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However, it still remains a great challenge to fabricate highly stretchable and
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Nature 2019 textile strain sensor based on conductive polyester fabric (CPF) with weft-
knitted structure by chemically growing conductive and transparent Al-doped
ZnO (AZO) element via atomic layer deposition (ALD). The CPF strain sensor
demonstrates captivating performance, including high stretchability (up to
130%) and long-term stability (3000 cycles), as well as a distinct negative
resistance variation with increasing strain owing to its weft-knitted structure.
Most importantly, due to the formation of chemical interactions between textiles
and AZO films during ALD process, the CPF strain sensor exhibits excellent
mechanical robustness and laundering durability under reciprocating rubbing
(50 kPa load pressure, 30 cycles), washing (500 r/min for 10 cycles, 200 min)
and light fastness (accelerated light aging test for 7 days), thus allowing the
fabrication of breathable and comfortable wearable sensor without elastomer
encapsulation. Based on its admirable performances, the CPF strain sensor can
be easily knitted or sewed on garments or attached on human skin directly for
tracking both large and subtle human motions, revealing its numerous pro-
spects in wearable electronics, intelligent robotics and other fields.
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Introduction

In the past decade, researches on wearable and
stretchable electronic devices have attained tremen-
dous attention and have gained respectable progress
[1-5]. Stretchable strain sensors, as a vital component
of wearable electronic devices, can be comfortably
worn and can convert physical deformations induced
by human physiological activities and body move-
ments into measurable signals [6-11]. Therefore, they
have shown substantive potential applications in
various areas, such as electronic skins [12-14], intel-
ligent robotics [8, 15], personalized health monitoring
[1, 16, 17] and smart human-machine interactions
[18, 19]. Apart from some elastomer-based composite
materials that can function as strain sensors [20-22],
integrating various sensing components with
stretchable substrates is an effective way for fabri-
cating stretchable strain sensors [10, 16, 23]. The
typically stretchable substrates usually involve poly-
dimethylsiloxane (PDMS) [24-26], Ecoflex [16, 27],
textile [28-31], rubbers and elastomeric poly-
urethanes [32-34]. Among them, textiles that are
indispensable in our daily life have been extensively
exploited as stretchable substrate for the prosperous
development of wearable and flexible electronics due
to their unique characteristics, including lightweight,
flexibility, stretchability, breathability, washability, as
well as their intrinsic warm and snug properties [35].

In order to impart the sensing functionality to
textile, one promising and most commonly used
approach is coating of conductive sensing elements
directly on fabric [18, 28, 31, 36-40]. The obtained
conductive fabric (CF) can maintain the above-men-
tioned unique and intrinsic characteristics of textile
while displaying excellent electrical conductivity,
thus ensuring its broad prospects in wearable elec-
tronics. Typically, textile strain sensors were obtained
by integrating conductive sensing elements, such as
metallic nanoparticles [37, 38], carbon nanotubes
(CNTs) [28, 40] and graphene oxide (GO)
[18, 28, 31, 36, 39] with textiles through interactions of
hydrogen bonding, electrostatic and van der Waals
forces. However, considering the weak interactions
between textiles and sensing elements in using the
coating methods, the lack of mechanical robustness
and laundering durability is a big issue as the com-
ponents can inevitably fall off after the sensor is fre-
quently used or subjected to repeatedly mechanical
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rubbing and washing cycles, which greatly limits its
practical applications. To address these issues, the
vast majority of devices were encapsulated with
elastic polymer matrix or incorporated with polymer
nanocomposites [27, 30, 38, 41-45]. Unfortunately,
these methods can result in many disadvantages,
such as poor breathability, unsatisfying fit, low
comfort with the human body and a complex
preparation process. A desirable wearable textile
strain sensor should possess the merits of highly
stretchability, breathability, excellent mechanical
robustness and laundering durability. Nevertheless,
fabrication of the above-mentioned textile strain
sensors remains challenging and is largely unex-
plored so far.

