26, 4825.
10 Y. Wang, L. Wang, T. Yang, X. Li, X. Zang, M. Zhu, K. Wang,
D. Wu and H. Zhu, Adv. Funct. Mater., 2014, 24, 4666.
11 C. Wan, P. Cai, M. Wang, Y. Qian, W. Huang and X. Chen,
Adv. Mater., 2019, 1902434.
12 Y. S. Rim, S. H. Bae, H. Chen, N. De Marco and Y. Yang,
Adv. Mater., 2016, 28, 4415.
13 L. Wang, L. Wang, Y. Zhang, J. Pan, S. Li, X. Sun, B. Zhang
and H. Peng, Adv. Funct. Mater., 2018, 28, 1804456.
14 W. Gao, H. Ota, D. Kiriya, K. Takei and A. Javey, Acc. Chem.
Res., 2019, 52, 523.
15 H. Teisala, M. Tuominen and J. Kuusipalo, Adv. Mater.
Interfaces, 2014, 1, 1300026.
16 A. J. T. Teo, A. Mishra, I. Park, Y. J. Kim, W. T. Park and
Y. J. Yoon, ACS Biomater. Sci. Eng., 2016, 2, 454.

J. Mater. Chem. C, 2020, 8, 935--942 | 941

View Article Online

Published on 24 December 2019. Downloaded by Fudan University on 5/19/2020 11:45:19 AM.

Communication
17 Z. Liu, D. Qi, G. Hu, H. Wang, Y. Jiang, G. Chen, Y. Luo, X. J.
Loh, B. Liedberg and X. Chen, Adv. Mater., 2018, 30,
1704229.
18 J. Lv, I. Jeerapan, F. Tehrani, L. Yin, C. A. Silva-Lopez,
J. H. Jang, D. Joshuia, R. Shah, Y. Liang, L. Xie, F. Soto,
C. Chen, E. Karshalev, C. Kong, Z. Yang and J. Wang, Energy
Environ. Sci., 2018, 11, 3431.
19 Y. Jang, S. M. Kim, G. M. Spinks and S. J. Kim, Adv. Mater.,
2019, 1902670.
20 N. Matsuhisa, M. Kaltenbrunner, T. Yokota, H. Jinno,
K. Kuribara, T. Sekitani and T. Someya, Nat. Commun., 2015,
6, 7461.
21 W. Weng, J. Yang, Y. Zhang, Y. Li, S. Yang, L. Zhu and
M. Zhu, Adv. Mater., 2019, 1902301.
22 C. Jia, C. Chen, Y. Kuang, K. Fu, Y. Wang, Y. Yao,
S. Kronthal, E. Hitz, J. Song, F. Xu, B. Liu and L. Hu, Adv.
Mater., 2018, 30, 1801347.
23 S. Pyo, J. Lee, W. Kim, E. Jo and J. Kim, Adv. Funct. Mater.,
2019, 29, 1902484.
24 Y. Cheng, R. Wang, J. Sun and L. Gao, Adv. Mater., 2015,
27, 7365.
25 J. Ge, L. Sun, F. R. Zhang, Y. Zhang, L. A. Shi, H. Y. Zhao,
H. W. Zhu, H. L. Jiang and S. H. Yu, Adv. Mater., 2016,
28, 722.
26 X. You, J. He, N. Nan, X. Sun, K. Qi, Y. Zhou, W. Shao, F. Liu
and S. Cui, J. Mater. Chem. C, 2018, 6, 12981.
27 A. Chhetry, H. Yoon and J. Y. Park, J. Mater. Chem. C, 2017,
5, 10068.
28 A. Atalay, V. Sanchez, O. Atalay, D. M. Vogt, F. Haufe,
R. J. Wood and C. J. Walsh, Adv. Mater. Technol., 2017,
2, 1700136.
29 D. H. Ho, S. Cheon, P. Hong, J. H. Park, J. W. Suk, D. H. Kim,
J. T. Han and J. H. Cho, Adv. Funct. Mater., 2019, 29,
1900025.
30 Y. A. Huang, Y. Ding, J. Bian, Y. Su, J. Zhou, Y. Duan and
Z. Yin, Nano Energy, 2017, 40, 432.
31 J. Ryu, J. Kim, J. Oh, S. Lim, J. Y. Sim, J. S. Jeon, K. No,
S. Park and S. Hong, Nano Energy, 2019, 55, 348.
32 X. Chen, X. Li, J. Shao, N. An, H. Tian, C. Wang, T. Han,
L. Wang and B. Lu, Small, 2017, 13, 1604245.
33 X. Li, Z. H. Lin, G. Cheng, X. Wen, Y. Liu, S. Niu and
Z. L. Wang, ACS Nano, 2014, 8, 10674.
34 J. Zhong, Y. Zhang, Q. Zhong, Q. Hu, B. Hu, Z. L. Wang and
J. Zhou, ACS Nano, 2014, 8, 6273.
35 Z. Lin, J. Yang, X. Li, Y. Wu, W. Wei, J. Liu, J. Chen and
J. Yang, Adv. Funct. Mater., 2018, 28, 1704112.
36 K. Dong, X. Peng and Z. L. Wang, Adv. Mater., 2019,
1902549.

