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Abstract
Flexible pressure sensors have attracted increasing attention due to their potential applications in wearable human
health monitoring and care systems. Herein, we present a facile approach for fabricating all-textile-based piezoresistive
pressure sensor with integrated Ag nanowire-coated fabrics. It fully takes advantage of the synergistic effect of the fiber/
yarn/fabric multi-level contacts, leading to the ultrahigh sensitivity of 3.24 × 105 kPa−1 at 0–10 kPa and 2.16 × 104 kPa−1 at
10–100 kPa, respectively. Furthermore, the device achieved a fast response/relaxation time (32/24 ms) and a high stability
(> 1000 loading/unloading cycles). Thus, such all-textile pressure sensor with high performance is expected to
be applicable in the fields of smart cloths, activity monitoring, and healthcare device.
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Introduction
With the recent development of wearable electronics,
there is an increasing demand for flexible pressure
sensors in a multitude of applications including e-skin
devices, health monitoring systems, and smart robots
[1–8]. In order to be viably employed in these applications, pressure sensors must exhibit excellent sensitivity
performance, thus, providing exhaustive information for
accurate diagnosis or analysis.
To date, numerous methods have been developed to
improve the sensor performance by optimizing the
nanomaterials, including carbon nanotubes (CNTs) [1],
graphene nanosheets [9], metal nanowires [10–19], conductive polymers [20], and their composite materials
[21–26]. Particularly, Ag nanowire (AgNW) has been
widely explored as the sensing materials or conductive
fillers in pressure sensors because of its excellent electrical properties. For example, Wang et al. fabricated a
flexible pressure sensor based on the AgNW-filled PU
film, rendering a sensitivity of 5.54 kPa−1 at the pressure
range of below 30 Pa [27]. Ho et al. reported a
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transparent crack-enhanced pressure sensor consisting
of two laminated PDMS films bearing AgNW-embedded
microfluidic channels [28]. However, most of these sensors were fabricated using airproof elastic substrates,
which are unbreathable and uncomfortable to wear, thus
limiting their practical applications.
More recently, textile-based pressure sensors have
attracted increasing attention because of its softness,
breathable, and biocompatibility, which makes it durable
and wearable for long term. AgNWs have been widely
used in the textile-based pressure sensors as sensitive
layer. For textile-based sensors, a typical structure consists of flexible circuits covered with a conduction fabric,
and they exploit a change in contact resistance between
the circuits and the fabrics. When a pressure is applied,
the two films contact, and a significant current is generated. For instance, Wei et al. demonstrated a wearable
pressure sensor with the structure of two conductive
AgNWs-coated cotton sheets [29]. Zhou et al. designed
a pressure sensor with a printed textile electrode and
AgNW-coated cotton fabric [30]. However, the pressure
range is limited for the structure of these sensors. Thus,
various structure designs have been proposed to improve
the performance of pressure sensors. Zhong et al. developed an ultrasensitive piezoresistive sensor with high
flexible, which is composed of POE nanofibers and

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

Lian et al. Nanoscale Research Letters

(2020) 15:70

AgNWs by a facile filtration method. The nanofibers are
replicated on patterned nylon textiles with different fiber
spacing [12]. Despite this progress, an all textile-based
pressure sensor with ultrahigh sensitivity and structure
design is seldom reported by far.
Here, we proposed a novel strategy for fabricating alltextile-based pressure sensors. The AgNWs solution was
synthesized, and then the conductive fabric can be fabricated using a dip-coating method, which was done by
dipping cotton pieces into the AgNW dispersion. The
active sensing element contained double-layered AgNWcoated cottons with a cotton mesh spacer to secure the
initial contact between them. The pressure sensing is
based on changes in the electrical current due to the
contact between the facing layers upon external pressure. This all-textile-based piezoresistive pressure sensor
fully takes advantage of the synergistic effect of the
fiber/yarn/fabric multi-level contacts, leading to the ultrahigh sensitivity of 3.24 × 105 kPa−1 at 0–10 kPa and
2.16 × 104 kPa−1 at 10–100 kPa, respectively. Meanwhile,
the pressure sensor achieved a fast response/relaxation
time (32/24 ms), and high stability (> 1000 loading/
unloading cycles). Such devices have wide applications
in smart clothes, activity monitoring, and healthcare
device.
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method. Second, the solutions of AgNO3/EG and NaCl/
EG were added into PVP/EG, and the mixture was
stirred and transferred into a reaction kettle. Third, the
kettle was heated to 140 °C for 2 h and then to 160 °C
for 30 min. Subsequently, the kettle was naturally cooled
down to room temperature. The obtained precipitates
were washed and centrifugal filtered with acetone and
deionized water several times to form a white powder.
Lastly, the obtained AgNWs were ultrasonically dispersed in ethanol.
Fabrication of Pressure Sensor