Recently, atomic layer deposition (ALD) has been
investigated as an emerging and efficient method for
the preparation of various types of thin film coatings
due to its unique surface chemical adsorption and
reaction characteristics, as well as superior con-
formability to the complex surfaces [46-49]. As a
result, many functional materials can be readily
deposited onto fiber or textile through ALD, thus
endowing multifunctional capabilities for wearable
electronics [50-54]. Al-doped ZnO (AZO), as one of
the conductive elements that can be grown via ALD,
provides a promising alternative for the fabrication of
conductive sensing textile owing to its low cost,
abundant resource, nontoxicity and good stability
[55-58]. Therefore, we surmised that a novel textile
strain sensor can be realized through growing con-
ductive and transparent AZO film on the textile
surface by ALD technique. The formation of chemical
bonding between AZO films and textile during ALD
process will enable textile strain sensor excellent
mechanical robustness and laundering durability.

In this work, we propose a strategy based on ALD
to develop a highly stretchable conductive polyester
fabric (CPF) strain sensor, which can be fabricated by
growing conductive and transparent AZO films on
the weft-knitted polyester fabric. Notably, strong
chemical interactions between textile and sensing
element instead of weak forces enable the CPF strain
sensor excellent mechanical robustness and launder-
ing durability without further elastomer encapsula-
tion, thus endowing the sensor with superior
breathability and great comfort to the human body.
In addition, the weft-knitted structure of CPF induces
the sensor to exhibit a distinct negative resistance
variation with increasing strain. It should be
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mentioned that recent works have reported strain
sensors with negative gauge factors, but the relatively
small workable range will restrict their practical
applications [31, 59]. The CPF strain sensor shows
combined superiority of large workable range up to
130%, sensitivity (GF of — 2.12 under 0-20%, that of
— 041 under 20-80% and that of — 0.06 under
80-130%) and long-term stability (3000 cycles), which
can be easily knitted or sewed on garments directly
for wearable applications. We further demonstrate
versatile capabilities of the CPF strain sensor in
detection of both large deformations (joint move-
ment) and subtle movements (facial expressions,
phonation, etc.) of the human body, revealing
numerous potential applications in wearable elec-
tronic devices, healthcare monitors, intelligent
robotics and so forth.

Experimental section
Materials

Trimethyl aluminum (TMA, 99.999%) and diethyl
zinc (DEZ, 99.999%) were purchased from
AiMouYuan Scientific Equipment Co., Ltd (Nanjing,
China). Commercially available polyester fabrics
were supplied by Changxing DAXIN Textile Co., Ltd.
Deionized water and nitrogen (99.999%) were pro-
duced by Dalian University of Technology and
Dalian GuangMing Special Gas Co., Ltd, respectively.
Silver paste was provided by Jiangsu Shenggelu New
Material Technology Co., Ltd.

Preparation of the CPF

The polyester fabrics with the weft-knitted structure
were utilized as raw materials. Firstly, the fabrics
were rinsed using deionized water for 30 min with
ultrasonication to eliminate impurity. After being
dried thoroughly in air, the polyester fabrics were
then placed in a plasma cleaner using air as plasma
source (15 Pa, 25 °C, 10.2 W, Shenyang Kejing Auto-
Instrument Co., Ltd) for 10 min, in which many
highly active hydrophilic groups can be introduced
onto the surfaces, thus facilitating the following
deposition process. Subsequently, AZO films were
deposited onto the fabric surfaces at 150 °C by the
ALD method. To verify that the substrate is not
damaged under this circumstance, the polyester
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fabric was placed in reaction chamber at 150 °C in
vacuum with inert gas N, for 6 h. Figure S1 shows
the photographs and SEM images of polyester fabric
before and after thermal treatment, demonstrating its
intrinsic morphology and structure were not be
affected at this temperature. In AZO deposition
procedure, diethyl zinc [DEZ; Zn(C,Hs),], trimethyl
aluminum [TMA; AI(CH;);] and deionized water (DI;
H,0O) were used as the precursors for Zn, Al and O,
respectively. High-purity nitrogen (N,) was used as
the carrier gas at a flow rate of 20 sccm (standard
cubic centimeters per minute). During the deposition
process, the treated polyester fabrics were put in the
reaction chamber (LabNano™, Beijing Ensure Nan-
otech Co., Ltd), and then, the temperature was raised
to 150 °C in vacuum. Next H,O and DEZ were
alternatively pulsed into the ALD reactor to deposit
ZnO layer according to the following sequence: H;O
(0.02s)/N, (20s)/DEZ (0.02s)/N, (20s). These
comprise a complete ZnO cycle. For Al doping into
the ZnO films, a single Al,O; cycle, conforming to the
sequence: H,O (0.02 s)/N, (20 s)/TMA (0.02 s)/N,
(20 s), was inserted after 15 cycles of ZnO layers.
Subsequently, 15 ZnO cycles and one Al,O; cycle
were repeatedly deposited for AZO films, and the
total supercycle was set to 25. Hence, the AZO films,
in which the ratio of ZnO:Al,O3 ALD cycles was fixed
to 15 invariably, were deposited onto the fabric sur-
faces. Finally, the conductive polyester fabrics were
cooled to room temperature and took out of the
reaction chamber.

