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ABSTRACT

Wearable electronics have been attracting increasing attention because of the potential applications in
health care and body motion monitoring. However, the existing wearable electronic devices often appear
as an extra part of clothing and show limited compatibility with various textiles. Here, we report a
general, low-cost, and easy operating approach to fabricate wearable sensors based on commercial or
synthesized textiles, for which the textile itself is the active material for sensing, by loading with an ionic
liquid on the fabric skeleton followed by depositing flexible electrodes. This is a general method that can
activate many other daily used porous materials for sensing applications. Here, the textile or porous
materials act as the elastic framework that allows for fast response (tens of milliseconds), whereas the
jonic liquid plays the role of an active material to achieve high sensitivity (up to 10 kPa~!). The ionic
liquid—activated wearable sensor allows for accurate monitoring of breathing, pulse wave, motion of the
human joints, and plantar pressure. For clothing purpose, the sensor can be breathable, waterproof,
washable, and antibacterial. This work provides a general strategy to make high-performance wearable

electronics at low cost for health monitoring and motion detection.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Cloth has evolved throughout human history, primarily for
providing warmth for body and appearance purpose [1]. Very
recently, cloth has been considered as a promising platform to
incorporate into wearable electronics to monitor human activities
through its intimate skin contact [2]. The most ideal form of
wearable electronics is that the textile itself can function as a
sensor—cloth worn on body measures motion and physiological
signals when needed. A few wearable devices have been used to
improve the health quality of humans or athletes' personal per-
formance by offering precise health tracking and motion detection
[3,4]. However, commercialized wearable electronics or those
developed in laboratories typically consist of thin films or layered
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systems that are not compatible with textiles. Such devices often
appear as a separate package or a unit that appears as wearable
bands, smart watches, snaps, or sensing modules built in or on the
surface of clothes. It is, therefore, significant to explore sensitive
textiles or to activate common textiles that can replace the extra
sensing modules on commercial cloth, thus achieving a comfort-
able wearing interface when tracking human motion and health.
In addition, high sensitivity of the sensing unit is necessary to
monitor health and body motions precisely. Capacitive sensors
have been widely developed in recent years because of the ad-
vantages such as fast response, low signal drift, and low energy
consumption [5,6] compared with the piezoelectric [7—9] and
resistive [10—12] sensors. Typically, the sensitivity and sensing
range of the capacitive sensors mainly lie in the change of the
distance between the plates. Although fabricating microstructured
or porous dielectric layer is a way to offer sensors with diverse
interfacial gaps to improve the sensitivity and response speed [13],
the improvement is limited because of the limited change in ge-
ometry. Recently, an all-fabric supercapacitive pressure sensing
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device was fabricated by sandwiching electrospun ionic nanofibers
with two textile-like electrodes, achieving an ultrahigh capacitance
to a pressure sensitivity of 114 nF kPa~! [14]. Such an ionic dielectric
exhibited a far larger specific capacitance than conventional direct
capacitive sensors because of the formation of an electric double
layer (EDL) for which the charges of different signs are at a nano-
scale distance [15,16]. However, the electrospun ionic nanofiber
layer is usually poor in mechanical strength, thus not being
compatible with commercial textiles and large-scale fabrication for
clothing purpose. By contrast, fabric textiles seem to be suitable for
the wearable electronics because of the features such as light
weight, flexibility, and inherent warm and snug properties [17—19].
A technique that is able to activate commercial textiles or to make
active textiles for robust and highly sensitive textile-like sensors in
a cost-effective and large-scale way is in high demand in practical
wearable applications. Moreover, for clothing purpose, other per-
formances such as light weight, waterproofness, breathability, and
thermal management should also be considered [20].