The all-textile-based pressure sensor was fabricated
using the “dipping and drying” process [31] (Fig. 1).
First, the cotton fabrics were cleaned with DI and anhydrous ethanol each for 15 min. Second, the fabrics
were dipped into the obtained solution of AgNWs for
20 min and followed by drying at 90 °C for 10 min (Fig.
1a). Then, the copper electrodes were attached to the
surface of the AgNW-coated fabrics with silver paste
and dried at 90 °C for 1 h. Meanwhile, the cotton mesh
spacers with different hole diameters were fabricated by
a laser etcher process (Fig. 1b). Finally, the doublelayered sensing fabric with an inserted cotton mesh spacer was assembled by a face-to-face package process
(Fig. 1c).

Experimental Section
Materials and Methods

Characterization

The AgNWs solution was synthesized by hydrothermal
method. First, the solution of PVP was added into EG;
then, the mixture was stirring for 20 min to fabricate the
solution of PVP/EG. Subsequently, the solutions of
AgNO3/EG and NaCl/EG were prepared with a similar

The scanning electron microscopy (SEM) images of the
AgNW-coated fabric surfaces were taken via a GeminiSEM 500 (ZEISS, New York, America) at 5 kV. The
current response of the pressure sensors was recorded
using a digital source meter (Keithley 4200, America)

Fig. 1 Fabrication process of the all-textile-based pressure sensor. a The preparation process of AgNW-coated cotton. b The fabrication process of
mesh spacer cotton. c The assembling process of pressure sensor
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and measured using a digital force gauge (SJS-500V,
China).

Results and Discussion
Figure 2 shows SEM images of the morphology of the
AgNWs-coated fabric with different magnification. As
shown in Fig. 2a, the yarns of the cotton were layered
naturally with porous structure. The outmost surface of
the fabric is covered by AgNWs (Fig. 2b), on which
nanowires are uniformly wrapped on the fibers. Particularly, between the neighboring yarns, there are empty
spacings that are bridged by the attached AgNW conductive networks (Fig. 2c). To be noticed, long and uniform
wires were observed between adjacent yarns, and the average diameter of AgNW is around 55 nm. In Fig. 2d, the
AgNWs are homogenously formed at main area of the
yarn surface, while disconnected at some point due to the
poor adhesion. Furthermore, the distant between nanowires adhered on the individual yarn is relatively larger
than that of the nanowires between neighboring yarns.
Also, the density of the AgNWs on the surface of the
fabrics was adjusted by the times of dip-coating cycles.
The AgNWs-coated fabric with 1 dip cycle and 5 dip
cycles was shown in Fig. S1 and Fig. 2d, respectively.
Compared with the high density one, the nanowire mesh
spacings of 1 dip cycle were increased from below 1 to
2–4 μm.
The composition of the AgNWs-coated fabric was also
investigated by the energy dispersive X-ray spectroscopy
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(EDS), as illustrated in the inset of Fig. S2. In addition to
the C and O contents which mainly attributed from cotton, Ag element was also observed, indicating the distribution of AgNWs on the cotton.
The sensing principle of the pressure sensor is shown
in Fig. 3a, and the cross-section SEM images of the
sensor with different pressures are shown in Fig. 3b–e.
In the unloading state, the initial resistance is large,
which is caused by the non-contact AgNWs on the
fabrics (Fig. 3b). Once the pressure was applied, the increasing fiber-scale contacts of nanowires on the adjacent fabrics contributed to a decrease in the resistance
(Fig. 3c). Furthermore, when the nanowires on the fabrics were contacted completely, the continued pressure
loaded on the fibers then increased the yarn-scale contacts. As Fig. 3d shown, the yarns length in Y direction
are reduced from about 200 to 160 μm, confirming the
compression between the yarns. According to the crosssection SEM images, the AgNWs were formed both on
the yarn surface and inside the adjacent yarns (Fig. S3).
When the pressure was applied and the yarns were compressed, the AgNWs inside the yarns could contact and
further reduced the resistance of the sensor. With loading pressure increasing, the neighboring fabrics were
compressed (Fig. 3e); fabric-scale contacts further reduced the resistance of the sensor due to the increased
contact area between the facing fabrics. At this point,
the total thickness of the double-layered fabrics was reduced from 600 to 350 μm. Therefore, the pressure