Preparation of the CPF strain sensor

The conductive polyester fabric was firstly cut into
rectangular shape with the size of 2.5 x 1.0 cm. Then
silver paste was applied to connect both sides of the
polyester fabric with two copper strips, followed by
curing at 80 °C for 2 h to obtain the textile strain
sensor without any encapsulation.

Breathability measurements

To quantitatively demonstrate the breathability of the
polyester fabric before and after AZO deposition, the
water vapor transmittance (WVT) rate was tested
according to the ASTM standard E96 water method.
Briefly, the fabric was covered on the beaker con-
taining 30 mL of water (Fig. S2). The mass of the
tested beaker was recorded at a temperature of 20 °C
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and a relative humidity of 61% for 5 h. The WVTR
value was calculated based on the equation below.
my — myp

T =
WVT rate 55

where m; and m, are the mass of the beaker before
and after measurements, respectively. S is the test
area.

Characterization of the CPF strain sensor

The surface morphologies of the textile strain sensor
and the cross-sectional images of the AZO films were
characterized by a Nova NanoSEM 450 scanning
electron microscope with an acceleration voltage of
25 kV. EDS mapping analysis was performed using a
Nova NanoSEM 450 scanning electron microscope
equipped with an inbuilt EDS detector. FT-IR spectra
were recorded using a Thermo Fisher iN 10 spec-
trometer with KBr method. XPS (Thermo Scientific
Escalab Xi") measurements were taken using Al Ko
radiation source. Optical images of the CPF strain
sensor morphology at different strains were obtained
using an angle-resolved microspectroscopy system
(ARM, Ideaoptics, PR China). Digital photographs
were captured with a Nikon D7000 digital camera.
Water contact angles were measured using a Data-
physics OCA 30 system (Germany) with a 3 uL dro-
plet at room temperature. For the electromechanical
properties of the textile strain sensor, the mechanical
tensile measurements were taken by a universe test-
ing machine (PT-305, Dongguan Precise Test Equip-
ment Co., Ltd). The resistances were recorded by a
Keysight 3440A /11A Digital Multimeter (Agilent) in
conjunction with the computer-controlled universe
testing machine through a two-wire model.

Mechanical stability measurements

Rubbing resistance measurement was taken on a
YB571-1I crockmeter (Wenzhou Darong Textile Stan-
dard Instrument Factory, China) according to the ISO
105 x 12 standard. Both ends of the CPF were first
fixed to the cotton using cellotape, and the CPF was
subjected to reciprocating rubbing for 30 times using
a loaded head (with a pressure of 50 kPa). For the
laundering durability measurement, the CPF was
placed in a beaker containing 200 mL of water with
magnetically stirring at 500 r/min for 10 cycles. In
order to simulate the real laundry machine
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environment, 0.2 mL of commercial laundry deter-
gent (Blue moon, China) was added in advance, and
each washing cycle was set to 20 min. Light fastness
was conducted using a YG(B)911-V type Sunlight
Climate Tester (Wenzhou Darong Textile Standard
Instrument Factory) according to the standard of ISO
105-B02 for 7 days. The temperature in the reactor
chamber was set to 40 °C, and the humidity was 50%
RH. A xenon arc lamp with irradiance of 1.1 W m ™2
at 420 nm was used to irradiate the CPF sample.

