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Featured Application: The single-layer pressure sensor presented in this study serves as a
stepping stone towards the development of cost-effective and scalable sensors for the industrial
manufacturing process. The results show that the one-layer sensor has a high working
performance and is thinner than multi-layer sensors. Thus, it is easy to apply it to robot control
or human motion recognition fields.

Abstract: Today, e-textiles have become a fundamental trend in wearable devices. Fabric pressure
sensors, as a part of e-textiles, have also received much interest from many researchers all over the
world. However, most of the pressure sensors are made of electronic fibers and composed of many
layers, including an intermediate layer for sensing the pressure. This paper proposes the model of a
single layer pressure sensor with electrodes and conductive fibers intertwined. The plan dimensions
of the fabricated sensors are 14 x 14 mm, and the thickness is 0.4 mm. The whole area of the sensor is
the pressure-sensitive point. As expected, results demonstrate an electrical resistance change from
283 () at the unload pressure to 158 () at the load pressure. Besides, sensors have a fast response
time (50 ms) and small hysteresis (5.5%). The hysteresis will increase according to the pressure and
loading distance, but the change of sensor loading distance is very small. Moreover, the single-layer
pressure sensors also show high durability under many working cycles (20,000 cycles) or washing
times (50 times). The single-layer pressure sensor is very thin and more flexible than the multi-layer
pressure sensor. The structure of this sensor is also expected to bring great benefits to wearable
technology in the future.

Keywords: single-layer-textile pressure sensor; carbon nanotubes (CNTs); hysteresis; conductive
wool yarns

1. Introduction

E-textile fibers have now been recognized as one of the important materials in the wearable
technology field. More and more new e-textile fibers have been actively developed and applied in
wearable devices [1-6]. Especially, as the convergence of fibers and IT technology has accelerated,
many studies on electronic textile [7-10] and smart fibers [11-13] have been proposed, and a variety of
products have been released [14]. However, e-textile fibers and wearable technologies still have many
problems yet to be solved [15,16], especially in the pressure textile sensors field [17-20]. The pressure
sensors based on smart fibers are necessary for all aspects of life, such as recognition of human activities,
biosignal monitoring and healthcare. Those goals require the sensors to be lightweight, flexible, easy
to use, and comfortable for the wearer. So, the development of compact pressure sensors [21-24]
that can be a part of clothing has become a big challenge today. Most of the pressure sensors have a
multi-layer structure with a low conductive layer as a spacer inserted between two high conductive
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layers in order to measure the levels of pressure [25-27]. For example, Atalay et al. [28] proposed
the sensitive capacitive pressure sensor based on conductive fabrics and a microporous-dielectric
layer. Pizarro et al. [29] presented an easy method to create a textile pressure sensor. Jeong et al. [30]
studied a multilayer fabric pressure sensor for the real-time piezo-impedance imaging of pressure
distribution. Chang et al. [31] developed a high-sensitivity and low-hysteresis- flexible pressure sensor
based on carbonized cotton fabric. However, the multilayer structure will increase the thickness of the
sensor and cause discomfort to the wearer. Therefore, this paper proposes a new structure composed
of a one-layer sensor. Nonconductive fibers are converted to conductive fibers through the carbon
nanotubes (CNTs) impregnation process. Then, the sensing layer is made by the intertwining of
nonconductive fibers, conductive fibers, and electrodes. The results of experiments demonstrate that
the one-layer-textile-pressure sensor is really thin (0.4 mm), lightweight, and more fit for wearable
devices than the conventional multilayer structure. The characteristics of resistance and hysteresis
of the fabricated sensor are analyzed in the paper. We also show an application of this sensor on the
glove for monitoring finger motion.

2. Sensor Design

The conductive yarns are fabricated by impregnation to impart conductivity to the nonconductive
wool yarns (about 10 yarns/sample). The impregnation ink is carbon nanotubes (CNTs) dispersed
methyl ethyl ketone (MEK), which is easily agglomerated by the van der Waals force of the surface.
Therefore, in order to ensure uniform dispersion, the CNT ink was stirred for at least 1 h at 700 rpm
by a mechanical stirrer and treated ultrasonically for avoiding incorporation of air bubbles by an
ultrasonic machine (Figure 1a,b). As shown in Figure 1c,d, the wool yarns are impregnated in CNT
inks and dried for 48 h in order to fix CNT particles adhering to the wool yarns. Using a precision
LCR meter (Keysight E4980AL), we observed that the produced wool yarns have a resistance of about
7 x 102 O)/cm.
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Figure 1. Fabrication process of conductive yarns consisting of (a) stirring CNTs, (b) sonification CNTs,
(c) CNT-impregnation yarns, (d) drying CNT-yarns, (e) weaving sensor layer, and (f) the sensor with
two laminating layers.