Fig. 2 The morphology of the AgNWs-coated fabrics. a–d The SEM images of the surface morphology of AgNWs-coated fabric with different
position of AgNWs and different magnification, in which c is the SEM image of the AgNWs between the yarns and d the AgNWs coated on the
single fiber

Lian et al. Nanoscale Research Letters

(2020) 15:70

Page 4 of 8

Fig. 3 The sensing principle of pressure sensor. a Schematic illustration of pressure sensing. b–e The cross-section SEM images of the AgNWscoated fabric under different pressure

sensing of the sensors was determined by the synergistic
effect of the fiber/yarn/fabric multi-scale contact. These
cross-section SEM images further confirmed the pressure sensing mechanism.
The influence of bending on the surface morphology
of the AgNWs-coated fabrics was investigated by crosssection SEM images shown in Fig. S4. With the little
bending deformation, there is no obvious crack and
peeling off problem of AgNWs network on the fabrics
(Fig. S4b) compared with initial state (Fig. S4a). In order
to further investigate the influence of bending deformation, the SEM images of AgNWs-coated fabrics with 500
times bending cycles were taken and shown in Fig. S5. Fig
S5 shows many delaminated spots which potentially occur
device degradation. This result indicates that the stability
of the AgNWs-coated fabric need to be further improved
in the future.
Fig. 4a shows the current-voltage curves of the pressure sensor under different pressures. When the applied
pressure increased from 0 to 100 kPa, the resistance of
the sensor was decreased. Furthermore, the response of
sensor was steady and fell in line under Ohm’s law [32].
The current of pressure sensor is shown in Fig. 4b,

which is relatively constant under different applied pressure, revealing that the response of the sensor is stable
for different pressures. Therefore, the results provide excellent electrical stability for the potential application of
the pressure sensor.
To investigate the performance of pressure sensors,
the relative current changes (ΔI/I0) versus pressure with
the different AgNWs dip-coating cycles and mesh hole
diameters were shown in Fig. 4c, d. Here, the sensitivity
of the pressure sensor was defined as S = (ΔI/I0)/P,
where P denotes the applied pressure. At a mesh hole
diameter of 0.25 mm, the sensitivity of the pressure sensor was strongly dependent on the AgNWs dip-coating
cycles. The sensitivity of the sensors was improved from
2.12 × 103 kPa−1 to 1.98 × 105 kPa−1 within the range of
0–10 kPa when the dip-coating cycles increased from 1
to 5. In addition, the sensitivity improved from 764 to
1.12 × 103 kPa–1 at 10–100 kPa. The improvement of
sensitivity with high dip-coating cycles is mainly attributed to the increase of the AgNWs densities.
Furthermore, the dependence of hole diameter was
subsequently characterized. The pressure sensors with 5
dip-coating cycles exhibited enhancing sensitivities with
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Fig. 4 Performances of the pressure sensors. a I-V curves of the pressure sensor with different applied pressures. b The current response of the
sensor under different pressures. c, d The performance comparison of the pressure sensors with different dip-coating cycles and mesh
hole diameters

increasing diameters, which were increased from 1.12 ×
103, 9.88 × 103, to 2.16 × 104 kPa–1 within the pressure
range of 10–100 kPa, respectively. The enhancement in
the sensitivity was mainly attributed to the increased
contact area through the larger holes. However, once the
diameter exceeded 1 mm with 4 cycles, the initial interface of the facing fabrics resulted in more contact in the
unloading state, thus, significantly lowering the contact
resistance between the fabrics (Fig. S6). Furthermore,
when the thickness of the spacer cotton is changed, the
performances of the sensors get worse (Fig. S7). The
sensor with lower thickness shows a decrease of ΔI/I0
due to the contacting of the facing fabrics in the initial
state (Fig. S7a). In addition, higher thickness reduces the
contact of the fabrics. When the thickness of spacer cotton increased to 1 mm, the AgNWs on the fabrics were
not contact until the pressure exceed 10 kPa (Fig. S7c).
Notably, the pressure sensor clearly exhibited two linear current segments; the sensitivity increases sharply in
the low-pressure range and increases gradually in the
high-pressure range. According to the sensing principle
as we mentioned above, in the low-pressure range, the
adjacent AgNWs contact plays an important role in increased current. Furthermore, when the pressure is increased to 10–15 kPa, the AgNWs on the interface were
contact completely. The current changes were mainly