Results and discussion
Fabrication process of the CPF strain sensor

Figure 1 presents the fabrication process of the CPF
strain sensor through ALD method. Here, we choose
the weft-knitted polyester fabrics with superior ten-
sile performance as the inert substrates [31, 38, 60].
Before AZO deposition, the surfaces of pristine
polyester fabric were activated by plasma treatment.
In this process, a series of highly active hydrophilic
oxygen-containing functional groups could be intro-
duced onto the fabric surfaces in order to facilitate the
initiation of ZnO growth via ALD (Figs. S4 and S5)
[47, 61, 62], which is the prerequisite for the deposi-
tion of AZO films on the polyester fabric. During the
deposition process, diethyl zinc [DEZ; Zn(C,Hs)sl,
served as the precursor for ZnO, was first introduced
into the reactor; it reacted with those functional
groups to form -O-ZnC,Hs owing to the surface
chemical reactions [63, 64]. After purging by N, a
second precursor deionized water (DI, H,O) was
pulsed to react with -O-ZnC,Hs, in which a mono-
layer of ZnO with the outmost exposed -OH group
was achieved through DEZ-DI cycle [62, 64]. The
detailed reaction schemes for ZnO are presented in
Scheme S1-2. This procedure would bring about the
formation of chemical interactions between the AZO
films and polyester surface, thus enhancing the
adhesive capability remarkably (Fig. S4). After repe-
ated depositing ZnO monolayer for 15 cycles, tri-
methyl aluminum [TMA; Al(CHj;);] and DI were
alternatively pulsed into the reactor to realize Al
doping in a similar way through TMA-DI cycle
(Scheme S3-4). Finally, 15 cycles of DEZ-DI and
doping TMA-DI cycle were repeated carried out for
25 times to finish the deposition of AZO films (Al
doping level 4.76%), as shown in Fig. S6. The detailed
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Figure 1 Schematic
illustration of the CPF strain
sensor fabrication process.
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conducting mechanism of AZO films and selecting
principle of deposition conditions are presented in
Supporting Information. After finishing AZO depo-
sition, silver paste was used to connect two copper
strips on the two ends of the fabric as the electrodes,
followed by curing at 80 °C for 2 h to obtain the CPF
strain sensor without further encapsulation.

The morphologies and structures of the CPF strain
sensor are shown in Fig. 2. Figure 2a presents the
photograph of a pristine rectangular polyester fabric
with the size of 2.5 x 1.0 cm. After depositing the
conductive AZO films via ALD and connecting two
copper strips with silver paste, the resulting strain
sensor displayed a white color just the same as pris-
tine fabric, which can be attributed to the excellent
transparency of the AZO films (Fig. 2b). Figure 2c, d
and S7 show typical scanning electron microscopy
(SEM) images of the polyester fabric before and after
AZQO deposition with different magnifications. It can
be seen that the weft-knitted structure and polyester
fibers were well maintained after the AZO deposi-
tion, which guarantees its high stretchability of the
CPF. Particularly, the porous structure of the polye-
ster fabric, which is a crucial factor for its excellent
breathability, was also retained very well, ensuring
the intrinsically breathable characteristics of CPF as
textiles (Fig. S7). In order to quantitatively compare
the breathability of the polyester fabric before and
after AZO deposition, the water vapor transmittance
(WVT) rate was tested to assess the moisture per-
meability. As shown in Figure S3, the calculated WVT