Here, we introduce a general strategy to fabricate flexible tactile
sensors for which the textile (or other porous material) itself is the
sensing unit through ionic activation. The commercial textile or
synthesized porous film could be activated by loading with ionic
liquid (IL) on the fabric skeleton, thus constructing EDL capacitive
interface when coated with silver nanowires (AgNWs) or flexible
silver paste on the substrate. The porous skeleton acts as an elastic
structure that allows for fast response, similar to the role of cross-
linked macromolecules (or elastomer) in ionic gel. On the other
hand, the IL offers the migratory ions in the interface of electrodes
and porous substrate to acquire EDL capacitance. Such a method is
general: it can be applied to many other daily used materials, such
as printing paper sheets, to acquire substantial improvements in
sensitivity. We have successfully achieved wearable sensing textiles
with a high sensitivity, a fast response time comparable with that of
human skin, and high stability over cyclic bends, and that also
demonstrated the potential in the applications of health moni-
toring and motion detection.

2. Results and discussion

Specifically, as illustrated in Fig. 1a, the activation of commercial
textile or porous film for constructing flexible tactile sensor was
performed by simply immersing the targeted porous material into
the IL (1-butyl-3-methylimidazolium hexafluorophosphate,
[BMIM] - PFg)/ethanol dispersion, followed by drying to achieve an
activated sensing textile in which the IL was loaded onto the
skeleton of the porous substrates. The experimental details are
provided in the experiment section of Supporting Information. The
structure of IL-activated sensing textile is similar to that of ionic gel,
a cross-linked network matrix with molecular scale tunnels that fill
IL, as illustrated in Fig. 1b. Here, our IL-activated porous materials
behave in a similar way: the porous skeleton, which is at a micro-
millimeter or submillimeter scale, acts as an elastic material that
responds to the external force, whereas the loaded IL generates
electronic signals by forming an EDL (Fig. 1c). Because of the large
capillary force at microscale, the pores or air gaps of textile can be
easily infiltrated with IL spontaneously and remain stable after
drying. When taking porous cellulose acetate (CA) films as the
selected substrate, we can observe that the nanopores were loaded
with a thin layer of IL on the walls, evidenced from the scanning
electron microscopy image in Fig. 1d. This process presents two
advantages over ionic gels. First, ionic gels show limited response
speed because of the high viscoelasticity unless surface micro-
structures are fabricated, which come at a price. The response
speed of the IL-activated material, however, is mainly determined
by the porous skeleton and can be extremely fast with selection of

proper materials. Second, this simple process can be applied for the
cost-effective and large-scale fabrication of a variety of porous
structures, including commercial textile, for which the textile itself
is sensible.

A capacitive-type tactile sensor is constructed by coating
AgNWs or flexible silver paste on both sides of the IL-activated
textile. The porous structure has a change in geometry under
external force to offer a sensitive interfacial contact area in
response to pressure. The activated textile here served as a
dielectric layer to form an EDL interface between the IL and elec-
trodes. A simple model is illustrated in Fig. 1e to better understand
the sensing principle. Unlike the traditional capacitive sensor, the
capacitance changes of the ionic interfacial sensor mainly depend
on the changes of interfacial contact area between the IL loaded on
the porous skeleton and two electrodes [14,21,22]. Under external
pressure, the deformation of the porous structure results in
increased contact area between the IL and electrodes, thus leading
to a variation in interfacial EDL capacitance. Because the initial
connect area of the interface is very small owing to the featured
porous structure, it is easy to create a larger connect area, resulting
in high pressure-capacitance sensitivity.

One of the advantages of using this facile method is that we
are able to activate the commercial and daily wearing cloth to
achieve the sensing purpose in a specified area. We constructed
a sensing area on an arm sleeve around the wrist area, as shown
in Fig. 2b, to demonstrate the activated sensing function of the
commercial textile. Biocompatible and soft sliver paste was
selected as the working electrodes and coated on both sides of
the activated area (see the schematic in Fig. 2a). The silver paste
could be patterned to various desired shapes such as the SUS-
Tech logo, which is much meaningful once considered for the
commercial purpose. Fig. 2b shows that the sensing area is
highly sensitive to realize the real-time radial artery pulse signal
detection (see the real-time recorded video in Supporting In-
formation), indicating that the sensing function could be easily
achieved by integrating the IL and flexible electrodes in the
activated area in commercial cloth.