determined by the contact resistance between the yarns
and fabrics, which was relatively stable. Contact between
the yarn and fabric scales played a more significant role
in the sensing mechanism at dip-coating cycles of 5
times and diameter of 0.75 mm by enhancing the sensitivity and linear range. Therefore, the diameter of 0.75
mm (Fig. 4d) exhibited a higher sensitivity and larger linear range due to increased contact [33, 34].
The dynamic response of the device was studied under
loading/unloading pressure cycles. The sensor exhibited
an immediate response to the cyclic pressures. The
time-resolved response was analyzed to quantify the
response and relaxation times (Fig. 5a). The measured
response and relaxation times were 32 and 24 ms, respectively. The performance of the sensor under difference pressure is also investigated and shown in Fig. S8.
The sensor clearly distinguished a subtle pressure of 50
Pa, indicating the excellent performance of the sensor.
The ΔI/I0 with an applied pressure of 10 kPa with 1000
loading cycles was used to verify the repeatability of the
device (Fig. 5b). The results show the excellent stability
of the pressure sensors. Furthermore, the air permeability of both normal cotton and AgNW-coated cotton was
investigated. Despite the air permeability was reduced
from 787.3 to 252.6 mm/s, this value is still much higher
than the recently reported ones [35, 36]. This result
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Fig. 5 a Response/release times of the device. b The cycling test of the device under a pressure of 10 kPa. c Wrist pulse signal of the human
user. d The current signal responds to respiration under normal breathing

demonstrated that the wearable pressure sensors based
on silver nanowire-coated fabrics remain good air permeability because of its high porosity.
Due to the natural flexibility of fabrics and high sensitivity of sensors, the pressure sensor was wearable and able
to detect mechanical signals such as physiological pulse
and respiratory rate. First, the device was attached at the
wrist using an adhesive bandage to monitor the pulse
pressure. Fig. 5c presents the real-time recorded data, in
which the pulse rates were measured to be ≈ 72 beats
min–1. In addition, the sensor was also attached to a mask
to detect respiration states. Fig. 5d indicates that the normal respiratory rate of 10 breaths per minute of an adult
and a square-like wave for normal breathing. Furthermore,
the width of the waveband indicated the maintained time
of breathing. These results suggest that the pressure sensor with high sensitivity and superiority has great potential
in wearable healthcare device applications.

Conclusion
In this work, the AgNWs were fabricated by hydrothermal
method, and the morphology was characterized and analyzed. An all-textile-based pressure sensor was fabricated
by inserting a cotton mesh spacer between the doublelayered AgNW-coated cottons. Owing to the collective
effect of the fiber/yarn/fabric multi-scale contacts, the
sensor has extremely high sensitivity (3.24 × 105 kPa−1 at

0–10 kPa and 2.16 × 104 kPa−1 at 10–100 kPa, respectively), fast response/recovery time (32/24 ms), high stability (1000 cycles), and wide pressure range (0–100 kPa).
The physiological signals monitoring such as pulse pressure has been successfully demonstrated. With a facile
and efficient method for fabrication, such an ultrasensitive
pressure sensor will promote a wide application in next
generation development of smart clothes, activity monitoring, and healthcare device.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s11671-020-03303-2.
Additional file 1: Fig. S1 The SEM image of the fabric with 1 cycle dipcoated AgNWs that attached on a single yarn. Fig. S2 The EDS analysis of
the AgNWs-coated fabric. Fig. S3 The morphology of the AgNWs-coated
fabric. a The AgNWs coated on the surface of the yarns. b the AgNWs
coated inside the yarns. Fig. S4 The cross-section SEM images of AgNWscoated fabric a before and b after bending. Fig. S5 The morphology of the
AgNWs-coated fabric after 500 times bending. Fig. S6 The ΔI/I0 of the pressure sensors with a mesh hole diameters of 1 mm. Fig. S7 The ΔI/I0 of the
pressure sensors with different thickness of spacer cotton. Fig. S8 The
current of the pressure sensor under the pressure of 200 Pa