rates were 34.6 g/m? h and 33.2 g/m? h before and
after AZO deposition, respectively, which are slightly
less than the natural evaporation rate (52.5 g/m? h),
indicating the excellent breathability of CPF. As
expected, AZO films grown on single polyester fibers
were wrapped around the fiber surface tightly and
uniformly (Figs. 2e and S8), implying the conformal
and uniform growth via ALD, as verified by the
cross-sectional SEM image in Fig. 2f. In addition, the
top surface of the AZO layer (the pink part in Fig. 2f)
exhibited many small bulges resembling those of the
pristine polyester fiber, which further demonstrated
the superior conformability of ALD. Furthermore, the
energy-dispersive X-ray spectroscopy (EDS) map-
ping images reveal the uniform distributions of four
elements (C, O, Al and Zn) on single fiber (Fig. 2g),
suggesting the adhesion of AZO films on the fiber
surface (Fig. 2h and S9). Figure 2i shows the wide-
scanning X-ray photoelectron spectroscopy (XPS) of
CPF. It is evident that the CPF exhibits four peaks
with binding energies at 1022.7, 532.0, 285.6 and
75.1 eV, assigning to Zn 2p, O 1s, C 1s and Al 2p,
respectively. More narrowly, the CPF displays three
carbon peaks, with binding energies at 284.6, 285.7
and 289.0 eV, which could be assigned to C-C, C-O-
C and C=0 bonding, respectively (Fig. S10a) [47]. The
O 1s spectrum can be resolved into three peaks, with
binding energies at 530.0, 531.5 and 532.4 eV, which
is owing to O chemically bonded to the Zn, Al and
physisorbed O at the surface, respectively (Fig. S10b)
[65]. Moreover, the Al 2p spectrum showed one peak
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Figure 2 Morphologies and structures of the CPF strain sensor.
Photographs of a a pristine polyester fabric and b the
corresponding CPF strain sensor made from a. ¢, d SEM images
of the conductive polyester fabric after AZO deposition with
different magnifications. e, f SEM image and the cross-sectional
SEM image of the AZO layer (the corresponding pink part)

centered at binding energy 74.0 eV represents Al**
state of Al,O; (Fig. S10c) [65]. Zn 2p3/2 and 2p1/2
peaks with binding energies at 1021.6 and 1044.7 eV,
respectively, can be clearly observed in the Zn
2p spectrum of CPF (Fig. S10d) [66]. These results
further verify the existence of AZO films on the
polyester fabric.

Electromechanical performance of the CPF
strain sensor

The CPF strain sensor showed excellent electrome-
chanical performances. Figure 3a presents the tensile
stress—strain curve of the CPF strain sensor. It can be
seen that the CPF strain sensor exhibits high
stretchability with large workable strain range of up
to 130% owing to its weft-knitted structure. Besides,
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deposited on a single polyester fiber. g, h SEM image and the
corresponding EDS mapping images: red, green, blue and yellow
represent the C, O, Al and Zn element mapping results,
respectively. i XPS spectrum of the conductive polyester fabric.
The corresponding insets show the enlarged Al 2p and Zn
2p peaks, respectively.

the tensile stress—strain curve of the fabric before
ALD is displayed in Figure S11, which is consistent
with the curve in Fig. 3a, implying the mechanical
property of the fabric was not affected in the ALD
and curing process. Figure 3b shows a typical plot of
relative resistance change (AR/Ro, AR = R — Ry) ver-
sus the applied strain for the CPF strain sensor,
where Ry and R represent the initial and real-time
resistances when being stretched, respectively.
Interestingly, the CPF strain sensor exhibits a dis-
tinctive negative resistance variation with the strain
range varying from 0 to 130% in contrast to the vast
majority of reported textile strain sensor. The detailed
mechanism will be discussed below. Generally, the
gauge factor (GF), which is given by GF = (AR/Ry)/¢
from the slope of the relative resistance change
against the applied strain, is defined to evaluate the
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Figure 3 Electromechanical performances of the CPF strain
sensor. a Tensile stress—strain curve of the CPF strain sensor.
b Relative resistance change versus the applied strain. The strain
rate is set to be 10 mm min~'. ¢ Relative resistance variation
under cyclic stretching-releasing with a strain of 20% at frequency
of 0.25, 0.5, 1.0 and 2.0 Hz. d Relative resistance change under

sensitivity of the strain sensor. The curve presented
in Fig. 3b could be divided into three linear regions,
0-20%, 20-80% and 80-130%, with a GF of — 2.12,
— 0.41 and — 0.06, respectively, demonstrating both
its sensitivity and wide workable strain range.
Figure 3c displays the relative resistance variation
under cyclic stretching—releasing with a strain of 20%
at frequency of 0.25, 0.5, 1.0 and 2.0 Hz, respectively.
The AR/Ry of the CPF strain sensor was almost
independent of the frequency within the tested fre-
quency range (0.25-2.0 Hz), implying the excellent
stability of the sensor under different frequencies.
Furthermore, as shown in Fig. 3d, the relative resis-
tance change of the CPF strain sensor showed
reproducible and precise signals in response to dif-
ferent strains, manifesting superb electromechanical
property of the CPF strain sensor in terms of the
stability and repeatability. The intensity of signals
increased proportionally as the strain increased,
which was consistent with the results displayed in
Fig. 3b. The response of the CPF strain sensor under a
cyclic loading of 20% at a frequency of 1 Hz is pre-
sented in Fig. 3e. It is clear that the signals showed

various cyclic stretching—releasing strains at a frequency of
0.5 Hz. e Performance of the CPF strain sensor under 3000
stretching—releasing cycles of strain variation from 0 to 20% at a
frequency of 1 Hz, with insets of the magnified cycles from the
marked boxes.

