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A knitted textile-type strain sensor with resistive random access memory (RRAM) characteristics is
developed. This study focuses on the change in resistance at the contact between carbon and
aluminum fibers along the strain to develop a strain sensor that can be used in smart clothing. Unlike
conventional textile sensors that use only one type of conducting yarn, this study proposes a new
configuration that uses two different materials to obtain a large change in resistance value. The all-in-
one yarn, comprising carbon fibers, aluminum-coated yarns, and normal yarns, was used to construct
sensor devices by knitting. In this knitted textile, the resistance switching characteristics of the RRAM
between aluminum and carbon were observed as confirmed in previous studies for flat devices and
woven textiles. Along the strain applied to the knitted fabric sensor, the change in the resistance along
the stretching was detected and verified through a physical mechanism of the change in the contact
area. The sensitivity of the developed knitted strain sensor is more than 10 times higher than previously
demonstrated textile strain sensors. Also, cyclic testing of the sensor between the stretched and the
recovered state on a machine and on a knee was demonstrated to prove that it can be used as a
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DOI: 10.1039/d1tc01899j motion sensor by applying it to the joint part of clothing. In addition, there are advantages of low-cost

and large-scale production that are possible since this yarn can be used in existing fabric production
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1. Introduction

E-textiles are a representative technology that are applicable to
smart clothing, which is a fabric with embedded functional
electronic devices.'™ In the early stages, they were achieved by
attaching various kinds of electronic device onto clothes.
Recently, research has been active on inherently textile-like
devices such as fiber transistors, piezoelectric temperature
sensors, and fiber displays based on yarn-type conductive
fibers.*® Studies on e-textiles under extreme conditions, such as
mechanical bending, folding, stretching, and washing, have also
been very active for extending the applications of e-textiles.®™®
Through our previous research on e-textiles using conducting
yarns, we have succeeded in developing the textile-type RRAM
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(resistive random access memory) that is composed of a yarn
coated with aluminum using a solution process, and a carbon
fiber yarn through a typical weaving method that is the same as
is used for normal yarns."°

In this study, we focus on the resistance-changing charac-
teristics at the contact points between yarns as well as with the
stretching of knitted textiles, and a strain sensor was developed
that can be used in smart clothing. The aluminum-coated yarn
with a thin native oxide layer and the carbon fiber yarn allowed
the goal of fabricating strain sensors through large resistance-
changing characteristics upon stretching to be achieved. The
sensor was made in the form of a knitted textile that com-
prises aluminum-coated yarn, carbon fiber yarn, and normal
yarn. The knitted textile sensors developed here use two
materials that show different mechanisms from previously
reported textile sensors and demonstrate a great advantage in
sensitivity.

Since aluminum is a popular conducting material with a
high electrical conductivity and low cost,"" the chemical process
of making aluminum nanoparticles is broadly achieved through
the decomposition of the aluminum precursor (AlH;) into alumi-
num and H,">™" (see the Experimental section). Then the oxida-
tion of aluminum occurs immediately after the formation of
aluminum nanoparticles on the surface of the yarn.'? The typical
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thickness of the native aluminum oxide layer on the coated
aluminum is ~5 nm.

In this knitted textile, the resistive switching characteristics
were shown as confirmed in a previous study.'® Then, the
samples were stretched in both the horizontal and vertical
directions to demonstrate a change of the resistance along
the stretch. The resistance between the aluminum yarn and the
carbon yarn was decreased when stretched, and was restored to
the ratio before stretching when the textile was recovered.
It was also proved that this characteristic is maintained when
stretching and recovery are repeated along the cyclic test. We
expect that the textile-type strain sensor developed in this study
can be used as a strain sensor/motion sensor by applying it to
the joint part of clothing.