Abbreviations
CNTs: Carbon nanotubes; AgNW: Ag nanowire; PVP: polyvinyl pyrrolidone;
EG: Ethylene glycol; NaCl: Sodium chloride; DI: Deionized water;
SEM: Scanning electron microscope; EDS: Energy dispersive X-ray
spectroscopy

Lian et al. Nanoscale Research Letters

(2020) 15:70

Acknowledgements
This work is supported by the International Cooperation Project of Science
and Technology Department of Sichuan Province (2019YFH0015) and the
International Cooperation Project of Chengdu Science and Technology
Bureau (2019-GH02-00028-HZ).
Authors’ Contributions
YL, MW, and XY designed and carried out the experiments. HZ participated
in the work to analyze the data. YL prepared the manuscript initially. HY
polished the English. The authors read and approved the final manuscript.
Funding
This work is supported by the International Cooperation Project of Science
and Technology Department of Sichuan Province (2019YFH0015) and the
International Cooperation Project of Chengdu Science and Technology
Bureau (2019-GH02-00028-HZ).
Availability of Data and Materials
The authors declare that the materials and data are available to the readers,
and all conclusions made in this manuscript are based on the data which
are all presented and shown in this paper.
Competing Interests
The authors declare that they have no competing interests.
Received: 24 February 2020 Accepted: 19 March 2020

References
1. Rogers JA, Someya T, Huang Y (2010) Materials and mechanics for
stretchable electronics. Science 327:1603–1607 https://doi.org/10.1126/
science.1182383
2. Kim Y, Zhu J, Yeom B, Prima MD, Su X, Kim JG (2013) Stretchable
nanoparticle conductors with self-organized conductive pathways. Nature
500(7460):59-63 https://doi.org/10.1038/nature12401
3. Wang Y, Wang L, Yang T, Li X, Zang X, Zhu M, Wang K, Wu D, Zhu H (2014)
Wearable and highly sensitive graphene strain sensors for human motion
monitoring. Adv Funct Mater 24(29):4666-4670 https://doi.org/10.1002/adfm.
201400379
4. Muth JT, Vogt DM, Truby RL, Mengüç Y, Kolesky DB, Wood RJ (2014)
Embedded 3D printing of strain sensors within highly stretchable
elastomers. Adv Mater 26(36):6307-6312 https://doi.org/10.1002/adma.
201400334
5. Ge J, Sun L, Zhang FR, Zhang Y, Shi LA, Zhao HY, Zhu HW, Jiang HL, Yu SH
(2016) A stretchable electronic fabric artificial skin with pressure-, lateral
strain-, and flexion-sensitive properties. Adv Mater 28(4):722-728 https://doi.
org/10.1002/adma.201504239
6. Ding L, Zhang L, Zhang S, Wang C, Chen Z, Jiang D, Pan G (2019) Highly
sensitive piezoresistive sensor based on modified polystyrene microspheres
multilayer stacking conductive interface. Chem Lett 10(48):1206-1208
https://doi.org/10.1246/cl.190496
7. Chen M, Zhou J, Tao G, Yang J, Hu L (2018) Wearable affective robot. IEEE
Access 6:64766-64776 https://doi.org/10.1109/ACCESS.2018.2877919
8. Gu Y, Zhang T, Chen H, Wang F, Pu Y, Gao C, Li S (2019) Mini review on
flexible and wearable electronics for monitoring human health information.
Nanoscale Res Lett 14(1):263-277 https://doi.org/10.1186/s11671-019-3084-x
9. Liang B, Chen W, He Z, Yang R, Lin Z, Du H, Shang Y, Cao A, Tang Z, Gui X
(2017) Highly sensitive, flexible MEMS based pressure sensor with
photoresist insulation layer. Small 1702422 https://doi.org/10.1002/smll.
201702422
10. Jian M, Xia K, Wang Q, Yin Z, Wang H, Wang C, Xie H, Zhang M, Zhang Y
(2017) Flexible and highly sensitive pressure sensors based on bionic
hierarchical structures. Adv Funct Mater 27(9):1606066 https://doi.org/10.
1002/adfm.201606066
11. Zhang Y, Fang Y, Li J, Zhou Q, Xiao Y, Zhang K, Luo B, Zhou J, Hu B (2017)
Dual-mode electronic skin with integrated tactile sensing and visualized
injury warning. ACS Appl Mater Interfaces 9:37493-37500 https://doi.org/10.
1021/acsami.7b13016
12. Ho DH, Song R, Sun Q, Park WH, Kim SY, Pang C, Kim DH, Kim SY, Lee J,
Cho JH (2017) Crack-enhanced microfluidic stretchable E-Skin sensor. ACS
Appl Mater Interfaces 9:44678-44686 https://doi.org/10.1021/acsami.7b15999