As shown in Figure le, single-layer pressure sensors are fabricated by combining electrode threads
and spacing threads through intertwining with conductive wool yarns via a hand process on a weaving
tool (from Woven on looms Ltd., Seoul, Korea) [32]. The electrode threads are made of 70 deniers (D)
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galvanized nylon plated yarn in a twist direction (S-twist) with a 140D metal plated gold yarn twined
at a twisting rate of 10,000 rpm during manufacturing. In the process of electrode threads, the metal
plating chamber is set at a very high electrical resistance (8.104 (2/m). Non-conductive PET 250D is
used as the spacing yarns (about 10 yarns/sample). The sensor area is laminated by thermal pressing
with a flexible thin film on both sides (Figure 1f) at a temperature of 135 °C and a duration of 20 s.
These film layers cover the sensor surface and prevent CNT fall-off. The material used for laminating
the sensor is a 100 pum thin elastic film with 100% polyurethane (PU) from Sealon Ltd., Seoul, Korea.
Because of the PU films, the sensor will no longer have a drape or feel of textiles normally, and it will
have no breathability. However, the area size (10 mm) and the thickness (0.4 mm) of sensors are small;
this can be accepted for the application in this paper. We suggest using other materials or structures for
the cover layers (as highly stretchable PU/Silicone film, some holes on film) to improve the drape and
breathability, but more experiments are needed for this. Finally, the one-layer-fabric pressure sensor of
a small thickness of 0.4 mm and a size of 10 x 10 mm is prepared.

3. Results and Discussion

3.1. Conductive Wool Yarns

A scanning electron microscope (SEM) is employed to characterize morphological changes of the
wool yarns at different steps of the synthesis of the conductive fibers through the process proposed.
Figure 2a,b describes the fabricated sensors. Furthermore, Figure 2c—f shows SEM images of the
standard wool yarns with the magnified view showing no coating on the yarns and the coated yarns
under high and low magnification with CNTs. The diameter of a single yarn is about 10 um and
appears loosely twisted with ample free space between the microfibers. Conductive particles (CNTs)
can be observed in the form of the thin coatings and stuck randomly onto wool yarns with an 80%

coating area.

Conductive wool yarn

(a)

Single-layer pressure sensor

Electrode
threads

Space
yarn

Conductive wool yarn

Figure 2. (a) Single-layer pressure textile sensor, (b) nonconductive wool yarn at 100 pum,
(c) nonconductive wool yarn at 50 pm, (d) conductive wool yarn at 100 pm, and (e) conductive

wool yarn at 50 um.

3.2. Electrical Properties

To analyze the characteristics of sensors, we use a universal testing machine (UTM) from Dacell
Co. Ltd., Seoul, Korea, and a source meter (Keysight B2902A). As shown in Figure 3a, sensor samples
are placed above the sole and between the grips of the UTM machine. For the measurements of the
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electrical resistance, electrical wires connected directly to the two electrode threads of the samples by
the grips. A constant source voltage applied to the samples during the test. Resistance and pressure are
continuously measured when loading the force. At least five samples are tested, and the experiments
are repeated 50 times in order to record average values, respectively.

The working principle (Figure 3b,c) of one-layer pressure sensors is based on sensing the change of
electrical resistance when the distance between conductive particles (CNTs) changes in the conductive
fibers, as well as between the CNTs and electrode threads. Equation (1) shows the electrical conduction
mechanism under the loading of pressure where R, p, |, and A present the resistance, resistivity, fiber
length, and cross-section area, respectively. As described in Figure 3¢, dg is the initial distance between
CNTs, d is the distance between CNTs after pressuring, de0 is the initial distance between CNTs and
electrodes, and de is the distance between CNTs and electrodes after pressuring. When pressure is
applied, these distances become closer (d < dy and de < dgg); accordingly, the contact area becomes
wider. Thus, total resistance will decrease.

l
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(b) Electrode thread

Force load cell

Conductive yarn

(c)

Un-pressure Pressure

Conductive yarn

Electrode thread

CNT particles

Figure 3. (a) Universal tensile machine (UTM), (b) sensing layer, and (c) working principle.

Figure 4a shows a relationship between the pressure and resistance of sensors. Resistance changes
from a maximum of 283.2 () to a minimum of 158.7 (), following different levels of load pressures. It is
clear that the sensors have a large working range from 0 kPa to 1,000 kPa, and fit many applications.
Figure 4b shows a set of the current-voltage (I-V) graphical curves, which are used to define the
operation of the sensor under different static pressures at 250 kPa, 500 kPa, 750 kPa, and 1000 kPa
within the system. The applied voltage from —1.8 V to 1.8 V demonstrated an ohmic behavior of the
sensors. The slope of I-V curves reduces with a decrease of pressure, indicating that an increase in
applied pressure led to a decrease in the sensor’s resistance.
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Figure 4. (a) Relationship of resistance and pressure, (b) I-V curves.

Figure 5a describes the resistance of sensors after 100 loading cycles. The sensitivity decreases
initially but stabilizes after some cyclic loading/unloading periods. The reason for this behavior is the
deformation (permanent) in the structure under pressure leads to a change in the electrical response of
the sensors. However, after 85 cycles, that deformation of the fibers remains stable, and the electrical
output of the sensor becomes stable (Figure 5b). Response time is an important parameter that defines
the time lag between an electronic input and the output signal. The response delay in the sensor is
caused by the viscoelastic nature of wool yarns and the connectivity between the CNT coatings under
pressure. As shown in Figure 5b, the fast response time is about 50 ms. The fast connection time of
conductive particles ensures the rapid electrical property of these sensors in a practical application.
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Figure 5. (a) Resistance change in 100 loading/unloading cycles and (b) Response time.