2. Materials and methods

2.1 Precursor solution for the preparation of highly
conductive aluminum-coated yarn

The aluminum precursor solution has to be prepared to make
highly conductive aluminum-coated yarn through the solution
process. For the preparation of the aluminum precursor
solution, a chemical reaction of aluminum chloride (AICl;)
with lithium aluminum hydride (LiAlH,, LAH) was used. Anhy-
drous dibutyl ether (CgH;30) was used in the reaction as a
solvent. AlCl;, LAH, and CgH,3O were purchased from Sigma-
Aldrich Chemicals and used without any extra treatment. After
AICl; and LAH powders were added to the solvent, the mixed
solution was heated at (75 °C) with stirring for more than
2 hours."*'*'® The gray slurry remaining after mixing was
filtered with a PVDF filter (0.45 pm) to obtain a clear aluminum
precursor solution.

2.2 Dipping process for the preparation of highly conductive
aluminum-coated yarn

A preheated spun rayon yarn (75%) with catalytic treatment was
coated with the aluminum precursor solution'® by dipping
and drying overnight at room temperature. To ensure high
conductivity and uniformity of the coating layer, all of these
processes were carried out under a nitrogen atmosphere
to prevent the formation of aluminum hydroxide (Al(OH)s),
aluminum nitride (AIN), or aluminum oxide (Al,O3).

(a) (b)
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2.3 Fabrication and measurement of the textile-type RRAM
for textile strain sensor

The textile-type RRAM (resistive RAM) was knitted using a
hand-knitting machine. The basic knitted fabric with cotton
yarn has the built-in textile RRAM that consists of aluminum-
coated yarn and 1 k carbon fiber yarn (i.e., one thread of
1000 fibers).>*>* The device was stretched at intervals (of
5 mm) and then released to be recycled. The stretching test
was performed by pulling both ends of the device in horizontal
and vertical directions, respectively. The stretching test was
conducted using a commercial mechanical test machine (CKSI,
Korea) and an electrical measurement system (KEITHLEY
2400). The variation of the resistance was measured using an
MS TECH probe station with a KEITHLEY SCS 4200 system.
To verify the static and dynamic reliability of the textile-type
resistance strain sensor, the stretching test and measurement
of the output voltage change were performed simultaneously.
A simple voltage divider circuit (Arduino) was designed to
measure the voltage output during bending and recovery of
the sample. The Arduino circuits and devices were connected
using conductive thread or special sample-fixing pins for
measuring the electrical properties, and changes in the output
voltage due to stretching and recovery were observed.

3. Results and discussion

The schematic diagram of the device, the basic current and
voltage properties of resistive switching, and the endurance
properties of the aluminum-carbon RRAM are shown in Fig. 1.
The RRAM structure in Fig. 1a shows a single cross-contact
device between the aluminum film and the carbon fiber when
they were simply placed across each other by physical contact.
Native aluminum oxide is formed on top of the aluminum film,
which plays a critical role in resistive switching, and which was
proved in previous work.'® The current-voltage characteristics
of a single contact point show the typical bipolar resistive
switching properties®®>® of a conventional metal-insulator-
metal (MIM) RRAM structure,’®>° as shown in Fig. 1b, even
though the device has a metal-metal (MM) structure,’® and
resistive switching between a high resistance state (HRS) and a
low resistance state (LRS) is observed with an on/off resistance
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Fig. 1 Structure and characteristics of the film-type aluminum-carbon RRAM: (a) schematic structure of the RRAM with a carbon fiber yarn and an
aluminum film with an aluminum oxide layer, (b) /-V characteristics of the aluminum—-carbon RRAM, and (c) endurance properties over set/reset

operation cycles.
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Fig. 2

(@) Yarn consisting of combined carbon fiber, aluminum-coated yarn and cotton yarn that was prepared for the knitted strain sensor,

(b) schematic diagram (left) and picture (right) of the knitted-type textile 1 x n array contact using a hand-knitting machine, and (c) schematic structure
of the (1 x n) array RRAM. The blue line represents the aluminum fiber, and the black line represents the carbon fiber. Contact points were created in the
area indicated by the red circles, and (d) the (1 x n) contact array circuit diagram created in the knitted-type sensor.

ratio of 10 and set-reset voltages of within +3 V. The on/off
resistance ratio was maintained stably while device switching
was repeated for forty cycles, as shown in Fig. 1c. These
characteristics showed that native aluminum oxide on the
aluminum surface worked as an insulator layer in the MM
structure. This is a benefit of the inherent oxidizing property
of aluminum employed in this device, since the resistive
switching layer can be achieved without additional deposition
steps and conforms to the uneven surface of the yarn.

