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Independent dual-responsive Janus chromic fibers
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ABSTRACT Daily exposure under solar ultraviolet (UV) and
infrared (IR) is prone to cause skin cancer and photoaging.
Real-time monitoring of the environmental UV index and IR
radiation temperature during outdoor activities can enhance
awareness and strengthen personal protection. It is a challenge
to design flexible, wearable devices (with measurement cap-
abilities) that can be integrated with apparels. Here, micro-
fluidic spinning technology (MST) was used for the
continuous and large-scale fabrication of eco-friendly core-
sheath Janus fibers with a well-defined axially symmetric Ja-
nus core. One side of the core was sensitive to UV light and the
opposite was sensitive to IR radiation. Textiles woven with
Janus fibers showed excellent independent reversible color
responses to dual-wavelength stimulation. Such textiles swit-
ched among four colors under UV and IR irradiation, both
individually and in combination. The color gradient of the
textiles changed significantly with increasing UV intensity
(UV index). After 60 cycles of UV/IR stimulation and 50 wa-
shes, the change rate of the comprehensive chromatic aber-
ration (∆E*

ab) of the textiles under different conditions was
only 0.42%–4.71%. This was attributed to the unique structure
of the fibers. The three-line striped textiles demonstrated the
potential of the fibers to be used as wearable energy-free real-
time visual monitors of the UV index and IR radiation tem-
perature.

Keywords: microfluidic spinning, UV index, IR radiation tem-
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INTRODUCTION
The sun transmits energy to the earth in the form of
electromagnetic waves (EMW). Solar radiation (SR) at the
ground comprises over 6% of ultraviolet (UV) radiation
(<400 nm), 38%–39% of visible radiation (400–760 nm),
and approximately 54.3% of infrared (IR) radiation
(760–3000 nm) [1,2]. Although UV rays are good for

human body, intense UV rays can burn skin and induce
skin cancer [3–6]. IR radiation, one of the strongest
sources of electromagnetic radiation in our environment,
causes the significant thermal radiation effect subse-
quently with the rapid heat-up of skin, as well as increases
the epidermal water evaporation, the skin damage and
skin aging, which further promotes the development of
skin cancer [7–10]. The intense destruction of the ozone
layer and the global greenhouse effect have caused a
gradual increase in the energy of the UV radiation from
the sun to the earth’s surface and the IR radiation in the
earth-atmosphere system. Since this seriously affects hu-
man health and normal outdoor life [11–13], there is
interest in the real-time visual monitoring of the outdoor
UV index and the IR radiation temperature. Therefore,
there is a requirement for the development of flexible,
wearable sensing materials which are sensitive to UV and
IR radiation.
Portable technology to monitor the personal UV index

and IR radiation temperature can be achieved using
comfortable, soft, flexible, biocompatible, breathable, and
wearable sensors, which require fibers or textiles as car-
riers [14]. Portable single- or multi-function devices,
which are currently available, are expensive and inevitably
consume high energy and additional power [14–16].
Some chemical dyes, which could change color under UV
and IR irradiation, were also used to achieve naked-eye
monitoring. Commercial photochromic and thermo-
chromic dyes have completely mature and independent
chromic mechanisms (see Note S1 in the Supplementary
information). Some researchers have integrated photo-
chromic or thermochromic dyes in wearable monitoring
devices such as skin patches [15,17], core-sheath fibers
[18–21] and textiles [22] by wet spinning [21,23], elec-
trospinning [24], melt spinning [25], screen printing [26],
grafting [27,28], and coating [29]. Since these chromic
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dyes can be easily rendered ineffective, they are usually
encapsulated in polymers such as core layers of core-
sheath fibers [18–21]. This enhances their durability and
practical performance by hindering unnecessary reactions
[19]. To realize the innovative monitoring of the UV
index and IR radiation temperature simultaneously and
independently in a single fiber, the chromic dyes and
substrates in these devices need to be carefully structured.
It is a great challenge to solve the technological barrier for
achieving such designs because they will involve complex
fiber structures.
Janus materials have two different compositions and