long-time stability for 3000 cycles, indicating its
remarkable durability for numerous applications in
our daily life. It should be mentioned that the output
signals displayed a slight drift in this process, which
can be attributed to the crack formation in AZO
layers (Fig. S12).

Mechanical stability of the CPF strain sensor

It is well known that excellent mechanical stability is
crucial for various practical applications of textile
strain sensors. As proof-of-concept experiments, a
series of tests were conducted to evaluate them. As
shown in Fig. 4a and b, the friction test using a
crockmeter with a loading pressure of 50 kPa was
used to measure the rubbing resistance of the CPF
according to the ISO 105 x 12 standard test method
[67]. Both ends of the CPF were first fixed to the
cotton using cellotape, and the CPF was subjected to
reciprocating rubbing for 30 times. Apparently, the
relative resistance change of the CPF under 20%
strain after the rubbing test was exactly similar to that
of CPF before the test, indicating its high rubbing
resistance because of the formation of strong
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Figure 4 Mechanical stability of the CPF strain sensor. Digital
photographs of the equipment for a the friction process simulation,
¢ the washing process simulation and e the reactor chamber of a
commercialized Sunlight Climate Tester, respectively. Schematic

chemical interactions between AZO film and polye-
ster fabric during ALD process (Fig. 4g). As a second
mechanical stability test of CPF, its laundering
durability was evaluated simulating the washing
process environment, in which the CPF was placed in
a beaker containing 200 mL of water under magnet-
ically stirring at 500 r/min for 10 cycles (Fig. 4c, d).
During the test, 0.2 mL of commercial laundry
detergent was added and each washing cycle was set
to 20 min. Figure 4g shows that no apparent differ-
ence was found between the two curves (black and
blue curves) of relative resistance changes before and
after washing test, implying its excellent laundering
durability. This is rational because the strong adhe-
sion of the AZO films to the polyester fibers origi-
nating from the chemical interactions as
aforementioned. In addition to the rubbing resistance
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model, respectively. g Relative resistance changes of the CPF
strain sensor under 20% strain at a frequency of 0.5 Hz before and
after rubbing, washing and light aging test, respectively.

and laundering durability, light fastness is another
factor that should be considered for textiles [62]. As
displayed in Fig. 4e, f, CPF sample was tested using a
commercialized Sunlight Climate Tester according to
the standard of ISO 105-B02. In order to simulate the
natural environment, a xenon arc lamp of 1.1 W m™>
irradiance at 420 nm equipped with water (humidity
50%) and wind was utilized to test the CPF sample.
Figure 4g shows that the relative resistance change of
the CPF under 20% strain after measurement for
7 days remained the same as that of CPF before the
test, demonstrating its high light fastness. More
importantly, the resistance values of CPF before and
after rubbing, washing and light irradiation were
measured, respectively, as shown in Figure S13 and
Table S1 in Supporting Information. Although the
resistance values were increased slightly after
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rubbing and washing, the corresponding relative
resistance changes were well maintained as con-
firmed by the above tests. Therefore, the above
results demonstrated that the CPF fabricated by ALD
technique possess excellent rubbing resistance, laun-
dering durability and light fastness, which can offer
great potential for numerous wearable applications.