The knitted-type textile sensor was made with the yarn
which had aluminum-coated yarn and carbon fiber yarn
inserted in between normal yarn strands as shown in Fig. 2a.
Three types of yarn were combined to make one long thread to
fabricate the knitted textile. Unlike weaving, which needs two
yarn axes, the weft and warp, knitting requires one yarn to
interlace the upper row and lower row alternately. Since two
different materials, aluminum and carbon, should make con-
tact for a bias applied between them, the cotton yarn between
these two yarns supplies insulation. With this specially designed
yarn with three materials, we fabricated the textile with resistive
switching contacts using a hand-knitting machine, as shown in
Fig. 2b. Fig. 2c shows a schematic diagram of where several loops
in the basic knitted fabric structure were replaced with carbon
fiber and aluminum-coated yarn. The diagram shows that the
contact points of the aluminum-coated yarn and carbon fiber yarn
were integrated into the fabric structure, which is the MM contact
for the strain sensor. Aluminum-carbon contacts are formed
between the head and foot of each loop in the knitted structure
by controlling the length of different yarns to exhibit a resistance-
changing contact for the sensor device. The MM contact array
could be used as a series of (1 x n) arrays of cross-contact devices,
as can be seen in Fig. 2d, and also maintained the resistive
switching characteristics of a previous study and conventional
single RRAM devices. The uniformity of the aluminum particles
on the aluminum-coated yarn surface was observed through
scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS) (data shown elsewhere).'

The figure showed that the aluminum-coated yarn and the
carbon fiber yarn were interlaced to make a series of contacts

16442 | J Mater. Chem. C, 2021, 9, 16440-16449

and were knitted in the same shape to other parts of the textile.
The schematic view of the knitted resistive switching device
structure and circuit diagram is illustrated in Fig. 2c. This MM
contact array could be used as a 1 x n array of cross-contacts for
the resistance-changing device. By varying the length of each
section of different yarn, it is possible to control the number of
contacts between aluminum and carbon. In this sample, three
loops of carbon fiber and aluminum-coated yarn are interlaced
to form six contact points, a series of 1 x 6 devices.

The I-V and endurance characteristics of the textile-type
RRAMs, a series of six devices as shown in Fig. 2d, along the
cyclic tests are shown in Fig. 3. The resistive switching between
HRS and LRS is stable, with an on/off resistance ratio of more
than 10 and a set-reset voltage of within +3 V, as shown in Fig. 3a.
To establish a standard on/off resistance ratio, the resistance data
were collected at the (0.3 V) read voltage after each negative/
positive voltage sweep. Also, the endurance characteristics of the
switching operation are observed to be stable along the cyclic
tests, as shown in Fig. 3b, demonstrating that it can still work as a
RRAM when the properties need to be combined.

We carried out current-voltage measurements of knitted
devices with stretching either horizontally or vertically, as shown
in Fig. 4 and 5, respectively, to prove that the knitted-type RRAM
device can be applied to the textile strain sensor. The device was
horizontally stretched from 35 mm to 50 mm at intervals of 5 mm
and then released to be recovered to 35 mm. The horizontal
stretching test was performed by pulling both horizontal ends of
the device. Fig. 4a shows the I-V curve of the original, stretched,
and recovered state with horizontal stretching. It can be seen that
the on/off ratio becomes smaller in the stretched state but
recovers to the original value in the recovery state. This was the
gradual change in resistance along the stretch [Fig. S1, ESIT]. The
difference between the length of the original sample (Z,) and the
length of the stretched sample (L) were divided by L,, and this
value was defined as the strain (%). And the current and resis-
tance according to the strain (%) were measured. The variation of
the resistance of the device in the HRS and the LRS along the
strain caused by stretching is shown in Fig. 4(b) with red circles
and black squares, respectively. From these measurements, it is