942 | J. Mater. Chem. C, 2020, 8, 935--942

Journal of Materials Chemistry C
37 C. M. Boutry, Y. Kaizawa, B. C. Schroeder, A. Chortos,
A. Legrand, Z. Wang, J. Chang, P. Fox and Z. Bao, Nat.
Electron., 2018, 1, 314.
38 S. Li, B. N. Peele, C. M. Larson, H. Zhao and R. F. Shepherd,
Adv. Mater., 2016, 28, 9770.
39 C. Larson, B. Peele, S. Li, S. Robinson, M. Totaro, L. Beccai,
B. Mazzolai and R. Shepherd, Science, 2016, 351, 1071.
40 X. Han, W. Du, M. Chen, X. Wang, X. Zhang, X. Li, J. Li,
Z. Peng, C. Pan and Z. L. Wang, Adv. Mater., 2017, 29,
1701253.
41 R. Shimotsu, T. Takumi and V. Vohra, Sci. Rep., 2017,
7, 6921.
42 C. Wang, D. Hwang, Z. Yu, K. Takei, J. Park, T. Chen, B. Ma
and A. Javey, Nat. Mater., 2013, 12, 899.
43 K. Takei, T. Takahashi, J. C. Ho, H. Ko, A. G. Gillies,
P. W. Leu, R. S. Fearing and A. Javey, Nat. Mater., 2010,
9, 821.
44 T. Someya, T. Sekitani, S. Iba, Y. Kato, H. Kawaguchi and
T. Sakurai, Proc. Natl. Acad. Sci. U. S. A., 2004, 101, 9966.
45 X. Zhou, Y. Zhang, J. Yang, J. Li, S. Luo and D. Wei,
Nanomaterials, 2019, 9, 496.
46 C. Guo, Y. Yu and J. Liu, J. Mater. Chem. B, 2014, 2, 5739.
47 J. Y. Shao, X. L. Chen, X. M. Li, H. M. Tian, C. H. Wang and
B. H. Lu, Sci. China: Technol. Sci., 2019, 62, 175.
48 S. Takamatsu, T. Lonjaret, E. Ismailova, A. Masuda, T. Itoh
and G. G. Malliaras, Adv. Mater., 2016, 28, 4485.
49 E. H. Kim, H. Han, S. Yu, C. Park, G. Kim, B. Jeong,
S. W. Lee, J. S. Kim, S. Lee, J. Kim, J. U. Park, W. Shim
and C. Park, Adv. Sci., 2019, 6, 1802351.
50 J. Lee, H. Kwon, J. Seo, S. Shin, J. H. Koo, C. Pang, S. Son,
J. H. Kim, Y. H. Jang, D. E. Kim and T. Lee, Adv. Mater., 2015,
27, 2433.
51 S. Kang, J. Lee, S. Lee, S. Kim, J.-K. Kim, H. Algadi, S. Sayari,
D. E. Kim, D. Kim and T. Lee, Adv. Electron. Mater., 2016,
2, 1600356.
52 X. Zeng, Z. Wang, H. Zhang, W. Yang, L. Xiang, Z. Zhao,
L. M. Peng and Y. Hu, ACS Appl. Mater. Interfaces, 2019,
11, 21218.
53 S. W. Lee, S. H. Cho, H. S. Kang, G. Kim, J. S. Kim, B. Jeong,
E. H. Kim, S. Yu, I. Hwang, H. Han, T. H. Park, S. Jung,
J. K. Lee, W. Shim and C. Park, ACS Appl. Mater. Interfaces,
2018, 10, 13757.
54 J. C. Yang, J. O. Kim, J. Oh, S. Y. Kwon, J. Y. Sim, D. W. Kim,
H. B. Choi and S. Park, ACS Appl. Mater. Interfaces, 2019,
11, 19472.
55 D. Kwon, T. I. Lee, J. Shim, S. Ryu, M. S. Kim, S. Kim,
T. S. Kim and I. Park, ACS Appl. Mater. Interfaces, 2016,
8, 16922.

This journal is © The Royal Society of Chemistry 2020