functions which are compartmentalised into two halves of
the same object. Janus fibers possess dual functions due to
their anisotropic structures [30,31], which arise due to the
clear region division on both sides. Therefore, they have
attracted the attention of academia and industry [32]. To
obtain dual-responsive chromic fibers, the two sides of
the Janus interface must be sensitive to UV and IR ra-
diation, respectively. However, there are limited methods
to prepare such materials. Electrospinning is the most
traditional method for making Janus fibers [33–35];
however, only fiber products like nonwoven mats can be
obtained. It is difficult to obtain nano-fiber filaments or
short fibers separated from each other. In comparison,
microfluidic technology can potentially be used to pre-
pare Janus fibers because it can accurately manipulate
small amounts of fluid in an integrated flow channel
[36,37]. This allows for precise adjustment of the com-
ponents and the micro-structure of a single fiber [38–40].
The phenomenon of laminar flow in the microchannels
ensures easy control of the diversiform cross-sectional
shapes of the fibers (circular, beaded, knotted, aniso-
tropic, core sheath, and Janus) [36,37,41]. The micro-
fluidic spinning fibers are long, thin, and soft products
[38], which are suitable for inexpensively weaving soft
and wearable intelligent textiles.
We designed an inexpensive and reusable four-channel

microfluidic device. By adjusting the various parameters
of the four fluids and the corresponding microchannels,
we successfully prepared novel dual- and wide-wave-
length-responsive chromic core-sheath fibers with an
axially symmetric Janus core, thus facilitating the in-
dependent responsiveness. The sheath layer consisted of
polylactic acid (PLA). The core layer was an axially
symmetric Janus cylinder in which one half comprised
polyvinyl alcohol (PVA) mixed with photochromic dyes,
and the other half comprised a PVA polymer mixed with
thermochromic dyes. Both PLA and PVA promote re-
source recycling and are ideal eco-friendly polymer ma-

terials. The textile woven with such Janus fibers showed
excellent reversible color changes with independent dual-
wavelength responses. The textile could be switched
among four colors under UV/IR irradiation. The fibers
and textiles also possessed excellent mechanical proper-
ties. The comprehensive chromatic aberration (∆E*

ab)
before and after textile color changes remained stable,
both after 60 cycles of radiation stimulation and 50 wa-
shes. The above advantages will endow the fiber with
practical application. We designed a three-line striped
textile that could be sewn on clothing to achieve energy-
free, real-time visual monitoring of the UV index and IR
radiation temperatures. Our study is among the few to
harness microfluidic spinning technology (MST) to pro-
duce core-sheath Janus fibers which have dual in-
dependent responses to UV and IR radiation, both
individually and in combination.

EXPERIMENTAL SECTION

Materials
PLA resin (number-average molecular weight (Mn) = 1.6
× 105 g mol−1, polydispersity index (PDI) = 1.2, density =
1.2 g cm−3, melting point = 176.4°C) was supplied by
Nantong Jiuding Biological Engineering Co., Ltd. (Chi-
na). PVA (weight-average molecular weight (MW)
~145,000, >99% hydrolysed) was purchased from
Shanghai Yishi Chemical Technology Co., Ltd. (China).
Photochromic and thermochromic dyes were purchased
from Zhongshan Longou Dragon Technology Co., Ltd.
(China). Analytically pure dichloromethane (DCM) was
purchased from Shanghai Lingfeng Chemical Reagent
Co., Ltd. (China). Chemically pure polyethylene glycol
400 (PEG 400) was purchased from Sinopharm Chemical
Reagent Co., Ltd. (China). Aqueous solutions were pre-
pared with ultrapure water (UPW; resistivity =
18.2 MΩ cm) obtained from a Milli-Q water purification
system (Millipore Corporation, USA), unless stated
otherwise. Polytetrafluoroethylene (PTFE) tubes (Shang-
hai Minji Rubber & Plastic Products Co., Ltd., China)
with inner diameters of 0.6, 1 and 2.6 mm were used as
microchannels.