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1tc01899j

Open Access Article. Published on 10 November 2021. Downloaded on 6/13/2026 5:30:54 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Journal of Materials Chemistry C

10° 10*
HRS.°o .
@ 'o.'..0c e®e
= 3
< 2
;é; §10-
(7]
£ 4
010-6- 1 cycle o LRS s s " g s mnu "0 uuggyns
=2 cycle
=3 cycle 5
M0l 7t 10—
-3 -2 1 0 1 2 3 2 0 2 4 6 8 10 12 14 16 18

Voltage (V) Cycle (#)

Fig. 3 Knitted RRAM characteristics: (a) /-V characteristics of the stable set/reset properties, and (b) endurance characteristics of the textile-type RRAM
device along the cyclic tests.
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Fig. 4 Knitted RRAM characteristics depending on horizontal stretching: (a) /-V curve of the original, stretched, and recovered state by horizontal
stretching (where the inset shows a schematic of the horizontal stretching test), (b) HRS/LRS resistance depending on a strain generated via horizontal
stretching (HRS is indicated by the red line and LRS is indicated by the black line), and (c) normalized variation of the resistance (|AR/Rg|) in HRS
depending on a strain generated via horizontal stretching.

shown that the larger change in resistance in the HRS rather than
the LRS can easily be utilized for the strain sensor. Therefore we
normalized the variation of resistance in the HRS between the

During the stretching process, the difference in resistance
values between the HRS and the LRS gradually decreases, and
when the device was recovered, the resistance values in both

stretched state and the original state (AR) in Fig. 4c through
eqn (1). The |AR/Ry.| value was calculated by dividing the
resistance change of the stretched state and the original state

the HRS and LRS were recovered. It is noticeable that the
change of |AR/Ry,| of the knitted sensor in this work is
evidently larger than other strain sensors previously reported,

(AR) in HRS by the resistance value of the stretched state (Ryr).  and ranged between 0.16 and 3.5, which will be discussed later.

|AR/Ryer| = |(Resmsstretched — Ritrs original)/Ritrs stretehed] (1) The Yarlatlon w1.th vertical stretching was also checked.
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(@ (b) (©
10° 10° | 25
5 vertical . 20 el
107 B ant Stretching 1 =5
< S 10% - . = e
v Py R, ! %15
S 10* o RN Recovery x /
£ s - €40 /
3 » 10%; . P, =1 /
o 10° 3888, Initial state g \-\\’ : B i
Stretched : /
l\-’i‘-/\ Rersocv:;ed & : // I AR/ Rstr ] 1235
10°1— T T T T T T 10°+— y T T v L T 0+~ T T T y
3 2 414 0 1 2 3 0 10 20 30 40 50 60 0 10 20 30 40 50
Voltage (V) Strain(%) Strain(%)

Fig. 5 Textile-type RRAM characteristics depending on vertical stretching: (a) /-V curve of the original, stretched, and recovered state by vertical
stretching (where the inset shows a schematic of the vertical stretching test), (b) HRS/LRS resistance depending on a strain generated via vertical
stretching (HRS is indicated by the red line and LRS is indicated by the black line), and (c) normalized variation of the resistance (|AR/Rg,|) depending on a
strain generated via vertical stretching.
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intervals of 5 mm, as with earlier horizontal stretching, and
then recovered to 35 mm and the I-V curve of the original,
stretched, and recovered state with vertical stretching is shown
in Fig. 5a [Fig. S2, ESIt]. Fig. 5b shows the characteristics of the
device along the strain, and the normalized variation of the
resistance (|AR/Ry|) calculated in shown in Fig. 5c. During the
vertical stretching process, the resistance tends to gradually
decrease, and when the device was recovered the ratio recovered
was similar to the horizontal stretching test.