Supplementary data related to this article can be found online at
https://doi.org/10.1016/j.mtphys.2019.02.002.

In addition, the sensing property achieved by IL activation is a
general method which can be extended to many porous structures
to construct flexible tactile sensors. We chose four typical sub-
strates including printing paper, textile, porous CA film, and poly-
ester foam to evaluate the activating effect of IL on the sensing
performance, such as pressure-to-capacitance sensitivity. We
summarized the calculated sensitivity of four typical porous sub-
strates of CA film, printing paper, textile, and foam before and after
IL activation in Fig. 2c (details are illustrated in Fig. S1). The
sensitivity (S) is defined as 3(AC/Cy)/dP, where Cp is the initial
capacitance, AC is the relative change of capacitance (C-Cp), and P is
the applied pressure [13,16]. It is obvious that the sensitivity was
remarkably improved for each substrate after loading with IL in
either low-pressure range (0—0.5 kPa) or high-pressure range
(0.5—70 kPa). Even for the activated daily used printing paper, the
sensitivity could be improved to 1.39 kPa~!, which is higher than
that of many specially designed e-skins and ensures precise sensing
capacity to detect sporting or health monitoring applications [23].
Meanwhile, for the activated substrates with high porosity such as
polyester foam, the maximum sensitivity was achieved up to
14.6 kPa~! in the pressure range of 10—30 kPa, higher than that of
most reported capacitive-type tactile sensors based on porous
[24,25] or fabric textile [26] structures. It is worth pointing out that
all activated substrates studied here could achieve a linear sensing
pressure regime of more than 10 kPa, enabling for a wide range of
sensing applications [27]. The results prove that our method is a
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Fig. 1. Sensing mechanism. (a) Schematic illustration of the fabrication process for activating the textile or porous film using ionic liquid. (b) Schematic illustration of ion gel and an
ionic liquid-coated porous structure, showing the similar characteristic in nanoscale and microscale. The molecule junctions and porous skeleton are responsible for the mechanical
forming, and ions work for the electric performance. (c) The digital photo of a cotton textile loaded with ionic liquid. (d) The morphology of porous cellulose acetate film loaded with
~50 wt% ionic liquid from the surface view and the cross-sectional view (inset). (e) Schematic working principle of an electric double layer interfacial pressure sensor in which the
contact area between the porous dielectric layer and electrodes is changed under external mechanical stimuli.
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general strategy that can be easily applied to many other material
systems with high porosity and low cost. Taking the porous CA film
as an example, the activation is estimated to cost only ~3.5 dollar
per square meter (~$3.5/m? see the details in Supporting
Information).

We selected a porous CA film as the substrate to construct a
flexible and wearable sensor to further investigate the basic sensing
properties and applications because of its more sensitive response
under low and middle pressure ranges (0—10 kPa). In addition, the
remained porosity of the IL-activated CA film allows for high air
permeability, which potentially realizes a breathable interface with
human skin for long-term wearing in demand for smart cloth [17].
The flexible sensor was constructed by integrating the IL-activated
CA film and cotton textile coated with AgNWs as the electrodes, as
illustrated in Fig. S2. The cotton textile was functionalized with
superhydrophobic surfaces (the measurements of contact angle
presented in Fig. S3) to achieve extended properties such as
waterproof and antibacterial ability for long-term clothing purpose
[28].

Fig. 3 shows the basic sensing performances of the assembled
flexible sensor. The capacitance responses to different pressures
applied on the sensor were measured from 0 to 120 kPa with a
loading speed of 2 mm/min. The change ratio of capacitance as a
function of applied pressure is shown in Fig. 3a. The sensitivities for
the sensor are 4.46 kPa~! below the pressure of 0.5 kPa, 0.312 kPa~!
under the pressure range of 0.5—10 kPa, and 0.0143 kPa~! under the
pressure range of 10—120 kPa. Then, a cup lid that causes an applied
pressure of 30 Pa was carefully loaded on the surface of the sensor
to investigate the response speed, and it shows that the capacitance
of the sensor rapidly ascended within 39 ms, as shown in Fig. 3b,
which is comparable with the response speed of human skin
(30—50 ms) [29]. The fast response speed lies in the elastic feature
of the CA film.