Design of microchannels
We used transparent PTFE capillaries and hard steel
needles with different diameters to build simple and
reusable four-channel microfluidic devices. There was a
sequential increase in the microchannel diameters of the
inner water phase (0.6 mm), the middle oil phase (1 mm),
and the outer water phase (2.6 mm). A detailed descrip-
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tion of the device fabrication is provided in Fig. S1.

Preparation of independent dual-responsive Janus chromic
fibers
Independent dual-responsive Janus chromic fibers with
core-sheath structures were prepared by a one-step pro-
cess using designed microchannels. In this experiment,
aqueous solutions of PVA (13 wt%) containing photo-
chromic dyes (6 wt%) and PVA (13 wt%) containing
thermochromic dyes (6 wt%) were used as the inner
water phases. A PLA solution (20 wt%) dissolved in DCM
was used as the middle oil phase. PEG 400 was used as the
outer water phase. These four solutions were individually
poured into four syringes and pumped into designed
PTFE microchannels at different rates (νPVA ~1–3 mL h−1,
νPLA ~3–6 mL h−1, and νPEG ~80–160 mL h−1) using an
infusion pump (Model 22, Harvard Apparatus, USA);
subsequently, the cured functional core-sheath fibers with
axially symmetric Janus cores were obtained from the
outer microchannel. The white photochromic dyes and
the black, green, and blue thermochromic dyes were used
as model dyes.

Collection of independent dual-responsive Janus chromic
fibers
We used a simple rotary collector to collect the fibers.
Initially, the fibers were evenly drawn by the rotary to
enhance their strength; subsequently, the collected fibers
were cleaned with deionized water at room temperature
for three times, and dried at 50°C for 5 h. Finally, they
were interwoven as warp and weft threads to obtain a
functionally independent dual-responsive chromic textile
with the two sides sensitive to IR and UV radiation, re-
spectively.

Characterization and measurements
The digital photographs of the independent dual-
responsive Janus chromic fibers were captured with a
digital camera (Nikon D7000, Japan). Optical images
were captured using a super deep scene microscope
(DVM6/DVM6, Caikon, China) and a laser scanning
confocal microscope (TCS SP5 II, Leica, China). The
cross section and surface of the fibers were observed by
scanning electron microscopy (SEM; Hitachi S-3000,
Hitachi, Japan). To assess the UV-sensitive performance
of the chromic textiles, the samples were irradiated with a
solar simulator (Oriel newport 69911, Oriel, USA) to
induce a color change. To assess the IR-sensitive perfor-
mance of the chromic textiles, the samples were placed on
a constant temperature platform (Jingzhi, D20, China)

and thermal radiated to induce a color change. The
spectral reflectance and ∆E*

ab were obtained using a
desktop color spectrophotometer (CS-820N, CHNspec,
China). The average surface temperature of the fabrics
woven with the Janus chromic fibers was measured using
an FLIR A300 (Oregon, USA), and the Instron 5969
materials testing instrument (Instron, MA, USA) was
used for tensile testing of the fibers. In the washing re-
sistance test, we placed the textiles (5 cm × 4 cm) and the
magnetic stirrer into the beakers which contained 200 mL
of household detergent solution (4 wt%). The rotation
speed was set to 500 r min−1 and the textiles were washed
for 30 min each time. To test their cyclic color change
performances, the textiles were rinsed with pure water
after washing to remove any residual detergent. The
washing and testing were repeated 50 times.

RESULTS AND DISCUSSION
In this study, we utilized MST to fabricate new in-
dependent dual-responsive Janus chromic fibers with
controllable diameters. The fabrication process of the
Janus fibers is shown in Fig. 1a–c and Note S2. Two inner
water-phase spinning solutions exhibited laminar flow
and flowed side by side into a microchannel before en-
tering the middle PLA spinning solution (Fig. 1b). The
hydrodynamic focusing effect resulted in the formation of
a coaxial flow stream when the two miscible liquids
merged and were sheathed by the middle PLA stream
[38,42,43]. Diffusion-based solvent extraction occurred at
the two-phase interface [21,36–40] when the coaxial flow
jet entered the collection capillary and encountered the
fast-flowing outer PEG 400 phase (coagulation bath)
(Fig. 1c, d). Thus, cured functional core-sheath fibers
with axially symmetric Janus cores were obtained [36,39].
The key to the well-defined axially symmetric Janus

core is the laminar flow maintained by the streamlined
microchannel (Fig. 1b, c). The Reynolds number (Re)
denotes the ratio of the inertial to viscous forces, which
characterizes the tendency of fluids to exhibit either
turbulent or non-turbulent (i.e., laminar) flow [42]:

Re d
µ= , (1)

where ν, ρ, and µ are the flow rate in m s−1, density in
kg m−3, and viscosity of the fluid in kg m−1 s−1, respec-
tively; d is the diameter of the capillary in m. ρ and µ of
the fluid were determined as the fluid flowing through the
circular channel. When the fluid flow rate was stable, we
used channels with smaller d. This lowered the Re, which
resulted in laminar flow of liquids in the capillaries. Thus,
two or more streams converged into a narrow channel by
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laminar, parallel flow without turbulent mixing [40].
Miscible fluids can only mix by diffusion which forms a

dynamic interface (Fig. S2a). Therefore, the influence of
transverse diffusion must also be considered along with
the maintenance of laminar flow. In the steady state near
the top and bottom walls of the interface of the two
miscible fluids, the extent of the transverse diffusive
mixing (Tdif) across the fluid-fluid interface is directly
proportional to the cube root of the total axial distance
along (Linner + Lmiddle) the microchannel and inversely
proportional to the cube root of the maximum fluid flow
rate (νmax) [43].

T L L+ . (2)dif
inner middle

max

1/ 3

In this experiment, the extent of the Tdif was de-
termined by the cumulative degree of diffusion mixing of
the inner phases (Fig. 1b, c). Tdif can be measured as a
function of the total length of Linner and Lmiddle when the
fluid flow rate is constant (νPVA ~1–3 mL h−1 and νPLA
~3–6 mL h−1). Under the condition that the length of the
middle phase microchannel was constant (Lmiddle ~2 cm),
the diffusion of the two miscible fluids increased with an
increase in the length of the inner phase microchannel
(Fig. S2b, c). Therefore, the diffusion of the two miscible
fluids can be decreased before the coaxial flow stream met
the outer extraction flow PEG 400 by shortening the

length of the microchannels of the inner water phase and
the middle oil phase (such as: Linner ~1 cm and Lmiddle
~2 cm in this experiment). This allowed us to precisely
control the laminar flow and reduce diffusion to form
core-sheath Janus fibers with a well-defined axially sym-
metric Janus core (Fig. 1d and Fig. S3).

Figure 1 Schematic of MST for preparing independent dual-responsive Janus chromic fibers. (a) Preparation of the fibers and textile. (b, c) Schematic
of the generation of the Janus (b) and core-sheath (c) structures by microfluidic devices. (d) Structural scheme of the fibers.

Figure 2 Morphology and structure of the independent dual-responsive
Janus chromic fibers. (a) Digital photograph of the fibers. (b, c) Optical
images of the outer surface (b) and cross-section (c) of the fibers under
the super deep scene microscope. (d) Sheath/core diameter and its
diameter ratio curves at different flow rates of PEG 400. Scale bar: (a)
6 cm; (b) 300 µm; (c) 300 µm. The error bars correspond to the standard
deviation caused by the statistical uncertainty in the measurement.
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Fig. 2a–c show the optical images of the Janus chromic
fibers fabricated by MST. The digital images demon-
strated that the use of MST ensured that the core-sheath
Janus fibers could be continuously spun to produce a
well-defined Janus structure (Fig. S4a–c). The axially
symmetric Janus core comprised two approximately
symmetrical quasi-semi-circular fibers assembled
shoulder-by-shoulder. One side of the Janus fiber was a
thermochromic PVA coaxial fiber comprising PVA
mixed with thermochromic dyes. The other side was a
photochromic PVA fiber comprising PVA mixed with
photochromic dyes. The cross-section and surface struc-
tures of the fibers were further observed by SEM
(Fig. S4d–h). The fibers possessed uniform sheath thick-
ness and a well-defined core-sheath structure with a PVA
chromic core. This proved that the PVA chromic layer
was successfully encapsulated in the fiber during its fab-
rication (Fig. S4d, e, i). The nano-chromic dye particles in
the core layer were evenly dispersed (Fig. S4f). In addi-
tion, the fiber diameter was uniform, and the sheath
surface was extremely smooth without visible impurities
(Fig. S4g, h). The PLA sheath of the fiber was almost
transparent due to its amorphous structure. Therefore,
the green and red parts of the axially symmetric Janus
core were clearly visible under the microscope (Fig. 2b, c).
It should be mentioned that the PVA sheath layer hardly
affected the color change of the PVA core layer (Fig. S5).
Therefore, it is possible to use streamlined coaxial mi-
crofluidic chips to efficiently produce quasi-cylindrical
core-sheath microfibers by MST.
The fiber diameter directly affects the radius of curva-