The newly developed sensor, using a resistance value that
varies with the number of conductive filaments of the HRS in
RRAM switching, has a high |AR/Ry,| compared with other
textile-type strain sensors that use only the change in contact
resistance between the two materials. This abrupt resistance
change is useful for constructing great stretch-sensitive strain
sensors compared with typical wearable strain sensors.**>?

When the knitted RRAM is stretched on this fabric, the
contact area between aluminum and carbon increases due to
deformation of the fabric structure, which causes lowering of
the resistance by enlarging the electrical path through contact
between the Al and C yarns. This is why we chose the knitted
structure over the various other woven structures. For woven
structures, the contact between the yarns, for the weft and warp
components, is very tight and not stretchable due to the
intrinsic structure, and the contact area hardly changes when
stretched. On the other hand, the knitted structure allows the
total contact area to be changed significantly with stretching.
Therefore, the knitted structure was adopted in this study.
Fig. 6 shows a schematic diagram demonstrating the change
when an interlaced part of the knit structure is stretched and
recovered. The contact area between the two yarns is marked in
red. As the knitted sensors are stretched, the area where the two
yarns overlap with each other to make physical contact is
increased. (Fig. 6b). The decrease of the on/off resistance ratio
through increasing the aluminum-carbon contact area can be
explained by conductive filaments (CFs), which act as conduct-
ing paths in the RRAM. The resistance of the RRAM device
formed with contact between aluminum and carbon depends
on a switching mechanism induced by an oxygen-controlled
chemical reaction that repeatedly creates and removes conduct-
ing filaments along the bias applied.>*** Typical RRAMs have
a low resistance because a lot of CFs are formed in the ‘on’
state (LRS), and have a high resistance because most CFs are

Fig. 6 Schematic diagram showing the change for part of the knitted
structure with stretching (the contact area between the two yarns is
marked in red): (a) original and recovered knitted structure with the
aluminum-coated yarn and the carbon fiber yarn, and (b) stretched knitted
structure with the aluminum-coated yarn and the carbon fiber yarn.

16444 | J Mater. Chem. C, 2021, 9, 16440-16449
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ruptured in the ‘off’ state (HRS). However, as the aluminum-
carbon contact area becomes larger along the stretch, the total
number of CFs remaining unruptured in the HRS is sufficient
to act as a conducting path to increase the current level. In turn,
the HRS resistance becomes similar to the resistance of the
LRS without the set bias being applied. Also, the number of pin-
holes in the thin native aluminum oxide layer increases as the
aluminum-carbon contact area is enlarged by the stretch, so
that the current flow through the dielectric layer increases.**°
Since stretching the knitted sensor means an increase in the
aluminum-carbon contact area, the resistance of the LRS
decreases with the stretching process and the on/off resistance
ratio becomes smaller. When discussing the sensitivity of
the knitted sensor using this principle, it can be seen that the
change of |AR/Ry,| with stretching can be used to have the
same meaning. The relationship between the aluminum-carbon
contact area and the change in resistance is checked by varying the
contact area on the flat device, as can be seen in Fig. S3 (ESIT).
The gauge factor, defined as |AR/Ry|, is a common para-
meter to demonstrate the sensitivity of sensors. In this work,
the resistance value of the stretched state is lower than for the
initial state, while the resistance value of the stretched state is
higher than the initial state in most conventional strain sen-
sors. Since R, is the lowest resistance value in conventional
strain sensors, we used the lowest resistance Ry, to show the
sensitivity of the sensors developed in this work. Although
direct comparison is difficult because it is not exactly the same
parameter as the gauge factor, it can be used for a sensitivity
comparison in the sense that it is a value obtained by dividing
the resistance change by the minimum resistance value. If the
gauge factor, which is a common parameter, is calculated using
|AR/R|, the developed device has a value of ‘0.9’. This value
cannot intuitively show the resistance change of the developed
device and, as discussed above, it was judged that it is appro-
priate to compare the sensitivity through |AR/Ry,| rather
than |AR/Ry|. The maximum of the |AR/Ry,| and the aver-
age of |AR/Ry,,| for recently developed textile-type strain
sensors>"*>373% are shown in Table 1 and Fig. 7, respectively.
|AR/R,| was used for the knitted sensor developed in this work
for the comparison since it presents the change in resistance
along the strain effectively. Unlike previously reported fabric-
type sensors with |AR/Rp;,| values as low as 0.2 to 3.5, newly
developed AI-C textile-type strain sensors have been found
to have |AR/Ry,n| values of approximately 20 by adjusting the

