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Wearable fabric-type color conversion sensors are very effective in quickly expressing danger or warnings
to people. In particular, they can visually show information regarding the external environment, such as its
temperature or ultraviolet (UV) intensity. However, a wearable sensor worn on the human body should
maintain its sensing performance without deterioration even when exposed to various external stimuli,
such as the repeated movements caused by human activity, sweat, and washing. In this study,
thermochromic and UV photochromic fibers were fabricated to maintain stable color conversion
functionality in response to temperature and UV irradiation even after continuous tensile-shrinkage,
exposure to sweat and detergent solution. The thermochromic or UV photochromic materials were
coated on the inside and outside of strands constituting a highly elastic spandex fiber. By adding
polydimethylsiloxane to the color-changing material, the physical and chemical stability of the color-
conversion thin film coated on the strand increased. The fabricated thermochromic fiber had a blue-
green color and changed to white as the temperature increased, whereas the fabricated UV
photochromic fiber was white and changed to purple as the UV intensity increased. In addition, the color
conversion coating film was not lost even when exposed to repeated stretching and sweat/washing
solutions, and a stable color-change reactivity was maintained. The thermochromic and UV
photochromic fibers introduced in this study are expected to contribute to the commercialization of
wearable colorimetric sensors by solving the problems regarding the physical stimulation and washing
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Because the color-change-sensitive material in the colori-
metric sensor reacts with various analytes to change color, it is

1. Introduction

Wearable environmental monitoring devices can be used to
provide information on continuous environmental changes and
can record data on ultraviolet (UV) light, temperature, humidity,
chemicals harmful to the human body, and mechanical defor-
mation."®* Among these parameters, UV rays and the tempera-
ture are essential for diagnosing environmental factors that can
affect human activity. For instance, prolonged exposure to UV
rays can damage the skin and cause diseases such as burns,
aging, and cancer. In addition, exposure to high-temperature
environments can cause heat-related illness such as heat-
stroke, exhaustion, cramps, and fatigue.”> UV and temperature
sensors have been developed using various types of electro-
chemical analyses comprising conductive fillers such as metal
nanowires, nanoparticles, and carbon materials on flexible
substrates.”*'” However, these sensors have limitations in their
application to wearable devices owing to problems such as
complicated fabrication methods, relatively bulky analytical
instruments, and the use of external power sources.'*>°

Department of Nanoengineering, Kyonggi University, Suwon 16227, Gyeonggi-Do,
South Korea. E-mail: shju@kgu.ac.kr

© 2022 The Author(s). Published by the Royal Society of Chemistry

very effective in monitoring various external environmental
changes, such as UV rays, temperature, humidity, and harmful
chemicals. In particular, a fiber-based colorimetric sensor is
light, flexible, and can be easily applied to products such as lab
coats and safety protection devices (as well as daily necessities
such as hats and gloves), as it can secure breathability and
mechanical stability when made of fabric.”* In addition, they
can be popularized and widely distributed owing to their simple
fabrication method, high accessibility, ease of use, and low
cost.>>* At present, to bond the sensitive material to the fiber
surface, the method of simply applying and coating a sensitive
material solution or a solution mixed with a binder material on
the fiber is the most commonly used.”>?* However, in such
cases, because the physical bond between the sensitive material
and fiber is weak, there is a possibility that the sensitive mate-
rial may be lost owing to leaching in sweat or a washing solu-
tion. Therefore, it is necessary to study a fiber-based
colorimetric sensor able to maintain the sensitivity of the
sensitive material as it is and to maintain a stable color change
without loss of the sensitive material, even during repeated
stretching and exposure to sweat or a washing solution.
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In this study, we developed a method for easily and
uniformly embedding thermochromic and photochromic
materials able to react quickly to heat and UV light on multiple
strands of spandex fiber. A coating solution was prepared in
which polydimethylsiloxane (PDMS), a thermally crosslinked
polymer, was added as a binder so that the color-conversion
material could be stably fixed on the spandex fiber surface.
PDMS can effectively immobilize sensitive materials to a cross-
linked polymer chain when the crosslinking reaction is con-
ducted by heat. In addition, by suppressing the contact between
the sensitive material and water using the hydrophobic prop-
erties of the PDMS polymer chain, it was possible to minimize
the loss of the sensitive material and secure a stable sensitivity.
The fabricated highly stretchable thermochromic and UV
photochromic fibers were able to reversibly change color from
blue-green to white (for the thermochromic fiber) and from
white to purple (for the UV photochromic fiber) depending on
the temperature and exposure to UV light, respectively. In
addition, even when exposed to repeated stretching and sweat/
washing solutions, the sensitive material fixed to the PDMS
polymer chain was not lost, maintaining a stable color-change
reactivity.