ture under maximum bending of fiber during production
and processing [44]. Therefore, it is critical to achieve
precise control of the fiber diameter, which is often af-
fected by the microchannel diameter, fluid flow rate,
curing methods, and time [38]. In theory, the diameter of
a fiber (Dfiber) can be denoted as a function of the dia-
meter of the outer water phase microchannel (Douter), the
volume flow rates of the PEG 400 extraction stream, and
the coaxial flow stream [36,45].

D D Q Q= 1 1
/ +1 , (3)fiber outer

coaxial PEG

1/ 2 1/ 2

where Qcoaxial and QPEG are the volume flow rates of the
coaxial flow stream and PEG 400 extraction stream, re-
spectively. Here, we explored the effect of different flow
rates of PEG 400 (νPEG) on the fiber diameter and the
sheath/core diameter ratio. It was found that when the
νPVA and νPLA were fixed, the increase in νPEG contributed
to the decreasing sheath diameter, core diameter, and

sheath/core diameter ratio (Fig. 2d). However, the sheath
diameter decreased faster than the core diameter because
the shear stress on the surface of the middle phase fluid
PVA increased with an increase in νPEG, which resulted in
a smaller fiber diameter [21,36,40]. Therefore, the fiber
sheath was thinner than the core. It is known that the
diameter and the sheath/core diameter ratio of the fibers
can be precisely regulated by adjusting the flow rate in the
microchannel. Therefore, by using MST and adjusting
various parameters, we precisely regulated the morphol-
ogy of the fibers to ensure structural stability and con-
sistency in the morphology of the prepared core-sheath
Janus chromic fibers.
To elucidate the color change of the Janus chromic

fibers, we tested and recorded the reversible color change
of the cross-sectional structure of the fibers at the mi-
croscopic level. Both sides of the Janus fiber always ex-
hibited two distinct colors under different radiation
conditions (Fig. 3). When the test environment tem-
perature was maintained at approximately 18°C, the UV-
responsive and the IR-responsive halves of the Janus fiber
core layer were white and grey, respectively, in the ab-
sence of additional radiation. UV radiation (λ =
280–400 nm) turned the UV-responsive half of the fiber
red. The thermal effect raised the temperature of the fi-
bers to 30°C, which turned the IR-responsive half of the
fiber green.
The chromic Janus fibers were woven into textiles to

demonstrate their color-changing abilities. Fig. 4 shows
the color of the chromic textile under different condi-
tions. It was grey (18°C), wine red (18°C and UV), green
(30°C), and bright red (30°C and UV) on a macro scale,
and showed good reversibility (Fig. 4a and Video S1). The