Table 1 |AR/Rminl values of newly developed and recently reported
knitted-type strain sensors.*323738 The |AR/Ry,| value was used instead
of |AR/Rminl in this comparison because the Ry, value is the minimum
resistance state value in this study

|AR/Rpin| Materials Fabricated
No. (max) used structure Ref.
This work 23.1 Al C Knitting —
1 2.0 Ag Knitting 31
2 0.2 PEDOT Coating on fabric 32
3 3.5 RGO Coating on fabric 37
4 2.7 PEDOT:PSS Knitting 38

This journal is © The Royal Society of Chemistry 2021
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number of Al-C contact points. This means that the newly
developed device can be used as a very sensitive strain sensor
that can detect a significant difference even with a small
applied strain, and it is expected that these can be applied to
body parts with a small maximum range of motion.

Fig. 8 shows the variation of the resistance during repeated
stretching operations with 43% strain over cycles and times.
Fig. 8a and b show the variation of the resistance with hori-
zontal and vertical stretching, respectively. Odd numbers of
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cycles represent the recovery states, and even numbers of cycles
represent the stretch states. The change in resistance when the
sensor is stretched in the horizontal and vertical directions was
also measured over time. (Fig. 8c and d, respectively). In each of
these four cases, the resistance ratio in the stretching and
recovery states was more than ten and stable. It shows remark-
able resistance differences for the stretch states and recovery
states as much as applicable for a strain sensor. With these
results, we confirmed that the knitted-type RRAM could be
applied as a wearable textile strain sensor.

Aluminum-coated yarn and carbon fiber yarn stretching
tests were conducted to verify that the on/off resistance ratio
change of 10 or more in the textile strain sensor was due to the
MM contact area change in the RRAM device and not deforma-
tion of the conducting yarn in the knitted structure. The
samples for the stretching test were fabricated using either
two aluminum-coated yarns or two carbon fiber yarns only, in
the same manner as the knitted structure shown in Fig. 2. The
current flow through the structural contacts between two
unconnected yarns embedded in the knitted structure was
measured to observe the change in resistance under stretching.
The variation in resistance of the aluminum-coated yarn and the
carbon fiber yarn upon horizontal/vertical stretching is shown in
Fig. 9. For the aluminum-coated yarn sample, during the horizontal
and vertical stretching processes, the resistance was reduced from
13.8 Q to 7.3 Q and from 15.5 Q to 3.7 Q (Fig. 9a and b). For the
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carbon fiber yarn sample, during the horizontal and vertical
stretching processes, the resistance was reduced from 12.3 Q to
8.2 Q and from 10 Q to 5.8 Q (Fig. 9¢c and d). It was demon-
strated that the resistance in this sample was only 1.8, 4.1, 1.5,
and 1.7 times the difference when only the knitted structure was
applied for the strain test, while the HRS resistance in the
resistive switching device was slightly different from 10" to 10°
times. The samples shown in Fig. 9 and the fabric strain sensors
in other studies are fabricated using one conducting material
for the current to flow through the connected yarns or contacts
between the same materials to show a resistance change along
with the stretching.®'*>?7"® Existing textile-type strain sensors
fabricated with a built-in yarn or a fabric made of one material
mainly use changes in the fabric structure and the number of
cracks. These strain sensors have a small resistance ratio
because there are limits to the resistance change according to
variations in the number of cracks and the strain of the entire
textile structure. However, the newly developed aluminum-
carbon contact strain sensor showed a drastic resistance change
ratio of 10 times or more since the current flow is through
different materials of the RRAM in the HRS. It is identified that
the large changes in resistance and the on/off resistance ratio
were due to the MM contact area change in the RRAM, unlike
other strain sensors.