The flexibility of the sensor is important to its applications. Thus,
we investigated the capacitance change of the sensor at different
deformation modes including twisting and bending. Fig. 3c shows
the capacitance response on twisting the sensor up to 360° and
recovering it to the initial state. It shows that the sensor exhibits
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Fig. 3. Sensing properties and flexibility of the IL-activated CA film—based sensor. (a) The capacitance changes of the flexible sensor as a function of pressure under the pressure
regime less than 120 kPa. The inset shows an assembled device. (b) Response time of the sensor to a cap (~30 Pa) placed on the top surface of the sensor. The inset shows the time-
resolved capacitance change under the loaded and released state. (c) Real-time capacitance changes while twisting the sensor up to 360°. (d) The capacitance changes of the sensor
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stability of the sensor over 10,000 cycles under a convex bending radius of 6 mm and the capacitance change with the bending deformation around 8000 cycles. (f) and (g) The
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noise-free and highly reproducible signals under continuous
twisting force, suggesting high twisting stability. For static bending
test, the sensor reflects to a sensitive increase in capacitance as the
bending radius decreases, as shown in Fig. 3d, thereupon returning
to the initial value when the device goes to the non-bent status.
Considering that the wearable sensors inevitably suffer from
complicated and long-term loadings, we evaluated the stability and
mechanical durability of the sensor by applying cyclic bending
(radius, 6 mm) and pressing (1.5 kPa). As shown in Fig. 3e and f, the
capacitance changes of the sensor show negligible variation after
either repeated bending or pressing over 10,000 cycles, further
confirming its high mechanical stability and durability. The
capacitance responses and applied pressure waveforms matched
well after 5000 cycles of loading/unloading, as shown in Fig. 3g.

The sensor exhibits outstanding sensing performances
including high sensitivity, fast response, and high stability. The
sensing effect is attributed to the interfacial area that changes on
loading, producing a corresponding capacitive change in the EDL
interface to evolve an ionic-type signal. The ionic sensor features a
frequency response (Fig. S4), but shows relatively stable signal
under different temperatures (23.4, 30.2, and 40.9 °C) or relative
humidities (30%, 67%, and 95%) (Fig. S5) [14,30]. The response of
capacitance to pressure shows hysteresis feature (Fig. S6), probably
because of the viscosity of the IL. The high sensitivity is related to
the small contact area before loading as a smaller initial area would
lead to a larger change in area on pressing to achieve high pressure-
capacitance sensitivity. As illustrated in Fig. S7 in Supporting In-
formation, the sensitivity under the pressure range of 0.5—10 kPa is
not improved with the increased loading of IL. This has been
confirmed by the scanning electron microscope (SEM) images in
Fig. S8 in Supporting Information, which shows that a higher
loading capacity of IL will further fill the pores up, resulting in a
small area fraction to increase under pressure. Although the IL is
not sealed in the porous CA film, it does not leak when loaded at
high pressures (up to 70 kPa) or subjected to 10,000 cycles of
bending or compression. The stable trapping effect of the IL might
be attributed to the nanoscale pores. Typically, at nanoscale, the
capillary force can generate pressure from the MPa to GPa level
[31], which is strong enough to trap the liquid, either in an
unloading or under a loading state.