Figure 3 The cross-sectional morphologies of the fibers under different
conditions under the super deep scene microscope.
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visible light reflectance of the textile (Fig. 4b) shows that
the difference between its reflectance curves lay in the
position of the reflectance peak and the reflectance in-
tensity under different conditions. Though approximately
every reflectance curve has two spectral peaks, the textile
color was determined by the first peaks since the peaks at
high wavelengths were imperceptible to humans [15]. The
four reflectance curves represented the colors of the
chromic textile under different conditions, i.e., grey
(18°C), wine red (18°C and UV), green (30°C), and bright
red (30°C and UV). And the diameter of the fibers did
not affect their chromic performance (Fig. S6). The colors
of textile under different conditions were recorded in the
CIE 1931 chromaticity diagram (Fig. 4c). The color co-
ordinates of the textile at 18°C in the chromaticity dia-
gram were determined to be (0.3416, 0.3598), which
indicated that the textile was grey and slightly green. At
(0.3531, 0.2926) under UV irradiation, the textile turned
green (0.344, 0.3885) when IR radiation raised the tem-
perature to 30°C. When the textile was irradiated with
UV at 30°C, it became bright red (0.3583, 0.2901). A
quantitative evaluation of the reversible color changing
properties of the chromic textile showed that the color
relative to the standard sample (in the experiment, the
whiteboard was used as a standard sample) deepened
with the increase in ∆E*

ab (∆E*
ab stands for comprehen-

sive chromatic aberration relative to the color of the

standard sample) (Fig. 4d–f). In this study, we defined the
response time of the Janus fiber as the time required for
90% of the color change between the bleached and co-
lored states to occur [46,47]. When the textile was irra-
diated with a solar simulator at 18°C, ∆E*

ab of the textile
increased instantly (the colored time was about 10 ps)
[48], which indicated the change from grey to wine red
(Fig. 4d). When the solar simulator was turned off after
10 s, ∆E*

ab of the textile gradually decreased, which in-
dicated that it had started bleaching. At 18 and 30°C, the
bleached times of the textile were calculated to be ap-
proximately 243 and 200 s, respectively (Fig. 4d, e). Un-
der IR thermal radiation, ∆E*

ab of the textile decreased
gradually, which indicated the gradual change from grey
to green (Fig. 4f). The colored and bleached times of the
textile were calculated to be approximately 49 and 31 s.
UV radiation hardly changed the surface temperature of
the textile (Fig. 4d, e). Therefore, UV and IR radiation
independently caused thermochromism of the textile
without interfering with each other.
We assessed the capability of the Janus chromic fibers

in monitoring the UV intensity (UV index) by exploring
the effect of the UV intensity on the chromic behaviour of
the textiles. This was based on the global UV index and
the UV intensity classification standard (Fig. 5a) [2]. The
UV intensity was controlled by adjusting the distance
between the light source and the textile and calibrated

Figure 4 Independent chromic behavior of chromic textiles. (a) Digital photographs of the reversible color change of the textile under different
conditions (the size of textile is 5 cm × 4 cm). (b) The reflectance curves of the textile under different conditions. (c) The color distribution of the
textile under different conditions in the (x, y) chromaticity diagram (standard CIE 1931). (d) Curves of ∆E*

ab and temperature when the textile
underwent photochromism under UV irradiation at 18°C. (e) Curves of ∆E*

ab and temperature when the textile underwent photo-thermochromism
under UV irradiation at 30°C. (f) Curves of ∆E*

ab and temperature when the textile underwent thermochromism on heating and cooling.
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using a solar UV intensity metre (TM213, Tenmars,
China). During the test, the fabric was exposed to UV
radiation at 18°C for 5 s. We found that ∆E*

ab of the
textile increased significantly with an increase in the UV
intensity. Moreover, there was a visible change in the
color gradient of the textile. Therefore, the textile served
as an effective visual indicator of the UV index (UV in-
tensity).
Based on the structural design of the Janus chromic

fibers mentioned above, chromic dyes, which were sen-
sitive to different temperatures, were assembled into the
fibers to monitor multiple temperatures. UV-sensitive
dyes could monitor the UV intensity (Fig. 5a). We de-
signed a three-line striped textile using Janus chromic
fibers to demonstrate its efficacy for the real-time visual
monitoring of the UV index and the IR radiation tem-
perature in daily life (Fig. 5b). The textile could be sewed
onto clothes to allow the three lines of the pattern to
monitor different ambient temperatures and UV index
(Fig. 5b and Fig. S7). When the ambient temperature was
below 20°C (e.g., 15°C), the first line of the pattern was
black; it turned blue when the temperature reached ap-
proximately 20°C. The second line of the pattern changed
from grey to green when the temperature reached ap-