2. Experimental

2.1 Fabrication of thermochromic and UV photochromic
fibers

Thermochromic microcapsules (1-5 um diameter; TP31GR,
NANO I & C) and UV photochromic microcapsules (1-5 um
diameter; PPRE, NANO I & C) were used as the colorimetric
materials for responding to temperature and UV light. To
prepare the colorimetric solution, 5 wt% of a colorimetric
material responsive to temperature or UV was added to 2-
propanol (IPA; 99.5%, DAEJUNG), and sonication was per-
formed for 10 min to ensure that the material was completely
dispersed. Then, 0.5 wt% of the PDMS mixture obtained by
mixing the PDMS prepolymer and a curing agent (Sylgard 184,
The Dow Chemical Company) in a mass ratio of 10:1 was
added. The spandex fiber (diameter of ~450 + 15 pm, Hyosung
TNC Co. Ltd) was immersed in the colorimetric solution, soni-
cated for 30 min, and then taken out and dried at room
temperature for 2 h, thereby the colorimetric materials were
embedded on the inner and outer strands of the spandex fiber.
The colorimetric temperature and UV sensors were fabricated
by cross-stitching thermochromic or UV photochromic fibers on
a10 x 15 mm? polyester textile (WW-3009, KM). A temperature-
sensitive discoloration test of the thermochromic fiber and the
colorimetric temperature sensor was performed in a tempera-
ture environment of 25-37 °C using a vacuum oven (SH-VDO-
08NG, SH Scientific). The photochromic test of the UV photo-
chromic fiber and the colorimetric UV sensor was conducted by
irradiating a UV light source of 0-2.5 mW cm ™ * at 0.5 mW cm >
steps using a UV cure machine (SLA-0505 AF, JUEUN UV TECH
CO., Ltd) with a center wavelength of ~365 nm. A conventional
laundry detergent (Power Soda Bubble Bright, Mukunghwa,
South Korea) was used for the washing stability test.
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2.2 Characterization and analysis of thermochromic and UV
photochromic fibers

The surface and cross-sections of the thermochromic and UV
photochromic fibers were confirmed by field-emission scanning
electron microscopy (FE-SEM; S-4800, Hitachi). The thermal
properties of the thermochromic and UV photochromic fibers
were analyzed using thermogravimetric analysis (TGA; TGA/
DSC1, Mettler Toledo) in the temperature range of 25-800 °C.
The mechanical properties were measured using a thermal
mechanical analyzer (TMA; TMA7000, Hitachi). The color
changes of the thermochromic and UV photochromic fibers and
the colorimetric temperature and UV sensors were analyzed
using RGB values and a CIE L*a*b* (International Commission
of Illumination) color space analysis.>>** The thermochromic
and UV photochromic fibers and the colorimetric temperature
and UV sensors were photographed and imaged under the same
lighting conditions, and then the images were analyzed with
Adobe Photoshop CS4 to extract the RGB values and CIE L*a*b*
color space values of the image colors. The RGB value indicates
the intensity of the red, green, and blue colors in the color
space. In CIE L*a*b*, the lightness of the photo image, L* is the
color change from 0 (black) to 100 (white), a* is the color from
ranging from red (+) to green (—) change, and b* represents the
color change from yellow (+) to blue (—). The total color differ-
ence (AE) was calculated as follows:

AE = [(AL*) + (Aa*) + (Ab*)z] v

In the above, AL* = L — Ly; Aa* = a — ay; and Ab* = b — b,.
The standard samples (Lo, ao, bo) represent the measurements
of the thermochromic and UV photochromic fibers and the
colorimetric temperature and UV sensors under the initial
conditions.****