As described in Figure 6a, we also evaluated the hysteresis of the proposed sensor at different
frequencies of 0.05 Hz, 0.1 Hz, 0.2 Hz, 0.5 Hz, and 1 Hz. With each frequency, the upper line presents
the loading phase, and the lower line presents the releasing phase. Relative change-in-resistance
values are logged during the loading (increasing pressure) and unloading (decreasing pressure), and
the maximum hysteresis error of the sensor is found to be 5.5%. It is clear that the higher pressure
and faster removal speed will increase the hysteresis of the sensor. The results show that at a higher
pressure and faster removal, the speed will increase the hysteresis of the sensor (Figure 6b).
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Figure 6. (a) Hysteresis at different frequencies in the compression from 0-0.1 mm, and (b) hysteresis
at different frequencies in the compression from 0.06-0.07 mm.

In order to evaluate the dynamic durability of the sensors, we determined the stable electrical
functionality and mechanical integrity during loading/releasing cycles. The experiment was performed
in a lab-customized machine (UTM), and resistance was measured at every 100 cycles. We observed
that uniform resistance changes of less than 7% were recorded after 20,000 loading/unloading cycles
(Figure 7a). In the washing test, the samples were checked in a mini washing machine (LG-W0082)
from Daewoong Co., Seoul, Korea. Each washing time had a duration of 10 min, a squeezing time
of 2 min, and a drying time of 7 min at 100 °C. The sensors demonstrated a small resistance change
(less than 10%) after 50 washing times (Figure 7b). This is significant for wearable applications.
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Figure 7. (a) Resistance after 20,000 loading/releasing cycles, and (b) resistance after 50 washing times.

Figure 8a shows the effect of temperature on the performance of the pressure sensor. The resistance
change has a small range (<4%) in the room temperature range of 20 to 30 °C. To decrease the effect of
this factor, we suggest changing the sensor structure or covering all sides of the sensor with silicone.
However, this method will also change the sensitivity of the sensors, so more experiments are needed
in future work. In a comparison overview (Figure 8b), our sensors were found to be thinner than
those of other studies [33-38], though they were a little bit thicker than those of [29] because of the
laminating layers. A thin sensor will fit many wearable devices.
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Figure 8. (a) Resistance change at different temperatures and (b) Comparison of the thickness with
other studies.

4. Smart Glove

To demonstrate the potential of the one-single layer pressure sensors, the proposed sensor is
integrated into a smart tactile glove (Figure 9a) in order to distinguish objects with different weights
during a grasping task. We used a hot melt double-sided adhesive tape to attach the sensor onto
the glove by heating it at 90 °C for 15 s (with an iron). Two electrode threads of the sensor were
connected to two electrical wires of the Arduino Nano (5 V-16 Mhz) using a silver paste (from KLK
Ltd., Jeonnam, Korea). As shown in Figure 9b, the hardware platform of experimental is an integrated
circuit, composed of some main components such as Arduino, Bluetooth module, Micro SD Card, and
a lipo-battery (3.7 V). Using a voltage divider circuit, the electrical resistance variation of the sensors
has been converted into a voltage variation. Data are sampled and digitized and thus converted into
digital values. For resolution reasons, mathematical mapping of voltage values between 0 to 5 V into
digital values between 0 to 1023 (5/1023~0.005 V or 5 mV per unit) has been made by pre-calculating
the actual data. It is calculated to take about 0.01 s (10 ms) to read an analog signal input, and a
maximum reading rate is about 100 times per second. Subjects are instructed to grasp a paper water
cup (Figure 9¢) for an amount of time, and the electrical signal is continuously recorded. The weights
of paper water cup are 110 g, 160 g, 210 g, and 310 g, respectively. Figure 9d shows the amplitude
signal during the scenarios. The change in electrical resistance is found to be higher when the subject
grasps the heavier object. From the results, it is clear that this one-layer pressure sensor could be used
in soft, wearable sensors or actuator applications for control purposes.
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Figure 9. Smart glove application of the sensor, consisting of (a) structure of the sensing finger on
glove, (b) hardware platform, (c) grasping a water cup, and (d) the change in signal amplitude when
the subject grasps the different weights.

5. Conclusions

This paper presented a case of a single-layer pressure sensor fabricated by interweaving the
conductive wool yarns and spacer thread (nonconductive) together in order to create the one-layer
pressure sensor. The conductive wool yarns are converted from nonconductive yarns by being
impregnated in CNT inks. Two electrodes of the sensor used two highly conductive threads. The
electrical characteristics of the sensor are analyzed through experiments. Unlike the conventional
pressure sensors (multi-layer structure), this sensor is thin (0.4 mm), extremely lightweight, and has a
small hysteresis (5.5%). We also demonstrated the application of the proposed sensor for detecting
the grasping force via the smart glove. Such sensors can be utilized to sense the grasp action in robot
control or human motion recognition.
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