Working mechanism of the CPF strain
sensor

In order to understand the underlying mechanism of
the relationship between relative resistance variation
and stretchability, the morphology and structure
evolution (Fig. 5a) under different strains are inves-
tigated. It can be clearly seen that a loop yarn consists
of many twisted fibers, and the weft-knitted structure
contains many repetitive loop structures in both
horizontal and vertical directions (Fig. 5b). Appar-
ently, a basic repetitive unit is composed of a com-
plete loop yarn and two adjacent loop yarns which
are directly contacted each other in parallel connec-
tion. Upon stretching, adjacent loop yarns perpen-
dicular to tensile stress become more and more
compact with the increase in strain, and the twisted

Figure 5 Working
mechanism of the CPF strain
sensor. a Optical images of the
CPF strain sensor morphology
at different strains.

b Schematic illustration of the
weft-knitted structure.

¢ Original state resistance
model of an elementary unit as
shown in the red dotted box in
a indicating the sensor without
any loading. d Corresponding
equivalent circuit diagram of
the original state. e Resistance
model of the sensor with
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fibers in the same loop yarn become closer accord-
ingly, which are corresponding to the red dotted
boxes in Fig. 5a. Based on that, we presumed simple
resistance models to study the response mechanism.
As shown in Fig. 5c, the original state resistance
model corresponding to a basic repetitive unit can be
regarded as a shunt circuit (Fig. 5d), in which the
current flows through R1—-R—R,-R. and R—Ry-R-—R;
two paths separately. Therefore, the total original
resistance R could be calculated by Eq. (1)

R:R1 +R22+2RC (1)

where R; and R, refer to the resistances in horizontal
and vertical parts of one loop yarn, respectively. R,
denotes the contact resistance between two adjacent
loop yarns in vertical direction without any applied
strain. Initially there are some small gaps at the
contact area between two adjacent loop yarns, thus
contributing to a relatively large contact resistance
inevitably. At this very moment, contact resistance is
a critical factor to determine the total resistance.
Compared to the contact resistance R, the resistances
R; and R; are so small that can be ignored. Conse-
quently, Eq. (1) can be simplified as R = R..

Twisted fibers

=
>

stretching. Courss
(c) (d) (e)
R, R,
R, R,
c R,
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Figure 6 Detection of various human joint movements using the
CPF strain sensors. a Schematic illustration of the sensor attached
to different parts for detecting human joint movements.
Corresponding time-dependent signals of b neck bending,

During stretching, the contact areas at the junction
will increase accordingly with increasing strain, thus
leading to the reduction in the contact resistance
(Fig. S14). This is the dominant factor for the decrease
in the total resistance while stretching. Besides, the
fibers in the same loop yarn become closer each other
when stretching, which decreases the resistance of
the yarn itself. Similarly, the current of the stretching
state flows through R/-R;'-R/-R,’ and R,'-R./-Ry-
R! two paths separately (Fig. 5e). As a result, the
total resistance R’ with stretching could be described
by Eq. (2)

R} + R, +2R; 2)
2
where R;/, Ry’ and R/ are the resistances in horizontal
and vertical parts of one loop yarn and the contact
resistance between two adjacent loop yarns in vertical
direction during the stretching process. According to
the previous analysis, the resistances Ry, R, and R/
are less than the corresponding resistances Ry, R, and
R thus, the stretching resistance R’ is less than the
original resistance R, which indicates the negative
resistance variation of the sensor. To sum up, the

R =

@ Springer

¢ wrist bending, d finger bending, e elbow bending and f knee
bending. The insets present photographs of the sensor fixed onto
the relevant human joints.

above resistance model and analysis explicitly inter-
pret the relationship between stretchability and rela-
tive resistance change.

Detection of the full-range human body
movements

Owing to its high stretchability, breathability, excel-
lent mechanical robustness and laundering durabil-
ity, the CPF strain sensor could be directly knitted or
sewed on garments or attached on human skin to
detect the full-range human body movements. Fig-
ure 6a shows the schematic illustration of the sensor
attached to different parts for monitoring diverse
human joints movements. In Fig. 6a, the sensor was
mounted on different human joints, such as the fin-
ger, wrist, knee, elbow and neck, to detect large
human motions. For demonstration, a CPF strain
sensor was attached to the neck (Fig. 6b) to monitor
the motion of the neck joint. As shown in Fig. 6b,
when the tester began to look down, the relative
resistance change decreased immediately and
reached a minimum value. With the recovery of the
neck, the relative resistance change increased and
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Figure 7 Applications of the CPF strain sensors for detecting
various subtle human movements. a Schematic illustration of the
sensor attached to different parts for detecting various subtle
human movements. Corresponding time-dependent signals of
facial expressions: b laughing and ¢ crying. Signals showing the