Based on the advantageous features of high sensitivity, our
sensor could be applied to detect various vibrations produced
correspondingly from different activities and the inherently phys-
iological signals as well. To demonstrate the potential of applica-
tions, we assembled the flexible sensor to different positions on a
human body to evaluate whether vibration signals could be
detected accurately. As illustrated in the photos and schematic in
Fig. 4a, the sensing unit was positioned on the wrist and chest near
the heart for real-time monitoring of physiological signals, such as
pulse, breathing, and heartbeats, and also attached on the elbow
joint, knee joint, front sole, and heel to monitor the sporting mo-
tions such as elbow and knee joint flexions, walking, and running. It
is obvious to see that the signals appeared during breathing at
either a slow or fast rate (Fig. 4b), along with the clear fluctuations
in the valley of breathing signals, which are reasonably assigned to
the variations of heartbeat (Fig. 4c). The high sensitivity of the
sensor should be responsible to identify such weak variations.
Fig. 4d shows a set of radial artery pressure waves in normal con-
dition and after doing exercise, in which a different pulse rate can
be evidently seen. Because of the high resolution provided by the
high sensitivity of the sensor, more additional details could be
obtained from a typical pulse waveform (Fig. 4e), which shows two
distinct peaks (P; and P;) caused by superposition of the incoming
blood wave ejected by the left ventricle and the reflected wave from
the lower body [32]. For the participant (30 years old, 172 cm, and

60 kg), the radial augmentation index Al; determined from the
waveform, defined as P,/P; [5], is about 69%, a characteristic value
expected for a healthy adult male.

Fig. 4f presents the sensing performance of the elbow joint
flexions. The capacitance change is detected evidently depending
on the bending degree of the elbow joint. The responded signals are
repeated well when bending the elbow joint over cycles and remain
at the initial value while the elbow returns back to the start point.
We have also measured the motion of the knee joint during flexion,
as shown in Fig. 4g. The capacitance increases rapidly accompanied
by flexing the knee joint and then drops sharply because of the
knee extension. In addition, we attached our sensor to the front sole
and heel of the feet simultaneously to evaluate the forcing situation
when walking or running. As seen in Fig. 4h, a clear signal with
sharp tips at the beginning was detected when forcing the front
sole and then recovered to the initial value by uplifting the front
sole. The capacitance increases accordingly when turning to the
load on the heel (Fig. 4i). Note that the capacitance change gener-
ated by running is less than that generated by walking, which is in
contradiction with our common sense, and the result is probably
caused by the uncontacted small forcing area while running. Unlike
the commercial step counter based on the gyroscope and localizer
in the commercial device, such a capacitive sensor is able to achieve
the real stepping information, which may enable potential appli-
cations in sporting management. Furthermore, for repeated elbow
and knee flexing, running, and walking, the capacitance evolutions
for each motion were kept in the same tendency regularly, sug-
gesting that those motions can be identified by determining the
characteristic signal using our sensor.

Considering the long-term motions detecting of wearable sen-
sors, the comfort performances such as breathability, waterproof-
ness, and washability are highly demanded, especially for clothing
purpose. However, the electrodes and dielectric layer for most
wearable capacitive sensors consist of solid materials [33], which
are often not breathable. In contrast, our sensor is based on a CA
film or cotton textile, both features with a porous structure and
exhibits excellent air or sweat permeability, as shown in Fig. S9. The
gas permeability is assessed by measuring the mass increase of the
desiccant in a glass bottle sealed by the IL-activated CA film sup-
ported on the cotton textile, and the moisture permeation is
0.929 mg/cm?- hr, with a negligible change of weight gain rate of
only 6% compared with that of the normal cotton. Such high
breathability should be ascribed to the high porosity remained in
IL-activated CA film (Fig. S2) and the porous nature of the woven
textile (Fig. S10). These pores were not blocked because the length
of the AgNWs (100 um long) is far larger than the diameter of the
original pores (~3 pm) of the CA film. Moreover, the signals are still
clear enough to identify the characteristics of breathing and
heartbeats after several cycles of dry cleaning (Fig. S11). The
resistance of two connected AgNW-coated electrodes changes
under a small range (30% increased after seven cleaning cycles,
Fig. S12), which can hardly affect the performance of the capacitive
device. Even for the perspiration-wetted sensor, the sensor could
still exhibit a similar signal waveform but with higher capacitance
amplitude because of the ionic feature of human perspiration
(Fig. S13). Note that for wearable sensors, the amplitude of signals is
often not important. Therefore, these additional functions could
ensure comfortable feeling while wearing with the aid of high
porosity that enables air or sweat to permeate through the whole
sensing area during sporting, thus being reusable for long-term
applications.