Page 7 of 8

13. Xu X, Wang R, Nie P, Cheng Y, Lu X, Shi L, Sun J (2017) Copper nanowirebased aerogel with tunable pore structure and its application as flexible
pressure sensor. ACS Appl Mater Interfaces 9:14273-14280 https://doi.org/10.
1021/acsami.7b02087
14. Liao G, Fang J, Li Q, Li S, Xu Z, Fang B (2019) Ag-based nanocomposites:
synthesis and applications in catalysis. Nanoscale 11:7062-7076 https://doi.
org/10.1039/c9nr01408j
15. Shi Q, Sun J, Hou C, Li Y, Zhang Q, Wang H (2019) Advanced functional
fiber and smart textile. Adv Fiber Mater 1: 3-31 https://doi.org/10.1007/
s42765-019-0002-z
16. Liao G, Gong Y, Zhong L, Fang J, Zhang L, Xu Z, Gao H, Fang B (2019)
Unlocking the door to highly efficient Ag-based nanoparticles catalysts for
NaBH4-assisted nitrophenol reduction. Nano Res 12:2407–2436
https://doi.org/10.1007/s12274-019-2441-5
17. Zou Y, Jin H, Sun F, Dai X, Xu Z, Yang S, Liao G (2018) Design and
synthesis of a lead sulfide based nanotheranostic agent for computer
tomography/magnetic resonance dual-mode bioimaging-guided
photothermal therapy. ACS Appl Nano Mater 1:2294−2305
https://doi.org/10.1021/acsanm.8b00359
18. Liao G, Gong Y, Zhang L, Gao H, Yang GJ, Fang B (2019) Semiconductor
polymeric graphitic carbon nitride photocatalysts: the “holy grail” for the
photocatalytic hydrogen evolution reaction under visible light. Energy
Environ Sci 12:2080−2147 https://doi.org/10.1039/c9ee00717b
19. Li W, Xiong L, Pu Y, Quan Y, Li S (2019) High-performance paper-based
capacitive flexible pressure sensor and its application in human-related
measurement. Nanoscale Res Lett 14:183-190 https://doi.org/10.1186/
s11671-019-3014-y
20. Gong S, Schwalb W, Wang Y, Chen Y, Tang Y, Si J, Shirinzadeh B, Cheng W
(2014) A wearable and highly sensitive pressure sensor with ultrathin gold
nanowires. Nat Commun 5:3132 https://doi.org/10.1038/ncomms4132
21. Han S, Jiao F, Khan ZU, Edberg J, Fabiano S, Crispin X (2017) Thermoelectric
polymer aerogels for pressure-temperature sensing applications. Adv Funct
Mater 27:1703549 https://doi.org/10.1002/adfm.201703549
22. Mu C, Song Y, Huang W, Ran A, Sun R, Xie W, Zhang H (2018) Flexible
normal-tangential force sensor with opposite resistance responding for
highly sensitive artificial skin. Adv Funct Mater 28(18):1707503 https://doi.
org/10.1002/adfm.201707503
23. Ma Y, Yue Y, Zhang H, Cheng F, Zhao W, Rao J, Luo S, Wang J, Jiang X, Liu
N, Gao Y (2018) 3D synergistical MXene/reduced graphene oxide aerogel
for a piezoresistive sensor, ACS Nano 12:3209 https://doi.org/10.1021/
acsnano.7b06909
24. Liu D, Zheng H, Ji L, Chen H, Wang Y, Zhang P, Wang F, Wu J, Chen Z, Li S
(2019) Improved crystallinity of perovskite via molecularly tailored surface
modification of SnO2. J Power Sources 441:227161-227167 https://doi.org/
10.1016/j.jpowsour.2019.227161
25. Wang Y, Xu H, Wang F, Liu D, Chen H, Zheng H, Ji L, Zhang P, Zhang T,
Chen ZD, Wu J, Chen L, Li S (2019) Unveiling the guest effect of Nbutylammonium iodide towards efficient and stable 2D-3D perovskite solar
cells through sequential deposition process. J Power Sources Available
online https://doi.org/10.1016/j.cej.2019.123589
26. Zhang P, Zhang T, Wang Y, Liu D, Xu H, Chen L, Li Y, Wu J, Chen ZD, Li S
(2019) Enhanced thermal stability of electron transport layer-free perovskite
solar cells via interface strain releasing. J Power Sources 439:227091-227099
https://doi.org/10.1016/j.jpowsour.2019.227091
27. Wang S, Gong L, Shang Z, Ding L, Yin G, Jiang W, Gong X, Xuan S (2018)
Novel safeguarding tactile e-skins for monitoring human motion based on
SST/PDMS-AgNW-PET hybrid structures. Adv Funct Mater 28(18):1707538
https://doi.org/10.1002/adfm.201707538
28. Wang J, Jiu J, Nogi M, Sugahara T, Nagao S, Koga H, He P, Suganuma K
(2015) A highly sensitive and flexible pressure sensor with electrodes and
elastomeric interlayer containing silver nanowires. Nanoscale 7(7):2926-2932
https://doi.org/10.1039/C4NR06494A
29. Zhong W, Liu C, Liu Q, Piao L, Jiang H, Wang W, Liu K, Li M, Sun G, Wang D
(2018) Ultrasensitive wearable pressure sensors assembled by surfacepatterned polyolefin elastomer nanofiber membrane interpenetrated with
silver nanowires. ACS Appl Mater Interfaces 10:42706-42714 https://doi.org/
10.1021/acsami.8b12363
30. Zhou Z, Li Y, Cheng J, Chen S, Hu R, Yan X, Liao X, Xu C, Yu J, Li L (2018)
Supersensitive all-fabric pressure sensors using printed textile electrode
arrays for human motion monitoring and human–machine interaction. J
Mater Chem C 6:13120-13127 https://doi.org/10.1039/c8tc02716a