3. Results and discussion

The temperature and UV rays are important environmental
factors directly related to human health. Because high
temperatures can have serious adverse effects on the human
body, a weather warning is issued if the sensible temperature
rises sharply or if a heat wave continues. In particular, a heat
wave advisory is issued, as it is judged that serious damage may
occur if the high temperature continues for two days above
33 °C.*> Moreover, long-term exposure to UV rays from the
outside may also cause serious health problems, including skin
cancer, and various safety standards for UV exposure have been
developed. According to the American Conference of Govern-
mental Industrial Hygienists (ACGIH 2004) guidelines, one of
the most commonly used guidelines, the UV-A exposure inten-
sity should not exceed 1 mW cm ™ for a long-term exposure of
more than 1000 s.**

By attaching colorimetric textile sensors made of thermo-
chromic and UV photochromic fibers to an easily conspicuous
part (or whole) of clothes, it is possible to quickly and easily
observe external temperature changes and UV intensity.
Fig. 1(a) is a schematic diagram showing the real-time color

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Thermochromic and ultraviolet (UV) photochromic fibers for wearable sensors. (a) Schematic diagram showing the colorimetric
temperature and UV sensors applied by weaving thermochromic and UV photochromic fibers to the sleeve of the clothing, and showing the
color changes when exposed to an external high temperature and UV. (b) Schematic diagram of the fabrication process of the thermochromic
and UV photochromic fibers. (c) Photo images of the fabricated thermochromic and UV photochromic fibers. (d) Color-change images of the
textile-based colorimetric sensors woven with thermochromic and UV photochromic fibers. The colorimetric temperature sensor changes from
blue-green to white, and the colorimetric UV sensor changes from white to purple.

change of a textile-based colorimetric sensor with thermo-
chromic and UV photochromic fibers applied to a sleeve when
exposed to an external high temperature and UV rays. In this
study, a washable and stretchable fiber-based colorimetric
textile sensor capable of color conversion under heat or UV
exposure was fabricated by uniformly embedding the thermo-
chromic or UV photochromic materials, respectively, in a solu-
tion dispersed in multiple strands of highly elastic spandex
fibers. The thermochromic material used in this study is
a lactone-based material in which a lactone ring-opening/
closing reaction occurs when the temperature increases. The
lactone ring-opening structure at low temperature exhibits
a colored state, and the lactone ring-closing structure becomes
a colorless state when the temperature increases.**?** The UV

© 2022 The Author(s). Published by the Royal Society of Chemistry

photochromic material used in this study is a spiropyran-based
material that undergoes transformation from a spiropyran
structure to a merocyanine structure when exposed to UV rays.
In the absence of UV rays, the spiropyran structure appears
a colorless state, and the merocyanine structure that appears
when exposed to UV appears the colored state.*”** The colori-
metric temperature sensor was initially blue-green but turned
white when exposed to temperatures above 35 °C. The colori-
metric UV sensor was initially white, but turned purple when
exposed to UV over 2 mW cm™ 2. The color-change colorimetric
temperature and UV sensors were restored to their initial states
of blue-green (colorimetric temperature sensor) and white
(colorimetric UV sensor) when they are out of the high
temperature and UV exposure environments, respectively. As
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a result, it was possible to reversibly sense temperature changes
and UV intensity changes in the external environment through
the color changes.

Fig. 1(b) shows a schematic of the fabrication process of the
thermochromic and UV photochromic fibers. Spandex fibers
with high elasticity were used as a matrix for coating a colori-
metric material able to react to temperature and UV color
changes. The spandex fiber comprised approximately 56
strands in the form of a bundle adhered to the surface owing to
the stickiness of the surface.*® In general, a spandex fiber
consists of a chemically rigid polyurethane block and a soft
polyglycol block. The rigid blocks are crystalline and form
strong hydrogen bonds with adjacent molecules to improve the
fiber's strength. The soft blocks (with an amorphous and flex-
ible structure) have a low bonding strength with adjacent
molecules, thereby imparting elongation and elasticity to the
fiber.** A colorimetric solution of IPA with 5 wt% of colorimetric
material (thermochromic or UV photochromic microcapsules)
and PDMS (0.5 wt%) was coated on a spandex fiber. The PDMS
was used to stably fix the colorimetric materials to the spandex
strands. When a spandex fiber is immersed in a colorimetric
solution using IPA as the solvent, the multi-strands of the
spandex fiber swell, and the colorimetric solution easily pene-
trates into the spaces between the strands. As a result, the
colorimetric materials are coated on the surfaces of the strands
located inside the fiber, as well as the exposed strands on the
outside of the fiber. In addition, as the swollen strands contract
during the drying process, the colorimetric materials embedded
therein are additionally adhered to so that they are not sepa-
rated from the fibers, even by external stimuli or continuous
fiber stretching. The fabricated thermochromic and UV photo-
chromic fibers were blue-green and white, respectively, and
could be coated uniformly, regardless of their length (Fig. 1(c)).
Fig. 1(d) shows the color-change results of the textile-based
colorimetric sensors woven with the thermochromic and UV
photochromic fibers. The colorimetric temperature sensor
changed from blue-green to white after 4 min of exposure to
35 °C. The color of the colorimetric UV sensor changed from its
initial white to purple after exposure to a UV intensity of 2 mW
cm ™ for 10 s.