Furthermore, the IL-activated process for fabricating a flexible
sensor offers a general way to construct a sensing unit on desired
substrates, as presented in this work. It is also expected to extend
more functions to the sensing textile considering clothing purpose
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such as outdoor performance and long-term hygiene. Therefore, we
selected a functionalized cotton textile with a superhydrophobic
surface to achieve waterproof and self-cleaning functions by
removing the contaminating particles through impacting and/or
rolling water droplets (as demonstrated in Fig. S14). Besides, the
flexible sensor also exhibits antibacterial property because of the
effective antibacterial ability of AgNWs, as shown in Fig. S15. An
empty gap around the device placed in a petri dish reveals its ability
to suppress the growth of bacteria. The self-cleaning and antibac-
terial properties enable the sensor to create a healthy internal
environment and clean external ambient when sensing the mo-
tions and physiological signals.

3. Conclusions

In summary, we introduced a versatile, saleable, and easy
operating approach to fabricate flexible sensors by simply acti-
vating textile or porous films with IL and constructing an EDL
capacitive interface by further coating with flexible electrodes.
Such a method enables the sensing elements to be localized on
desired areas, allowing for the customization of the sensing unit
with a desired pattern on the textile or commercial cloth. Even the
daily used materials such as printing paper can be activated as the
dielectric layer in tactile sensors that show a sensitivity of more
than 1 kPa—L By integrating the IL-activated porous CA film and
cotton textile, the flexible sensor provides a maximum sensitivity
of 4.46 kPa~!, a fast response time (~39 ms), and mechanical
stability under harsh deformations (10,000 cycles of bending or
compression). These sensing performances allow the textile to
detect various human motions of sporting or normal movements
and also enable to monitor the biomechanical signals such as
breathing, heartbeat, and pulse waveform. In addition, the sensor
can be breathable, waterproof, washable, and antibacterial for
desired clothing purpose, offering high comfort for long-term
wearing. The activation of porous films or textiles with IL is a
general strategy for large-scale and cost-effective manufacturing
of highly sensitive sensors for motion and physiological signal
monitoring and other applications. We believe such an approach
offers a general strategy to make high-performance wearable
electronics to realize the practical applications once integrated
with data collecting and launching units, which would be focused
on in a further work.

4. Experimental section
Materials

A commercially available cotton textile and CA film were used as
the substrate. The IL, 1-butyl-3-methylimidazolium hexa-
fluorophosphate ([BMIM]-PFg), was obtained from the Lanzhou
Institute of Chemical Physics, China. The AgNWs with a diameter of
~50 nm and a length of ~100 um were obtained from Nanjing
XFNANO Materials Tech Co., Ltd.

Fabrication of the flexible sensor

The AgNWs were spray coated on the surface of the functional
cotton relative to the waterproof side. After that, a silver wire was
mounted to connect AgNWSs, which acts as the top electrode.
Subsequently, the CA film was immersed into the IL ([BMIM]-PFg)
solution of absolute ethyl alcohol with the weight ratio of 1:1. The
unfixed IL was washed away from the porous skeleton by using
deionized water through vacuum filtration, and the porous skel-
eton was dried to obtain the CA-IL film with 50 wt¥% loading of IL.
After that, the AgNWSs were spray coated on the surface of the CA-IL

film, which acts as the bottom electrode. Finally, the functional
cotton was laminated on the CA-IL film, and the edges were bonded
together using a 3 M Scotch tape to assemble the multifunctional
cloth integrated with the sensing unit as the flexible sensor. For the
twisting and bending test samples, the assembled sizes of the ob-
tained sensing textile are 1’3 cm? and 1’1 cm? with the thickness of
~1 mm.

Characterizations

The sensing performances of the multifunctional cloth were
dynamically tested using a force gauge with a computer-controlled
stage (XLD-20E, Jingkong Mechanical Testing Co., Ltd) and a
capacitance meter (LCR meter, E4980AL, Keysight). The capacitance
changes were recorded in real-time using LabVIEW software with a
frequency of 10° Hz. The mechanical durability of the sensing
textile was evaluated using a step motor (WS150-100).
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