proximately 30°C; when the ambient temperature rose to
approximately 40°C, the third line of the pattern changed
from orange to yellow. At a stable ambient temperature of
30°C, there was a visibly significant change in the color
gradient of the textile when the UV intensity increased.
This demonstrated that the color of the three-line striped
textile varied with the UV intensity at any specific tem-
perature. Therefore, the pattern was capable of energy-
free, real-time visual monitoring of the IR radiation
temperature and the UV index.
The mechanical properties and bending behaviors of

the fibers directly affect their practical performance.
Therefore, we successfully fabricated fibers with different
sheath/core diameter ratios by adjusting the νPEG and
subjected these fibers to the tensile strength test (Fig. 6a).
The results showed that the Janus chromic fibers with low
sheath/core diameter ratios possessed high strength. At a
sheath/core diameter ratio of 1.19, the fiber achieved a
high strength of about 27 MPa and elastic modulus of
about 500 MPa. This was due to the increase in the degree
of orientation of the PLA molecular chain of the fiber
sheath with the increase in νPEG. The tensile strengths of
the PLA sheath fibers, PVA core fibers, and PLA-PVA
core-sheath fibers, which were spun at an νPEG of
160 mL h−1, were measured (Fig. 6b). The molecular
structure of the PVA core fibers ensured that their tensile
strength (approximately 20 MPa) was lower than that of
the PLA sheath fibers (~44 MPa). The strength advantage
of the core-sheath fibers was highlighted by the fact that
their tensile strength (~27 MPa) was higher than that of
the PVA fibers. Besides, the fibers with different colors
were tied in a knot and twisted (Fig. S8a). The fibers all
exhibit good bending performance, which makes it easy
to be woven into various patterns. As shown in Fig. S8b,
the textile of the Janus chromic fibers was bent in dif-
ferent degrees, which shows that the textile is very soft
and can be applied to flexible wearable devices. Therefore,
the excellent practicability and functionality of the Janus
chromic fibers and their textile were reaffirmed from
these observations.
To evaluate the practical performance of the fibers,

factors like their color-changing cycle performance and
washing ability are also important. The optical chromic
textile was highly sensitive to UV/IR radiation. At 18°C,
the textile was subjected to 60 cycles of stimulation under
UV and IR irradiation, both individually and in combi-
nation. The textile underwent fast and real-time photo-
chromic, thermochromic, and photo-thermochromic
switches without any degradation, thereby demonstrating
its excellent response rate and cyclic reversibility (Fig. 6c

Figure 5 Real-time monitoring capability of chromic textiles. (a) Color
change of the chromic textile under different UV intensities at a stable
temperature of 18°C (the size of textile is 5 cm × 4 cm). The error bars
correspond to the standard deviation caused by the statistical un-
certainty in the measurement. (b) Digital photographs of a three-line
striped textile displaying the color gradient change for proof-of-concept
monitoring of the ambient UV index and the IR radiation temperature
(the size of textile is 8 cm × 5 cm). The UV intensities from top to
bottom are: 0, 50, 125, 175 and 250 mW m−2, respectively.
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and Fig. S9). Fig. S10 shows that the chromic perfor-
mance of the Janus chromic fibers remained unaffected
despite being soaked in water. Fig. S11 shows that the
water did not affect the UV/IR radiation responsive
performance of the fiber. Further, we washed the ex-
perimentally fabricated chromic textile and a commercial
chromic textile to evaluate the washing ability of the Ja-
nus chromic fibers (Fig. 6d–f). The color of the com-
mercial textile without the sheath layer faded significantly
after washing (Fig. 6d and Fig. S12) while that of the
experimentally fabricated chromic textile did not fade at
all. When the commercial textile was subjected to an
increasing number of washes, its ∆E*

ab markedly de-
creased under different conditions (Fig. 6e); and when we
washed the PVA chromic fibers, they swelled, partially
broke, and dissolved during the first washing process
(Fig. S12). However, ∆E*

ab and the reflectivity curves of
the experimentally fabricated chromic textile remained
stable despite being washed 50 times (Fig. 6e and
Fig. S13). The SEM images of the unwashed chromic
textile after 1, 5, 10, 30, and 50 washes, respectively.
Fig. 6f shows that the surface of the PVA sheath of the
Janus chromic fibers remained smooth without any ser-
ious cracks even after 50 washes. This indicated that the

PVA chromic core layer neither overflowed nor got da-
maged; it was still highly sensitive to UV and IR radia-
tion. This verified the protective effect of the PLA sheath
layer on the water-soluble PVA chromic core layer.
Therefore, Janus chromic fibers showed excellent washing
resistance and stable practical performance.