Fig. 2(a) shows a photograph and FE-SEM images of the
thermochromic fiber. As the thermochromic microcapsules,
(i.e., the colorimetric material that responds to temperature)
were embedded, the pristine spandex fiber, which was white,
changed to blue-green. To confirm that the thermochromic
microcapsules were uniformly coated on the inside of the
strands constituting the fabricated thermochromic fiber, the
outside strands were removed, and the surfaces of the inside
strands were observed using FE-SEM. As shown in the figure,
the thermochromic microcapsules were uniformly coated on
the inner strands as well as the outer strands of the fiber. The
diameter of the thermochromic fiber coated with the thermal-
responsive colorimetric material was ~445 + 16 pm, ie., not
significantly different from the diameter of the pristine spandex
fiber (~450 + 15 pm).

Fig. 2(b) shows the mechanical properties (strain-stress
curve) of the pristine spandex and thermochromic fibers using
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the TMA equipment. Both the pristine spandex and thermo-
chromic fibers did not break when stretched from an initial
length of ~0.9 mm to 5 mm (450%), the maximum length
allowed by the measuring instrument. In addition, even after
embedding the colorimetric material, the stress value was
~8.7 MPa under a 450% elongation, showing similar results.
This indicates that the embedded colorimetric material does
not affect the mechanical properties of the spandex fiber.
Fig. 2(c) shows the results from the TGA in the temperature
range of 25-800 °C to determine the thermal properties of the
pristine spandex and thermochromic fibers. Both pristine
spandex and thermochromic fibers started thermal decompo-
sition at a temperature of approximately 250 °C and showed
similar results with complete degradation at a temperature of
~650 °C. This indicates that the arrangement and crystallinity
of the polymer chains constituting the spandex fiber are not
deformed by the colorimetric material. Fig. 2(d) shows the
color-change characteristics of the thermochromic fiber after
exposure to a heat source. After the thermochromic fiber was
wound on a transparent glass rod, a color change of the ther-
mochromic fiber was observed while the temperature was
increased from 25 °C to 37 °C. The thermochromic fiber, which
initially showed a blue-green color (R: G : B = 123 : 136 : 130),
began to show a noticeable color change at 33 °C and became
white (R: G: B = 204 : 207 : 199) at 35 °C. Fig. 2(e) shows the
results from confirming the reaction time of the thermochromic
fiber. The initial blue-green thermochromic fiber gradually
faded in color over time at a temperature of 37 °C, and turned
completely white after ~4 min.

Fig. 3(a) shows photographs and FE-SEM images of the UV
photochromic fiber. As UV photochromic microcapsules, ie.,
a white UV-responsive colorimetric material, were used for the
opaque white pristine spandex fiber, the UV photochromic fiber
also appeared white. To confirm that the UV photochromic
microcapsules were uniformly coated on the inside of the
strands constituting the fabricated UV photochromic fiber, the
outside strands were removed and the surfaces of the inside
strands were observed with FE-SEM. As shown in figure, it was
confirmed that the UV photochromic microcapsules were
uniformly coated on the inner strands as well as the outer
strands of the fiber. The diameter of the UV photochromic fiber
coated with the UV-responsive colorimetric material was ~454
=+ 12 pm, i.e., not significantly different from that of the pristine
spandex fiber (~ 450 £ 15 um).