returned to the original position, indicating its rapid
and stable response to the cyclic motion of the neck
during the monitoring process. Figure 6c shows a
typical motion sensing of wrist. It is observed clearly
that the relative resistance change declined promptly
without apparent change when the wrist bended
repeatedly. Similarly, several measurements are
taken with continuous bending and stretching to
detect the motions of finger, elbow and knee joints as
evidenced in Fig. 6d—f, respectively, and the sensor
also exhibited excellent performance. Therefore, the
CPF strain sensor can be readily sewed on garments
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tiny muscle movements caused by d cheek bulging, e eye blinking
and f mouth motions. g Corresponding signals when the tester was
swallowing, coughing and breathing, respectively. h Signals of
phonation when the tester pronounced different words.

or attached on human skin for monitoring human
motions, and the prompt and reversible response of
the CPF strain sensor to the cyclic motion of joints
shows great potential, with regard to its applications
in large deformation of human body.

On the other hand, the CPF strain sensor can detect
diverse subtle human motions promptly and accu-
rately, such as tiny muscle movements, respiration,
phonation and facial expressions. We attached the
sensor to different parts for detecting various subtle
human movements, as schematically shown in
Fig. 7a. As demonstrated, facial expressions of
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laughing and crying could be detected and recog-
nized by fixing the sensor onto the cheek, and the
corresponding signals are demonstrated in Fig. 7b, c,
respectively. Obviously, the relative resistance
change induced by tiny movements of the facial
muscles could be precisely recorded. Besides, when
the tester repeated cheek bulging, the signal showed
quite good repetitive patterns, which demonstrated
its excellent reliability and stability of the sensor
(Fig. 7d). In Fig. 7e, the relative resistance change
induced by blinking could also be tracked and per-
ceived accurately when the CPF strain sensor was
attached to the corner of an eye (inset in Fig. 7e).
Figure 7f presents the relative resistance change
when mouth is open and closed. Furthermore, the
changes in muscle movements can be recognized by
mounting the sensor onto the throat, when the tester
swallowed water, coughed slightly and breathed, the
distinct characteristic signals (intensity and shape) of
curves differentiate these tiny muscle vibrations from
each other as shown in Fig. 7g. More interestingly,
the CPF strain sensor also can be used to distinguish
the motion of throat induced by pronouncing differ-
ent words. Figure 7h shows the performance of the
sensor in phonation. It can be seen that the sensor
displayed distinguishable and repeatable signal pat-
terns for each word, which endowed the sensor
potential applications in phonation rehabilitation
training and human-machine interaction. Therefore,
the above results demonstrate the excellent perfor-
mance of the CPF strain sensor in detecting subtle
deformations of the human body.

Conclusion

In summary, we have developed a highly stretchable,
breathable textile strain sensor with excellent
mechanical robustness and laundering durability
based on polyester fabric via ALD and demonstrated
its superior performance in detecting both large and
subtle movements. The CPF strain sensor derived
from weft-knitted structure exhibits high stretcha-
bility up to 130%, sensitivity (GF of — 2.12 under
0-20%, GF of — 0.41 under 20-80% and that of — 0.06
under 80-130%) and a distinct negative resistance
variation with increasing strain. More importantly,
owing to the formation of the chemical interactions
between AZO film and textile, the CPF strain sensor
possesses excellent mechanical robustness,
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laundering durability and long-term stability (3000
cycles), which are critical factors for truly practical
uses of wearable devices. Notably, the CPF strain
sensor can be used directly for practical applications
without the elastic polymer encapsulation, which
endows the sensor with excellent breathability and
great comfort. Based on that, we demonstrate that the
CPF strain sensor can be used in detection of both
large deformations (joint movement) and subtle
movements (facial expressions, phonation, etc.) of the
human body, indicating its tremendous potential
applications in wearable electronics. It can be pre-
dicted that this approach for fabricating textile strain
sensor can be readily extended to other fabrics such
as cotton, wool, silk and especially various colored
textiles, paving a new way for the fabrication of
wearable textile sensor with excellent mechanical
stability and breathability.
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