To verify the reliability of the textile-type RRAM strain
sensor, the stretching test and measurement of the output

16446 | J Mater. Chem. C, 2021, 9, 16440-16449

voltage change were performed simultaneously. A simple voltage
divider circuit (Arduino) was applied to measure the voltage
output during stretching and recovery of the sample, as shown
in Fig. 10a. The circuit is designed to apply a fixed voltage with a
resistor while connected to the two electrodes of the sensor and
to record the voltage output that changes according to the
resistance change of the sensor. The Arduino circuits and
devices were connected using special sample-fixing pins in
automated machines for measuring electrical properties, and
changes in the output voltage due to stretching and recovery
were observed over time (Fig. 10b). A 70 mm sample with both
ends fixed was set in one cycle to stretch and recover a strain
value of 0.5 over 6 seconds. Fig. 10c shows the static reliability of
the textile strain sensor after stretching and recovery over
500 cycles. The stretching test method followed the inter-
national standardization (IEC 62899-202-4) for stretchable
electronics.>® The resistance was measured 5 times after 1,
100, and 500 cycles to obtain an average value, and it was
verified that the on/off resistance ratio was maintained at more
than 10 even after 500 cycles.

Considering that the wearable devices should perform on a
curved human body, and not just on a flat surface, the sensing
characteristics along the stretch due to the movement of the
knee joint were evaluated. The knitted-type strain sensor was
fabricated in the form of a sleeve with a circumference around
the knee and a length of 30 cm, as can be seen in Fig. 11, which

This journal is © The Royal Society of Chemistry 2021
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integrated with a sleeve. Output voltage variation through the voltage
divider connected to the sensors during repeated flexion and recovery.

could be fabricated as a whole garment with built-in strain
sensors by further knitting above and below the device. The
knitted knee sleeve with integrated RRAM sensors was worn on
the joints of the person to check if the sensing performance in a
real situation works as already seen in flat stretching measure-
ments previously shown. A voltage divider circuit was used to
measure the voltage output during bending and flattening of
the knee. The circuits and devices were connected using a long
conductive thread to prevent them from being disconnected
through movement, which happens in the case of soldered
wire connections. As the bending and flattening of the knee
occurred over repeated cycles, the variation of voltage output
values according to the voltage divider circuit of the strain
sensor remained stable. Therefore, it is expected that the fabric-
type resistance strain sensor can be built in the same way as
conventional clothes without any discomfort.

4. Conclusion

In conclusion, a new knitted type of textile strain sensor that uses
resistance-change characteristics, comprising aluminum-coated
yarns and carbon fibers, has been developed and its functionality
in a repeatable, wearable device was demonstrated. This study is
noteworthy since it used a resistance-variation mechanism that

This journal is © The Royal Society of Chemistry 2021

depends on the change of the contact area in the knitted-type
sensors from a combination of two different materials, and not
the resistance change according to the stretching of the single
kind of conducting yarn itself, which is the case for general
wearable strain sensors reported in other studies. The developed
textile strain sensor based on a knitted structure and aluminum-
carbon yarns showed a large change in resistance of more than
10 times in the non-stretched (recovery) state and stretched state
(with 43% strain) either vertically or horizontally. Through
repeated stretching operations, it was confirmed that a stable
resistance change was maintained, even after repetitive deforma-
tion and recovery cycles. It is suitable for application in wearable
sensors in that the change of resistance with deformation is
highly sensitive and has a low driving voltage. We expect that
these knitted strain sensors can be used for monitoring vigorous
motions performed by humans, such as jumping, marching,
jogging, bending, and rotation of the joints, indicating their
tremendous potential for applications in wearable electronics.
This concept can be readily extended to other fabrics, such as
cotton, wool, and other fabrics made of artificial or natural fibers.
The fabrication method used in this study, which can utilize
existing knitting machinery in textile industries, paves the way for
a new method of low-cost and large-scale fabrication of wearable
sensors, and is expected to present a new vision for the study of
other types of textile-type sensors as well as strain sensors.
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