Fig. 3(b) and (c) show the mechanical and thermal properties
of the UV photochromic fibers, respectively. As a result of TMA
measurements, the UV photochromic fiber did not break even
at elongations up to 450%, similar to the pristine spandex fiber,
and the stress value was ~8.7 MPa under elongation at 450%,
showing similar results. In addition, as a result of an evaluation
of thermal properties through the TGA analysis, thermal
decomposition of the pristine spandex and the UV photo-
chromic fibers started at a temperature of 250 °C, and showed
a similar tendency to be completely degraded at a temperature
of ~650 °C. Thus, it was confirmed that the mechanical and
thermal properties of the spandex fiber were maintained even
after embedding the UV-responsive colorimetric material.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Thermochromic fiber. (a) Photo image of a thermochromic fiber wound on a glass rod and field-emission scanning electron microscopy
(FE-SEM) images of a thermochromic fiber. (b) Strain—stress and (c) thermogravimetric analysis (TGA) curves of the pristine spandex and
thermochromic fibers. (d) Color-change images of the thermochromic fiber exposed to six different temperatures (25, 29, 31, 33, 35, and 37 °C)
for 4 min. (e) Color-change images of thermochromic fiber according to exposure time (0, 1, 2, 3, 4, and 10 min) at a temperature of 37 °C.

Fig. 3(d) shows the color change of the UV photochromic
fibers after UV exposure. After winding the UV photochromic
fiber on a transparent glass rod, the color change was confirmed
by increasing the UV intensity to 2.5 mW em ™ in steps of 0.5
mW cm 2. The UV photochromic fiber, which initially appeared
white (R : G : B=242 : 240 : 234), turned light purple at 0.5 mW
em 2, and gradually became darker and became purple at 2 mW
ecm 2 (R:G:B = 212:122:183). It is worth to note that the
purple color remained at powers higher than 2 mW cm 2
Fig. 3(e) shows the results from confirming the reaction time of
the UV photochromic fiber. The degree of color conversion over
time was observed at a UV intensity of 0.5 mW c¢cm ™. The color
change of the UV photochromic fiber started to react rapidly
within ~2 s, the color gradually became darker with time, and
the color was fully expressed after ~10 s.

Because wearable sensors worn by humans are exposed to
environments such as stretching, sweating, and washing, stable
sensing essential, even in these

characteristics are

© 2022 The Author(s). Published by the Royal Society of Chemistry

environments.**” To confirm whether the thermochromic and
UV photochromic fibers stably maintained color conversion
reactivity under repeated stretching conditions, the 10 mm
length fibers were stretched 100 times to 30 mm (200%)
(Fig. 4(a) and (c), respectively). The initial blue-green thermo-
chromic fiber and white UV photochromic fiber maintained
their initial color before and after stretching. Then, the color-
change reactivity was confirmed by exposing the thermochro-
mic fiber to a temperature of 35 °C and the UV photochromic
fiber to UV light of 2 mW cm™? (Fig. 4(b) and (d), respectively).
The thermochromic and UV photochromic fibers changed to
white and purple in response to temperature and UV light,
respectively, and it was confirmed that the color-change reac-
tivity remained constant before and after stretching.

To confirm the stability of the color conversion characteris-
tics according to exposure to sweat and laundry environments,
artificial sweat and laundry solutions were prepared. The main
component of sweat is ~99.0% water, and it is composed of salt,

RSC Adv, 2022, 12, 22351-22359 | 22355
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Fig. 3 UV photochromic fiber. (a) Photo image of a UV photochromic wound on a glass rod and FE-SEM images of a UV photochromic. (b)
Strain—stress and (c) TGA curves of the pristine spandex and UV photochromic fibers. (d) Color-change images of UV photochromic fiber
exposed to 6 different UV intensities (0, 0.5, 1, 1.5, 2, and 2.5 mW cm™2) for 10 s. (e) Color-change images of UV photochromic fiber according to
exposure time (0, 2, 4, 6, 10, and 300 s) at a UV intensity of 0.5 mW cm™2.

ammonia, potassium, magnesium, and trace amounts of
glucose. Among them, salt accounts for the largest proportion
(approximately 0.4 to 1.0%).**** For the color-conversion
stability tests of the thermochromic and UV photochromic
fibers by sweat, a 1 wt% NaCl solution was prepared and used as
artificial sweat. For the laundry solution, a 0.1 wt% detergent
solution was prepared by dissolving general laundry detergent
in water. The thermochromic and UV photochromic fibers were
dipped into the prepared artificial sweat and detergent solution
for 10 min (Fig. 4(e) and (g), respectively). Even after exposure to
the artificial sweat and detergent solution, the thermochromic
and UV photochromic fibers continued to maintain their initial
blue-green and white colors. In addition, the thermochromic

22356 | RSC Adv, 2022, 12, 22351-22359

fiber changed to white at 35 °C, and the UV photochromic fiber
was purple under UV light at 2 mW cm > Thus, it was
confirmed that both the thermochromic and the UV photo-
chromic fibers showed stable color-change reaction character-
istics before and after exposure to artificial sweat and detergent
solution (Fig. 4(f) and (h), respectively).