CONCLUSIONS
In summary, we successfully designed eco-friendly, in-
dependent, dual-responsive Janus chromic fibers and
their textiles. The fibers and their textiles showed stable
practical performance and outstanding sensitivity to UV/
IR radiation to achieve energy-free, real-time visual
monitoring of the IR radiation temperature and UV
index. The perfect core-sheath structure of the Janus fi-
bers ensured the feasibility of their textiles. The sheath
layer was a highly transparent PLA polymer, while the
core layer was an axially symmetric Janus core with a
clear interface. The UV-responsive half of the Janus core
comprised PVA mixed with photochromic dyes, while the
IR-responsive half comprised PVA mixed with thermo-
chromic dyes. Both the sheath and core layers of the fi-
bers were built from degradable materials to promote
eco-efficiency and sustainability. The three-line striped

Figure 6 Practicability and durability of chromic textiles. (a) Stress-strain curves of the fibers at different outer flow rates. (b) Stress-strain curves of
the PLA sheath fibers, PVA core fibers, and PLA-PVA core-sheath Janus fibers. (c) Relative changes in the colorimetric response after 60 cycles of
stimulation at temperatures of 18 and 30°C and under UV irradiation at 18 and 30°C. (d) Digital photographs of the commercial textile (top) and the
experimentally fabricated chromic textile (bottom) after 50 washes (both textiles are 5 cm × 4 cm in size). (e) ∆E*

ab contrasts of the commercial textile
(top) and the experimentally fabricated chromic textile (bottom) after 50 washes. (f) Morphology of the unwashed Janus chromic fibers after being
washed 1, 5, 10, 20, 30, 40, and 50 times (scale bars: 300 µm).
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textiles woven with the Janus chromic fibers exhibited
dual-responsive reversible color changes under UV/IR
irradiation, which facilitated visual monitoring of the
environmental temperature and the UV index. After 60
cycles of stimulation by UV/IR irradiation and 50 washes,
the change rate of ∆E*

ab of the textiles under different
conditions was only 0.42%–4.71%. The Janus chromic
fibers are extremely practicable and can be designed as
decorative patterns to be sewn on clothes to effectively
protect the human skin from UV/IR radiation. Besides,
we have evaluated the cost of all raw materials and che-
mical reagents used to prepare independent dual-
responsive Janus chromic fibers, which is about
$11.65 per 500 g (see Table S1 and Note S3).
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独立双响应Janus变色纤维
位艳芳1, 张伟1, 侯成义1*, 张青红2, 李耀刚2, 王宏志1*

摘要 在户外活动中, 频繁暴露于太阳紫外线和红外辐射下皮肤容
易发生癌变和老化. 对环境中的紫外线强度和红外辐射进行实时
监测有益于增强个人防护. 设计可与服装集成且兼具监测功能的
光响应材料与柔性器件是一项挑战. 本文中, 我们利用微流控纺丝
技术实现了具有轴向对称性皮芯结构Janus变色纤维的连续化制
备. 芯层材料双侧分别对紫外和红外波段光敏感. 用Janus纤维编织
的纺织品对紫外/红外双波段刺激具有独立可逆的变色响应, 使得
纤维能够在四种颜色间切换. 纺织品的颜色能随着光照强度的改
变发生显著的梯度变化. 由于皮层的保护作用, 经过60次紫外/红
外刺激或50次洗涤后 , 纺织品的综合色差 (ΔE *

a b )变化率仅为
0.42%–4.71%. 我们设计的三线条纹纺织品展示出该纤维可以用作
紫外线指数和红外辐射的可穿戴式无能耗、实时、可视化监测.
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