Lian et al. Nanoscale Research Letters

(2020) 15:70

31. Hu L, Pasta M, Mantia FL, Cui L, Jeong S, Deshazer HD, Choi JW, Han SM,
Cui Y (2010) Stretchable, porous, and conductive energy textiles. Nano
Letters 10(2):708-714 https://doi.org/10.1021/nl903949m
32. Pan L, Chortos A, Yu G, Wang Y, Isaacson S, Allen R, Shi Y, Dauskardt R, Bao
Z (2014) An ultra-sensitive resistive pressure sensor based on hollow-sphere
microstructure induced elasticity in conducting polymer film. Nat Commun
5:3002 https://doi.org/10.1038/ncomms4002
33. Shi J, Wang L, Dai Z, Zhao L, Du M, Li H, Fang Y (2018) Multiscale
hierarchical design of a flexible piezoresistive pressure sensor with high
sensitivity and wide linearity range. Small 14(27):1800819 https://doi.org/10.
1002/smll.201800819
34. Bae GY, Pak SW, Kim D, Lee G, Kim DH, Chung Y, Cho K (2016) Linearly and
highly pressure-sensitive electronic skin based on a bioinspired hierarchical
structural array. Adv Mater 28(26):5300-5306 https://doi.org/10.1002/adma.
201600408
35. Medeiros MSD, Chanci D, Moreno C, Goswami D, Martinez RV (2019)
Waterproof, breathable, and antibacterial self-powered e-textiles based on
omniphobic triboelectric nanogenerators. Adv Funct Mater 29:19043501904359 https://doi.org/10.1002/adfm.201904350
36. Liu Q, Huang J, Zhang J, Hong Y, Wan Y, Wang Q, Gong M, Wu Z, Guo C
(2018) Thermal, waterproof, breathable, and antibacterial cloth with a
nanoporous structure. ACS Appl Mater Interfaces 10(2) 2026-2032
https://doi.org/10.1021/acsami.7b16422

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 8 of 8