Fig. 5 shows the color-change reliability results obtained by
repeatedly applying a temperature of 35 °C and UV light of 2
mW cm 2 to the colorimetric temperature and UV sensors,
respectively. The colorimetric temperature and UV sensors were
fabricated by cross-stitching thermochromic fibers with an area
of 10 x 15 mm? on the left side of a polyester textile and UV
photochromic fibers with an area of 10 x 15 mm?® on the right

© 2022 The Author(s). Published by the Royal Society of Chemistry
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side of a polyester textile. When only a temperature of 35 °C was
applied, only a UV light of 2 mW c¢m™> was applied, and both the
temperature of 35 °C/UV light of 2 mW cm™ 2 were applied,
colorimetric temperature and UV sensor color changes were
observed. As shown in the figure, the color-change reactivity of
each colorimetric sensor was equally expressed even when
exposed to heat and UV light at the same time (Fig. 5(a)). For the
practical application of a colorimetric sensor with reversible
color-change characteristics, the color change should be
maintained even when repeatedly exposed to heat and UV light.
Fig. 5(b) shows the stable color-change characteristics of the
colorimetric temperature sensor repeatedly exposed to heat.
The colorimetric temperature sensor was repeatedly exposed to
a temperature of 35 °C for 10 min and then to a temperature of
25 °C for 10 min twenty times. The colorimetric temperature
sensor, which was initially blue-green (R:G:B =
127 : 145 : 122), turned white (R: G : B = 215: 217 : 207) when
exposed to heat for the first time. Even after repeated heating
(35 °C) and cooling (25 °C) twenty times, the colorimetric
temperature sensor remained white (R: G : B=215: 218 : 210)
at 35 °C and blue-green (R: G:B = 162 : 170 : 156) at 25 °C.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Fig. 5(c) shows the stable color-change characteristics of the
colorimetric UV sensor repeatedly exposed to UV light. The
colorimetric UV sensor was exposed to UV light at 2 mW cm™>
for 10 s and was non-exposed for 20 min, both twenty times. The
colorimetric UV sensors, which were initially white (R: G: B =
240 : 232 : 223), became purple (R:G:B = 214:153:200)
when exposed to UV light for the first time. The colorimetric UV
sensor maintained a purple color (R: G:B = 193 :137:177)
under UV light at 2 mW cm ™ > and a white color without UV light
(R: G:B =239:237:232) even after repeated exposure to UV
light (twenty times). To numerically analyze the stability of the
color-change response characteristics, the total color difference
(AE) was calculated. In the color changes of the colorimetric
temperature and UV sensors according to repeated heat and UV
light exposure (twenty times), the average AE values remained
constant at 26.13 + 2.04 (temperature) and 42.00 + 3.05 (UV
light) (Fig. 5(c) and (d), respectively). As a result, it was
confirmed that the variation of the AE value was less than 5 even
in repeated heat and UV light exposure environments, showing
a reliable response with a similar color with almost no visible
difference.***
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4. Conclusions

In this study, thermochromic and UV photochromic fibers that
change color depending on the temperature and UV were
fabricated through a simple process of dipping and drying
spandex fibers in a mixed solution of colorimetric materials,
IPA, and PDMS. The initial blue-green thermochromic fiber
gradually faded and turned white in the temperature range 29—
37 °C. The UV photochromic fibers were initially white and
turned purple by UV light in the range of 0.5-2.5 mW c¢cm>. In
addition, it was confirmed that the color-change characteristics
were stably expressed after repeating 100 or more 200% tensile-
shrinkage processes and after exposure to 1 wt% NaCl (artificial
solution) and 0.1 wt% detergent solution. It is expected that it
will be applicable to the smart healthcare field in everyday life,
where environmental monitoring is required, owing to the
simplicity and economic advantages of a wearable fabric-type
sensor made of thermochromic and UV photochromic fibers
that can sense color conversions without power.
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