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� The conjugate electrospinning
facilitates the scalable manufacture of
fiber.

� Best fluorescent performance is
achieved with optimal spinning
parameters.

� The fluorescence intensity of fiber is
proportional to the spinning rate.

� The fiber reserves 90% fluorescence
intensity after stretching and
bending.

� The light-emitting fabrics are proved
effective as smart textiles.
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Flexible, lightweight and practical luminous fibers have aroused great interest in the field of smart
textiles. In this study, we report flexible aggregation induced emission luminogen (AIEgen) fibers which
can be produced in a continuous and large-scale way. Fluorescent nanofibers prepared by conjugate elec-
trospinning are wrapped on the surface of flexible core fiber to form a skin-core AIEgen fiber. The elec-
trospinning parameters including spinning concentration, traction rate, spinning rate and
tetraphenylethylene (TPE) concentration were designed and optimized via the non-interactive orthogo-
nal experimental design. The optimized flexible AIEgen fiber retains the excellent mechanical properties
of core fiber and is equipped with the fluorescence properties of the wrapped fluorescent nanofibers. In
addition, the fabricated AIEgen fibers can still exhibit good fluorescence characteristic after being
stretched, bent, washed and rubbed, displaying excellent durability. Different from reported luminescent
fibers which required an external power supply or complicated preparation process, the flexible AIEgen
fibers fabricated in this study can be prepared continuously in a large-scale way and exhibits effective-
ness in clothing display, anti-counterfeiting, information transmission and hazardous gas detection,
which shows great application potential for wearable smart textiles.
� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In recent years, with the development of science and technol-
ogy, textiles have broken through the original basic functions of
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warmth, comfort and beauty, and are gradually moving towards
functional and intelligent, such as temperature regulation [1,2],
shape memory [3,4], waterproof and moisture permeability [5,6],
light-emitting [7,8], energy harvesting [9,10], energy storage
[11,12]. By integrating functional materials into textiles, smart tex-
tiles with different functions are obtained. For instance, luminous
textiles can emit light with changes of external environmental con-
ditions, such as light, temperature, pressure, which have vital
applications in clothing display, anti-counterfeiting, and informa-
tion transmission. In order to obtain smart light-emitting textiles,
one method is to attach light-emitting materials to the textile in
the form of stacked layers [13,14]. It has been reported that a lumi-
nescent layer of ZnS phosphor was integrated on a stretchable con-
ductive fabric in a stacked manner to prepare a luminescent textile
[15]. Liang et al. formulated the luminescent material into print-
able ink, which was then coated on the surface of cotton fabric.
The appearance of the printed pattern was realized by ultraviolet
light irradiation [16]. However, the stacking of the light-emitting
materials greatly influenced the inherent properties of textiles,
such as softness, flexibility and air permeability. Another method
is to integrate light-emitting fibers into textiles through a weaving
process. Liang et al. prepared AC electroluminescent (ACEL) fibers
by dip-coating luminescent materials [17]. ACEL fibers have good
flexibility and mechanical property, which are easy to be woven
into luminescent textiles. However, the power stimulation is
required to emit light. Ding et al. used polydimethylsiloxane
(PDMS) fiber as a flexible substrate to prepare a stretchable light-
emitting fiber, which has low fiber strength and therefore is incom-
patible with weaving processes [18].

Traditional core-spun fiber is defined as a core fiber wrapped by
staple fibers or filaments to form a skin-core structure [19]. Hence,
the core-spun fiber is endowed with both the physical property of
the core fiber and the functionality of the skin fibers. In order to
expand the field of core-spun fiber, many researchers have pre-
pared multi-functional core-spun fiber [20,21]. Wang et al. pre-
pared a SWCNTs/ cotton / polyurethane (PU) core-spun
Fig. 1. Synthes

Fig. 2. Schematic and experimental setup of conjugate electrosta
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composite yarn, which not only ensured the flexibility of the com-
posite yarn, but endowed it with high electrical conductivity [22].
Hu et al. used conjugate spinning process to prepare antistatic
skin-core composite fiber with polyethylene terephthalate (PET)
polymer as core and carbon black / poly (butylene terephthalate)
(CB/PBT) polymer as sheath. CB/PBT/PET fiber has the flexibility
of PET fiber and antistatic properties of carbon black / poly (buty-
lene terephthalate) (CB/PBT) polymer [23]. Functional core-spun
fibers present great potential in smart textiles.

Electrospinning is one of the most direct and effective method
to prepare continuous nanofibers with diameters ranging from
micrometers to nanometers. In recent studies, electrospun nanofi-
bers have been widely used to prepare functional materials, such
as biomaterials [24,25], tissue engineering scaffolds [26,27], flexi-
ble electrodes materials [28,29], and self-powered sensors
[30,31]. However, most electrospun fibers are prepared in the form
of nonwoven nanofiber mats, which have disordered structures
and low mechanical properties. In order to overcome these short-
comings and open up new application areas, many researchers
have studied and prepared ordered nanofiber yarns [32–34]. How-
ever, the mechanical property of ordered nanofiber yarns is still
unsatisfactory to be used in actual production. By adopting the
core-spun technology, the electrospun nanofibers can be wrapped
on the surface of conventional fibers to form a micro-fiber with
skin-core structure. As a result, the nanofibers not only have the
strength of conventional fibers, but also have the functionality of
wrapped nanofibers [35]. It broadens the application of functional
fibers fabricated in the form of textiles.

Traditional organic light-emitting materials exhibit strong fluo-
rescence in dilute solutions. However, when they appear in high-
concentration solutions or in solid form, their luminescence prop-
erties tend to weaken or even disappear completely, triggered by
the aggregation-caused quenching (ACQ) effect, such as triazole
and its derivatives, rhodamine, coumarin derivatives, and so on.
Influenced by the ACQ effect, the fluorescent substances are barely
made in the form of solid for practical use. In 2001, Tang et al. dis-
is of TPE.

tic spinning method for large scale AIEgen fiber production.



Table 1
Factors and levels of orthogonal experiment.

Spinning concentration A (wt %) Traction rate B (mm/s) Spinning rate C (ml/h) TPE D (wt %)

Level 1 15 0.2 0.5 0.2
Level 2 17 0.4 1.0 1
Level 3 19 0.6 1.5 2

Table 2
Four factors and three levels of orthogonal design for fabricating AIEgen fiber.

Spinning concentration A (wt %) Traction rate B (mm/s) Spinning rate C (ml/h) TPE
D (wt %)

Horizontal combination

FY1 15 0.2 0.5 0.2 A1B1C1D1

FY2 15 0.4 1.0 1 A1B2C2D2

FY3 15 0.6 1.5 2 A1B3C3D3

FY4 17 0.2 1.0 2 A2B1C2D3

FY5 17 0.4 1.5 0.2 A2B2C3D1

FY6 17 0.6 0.5 1 A2B3C1D2

FY7 19 0.2 1.5 1 A3B1C3D2

FY8 19 0.4 0.5 2 A3B2C1D3

FY9 19 0.6 1.0 0.2 A3B3C2D1
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covered that a series of silole derivatives do not emit light in dilute
solutions. When molecules aggregate in high-concentration solu-
tions or appear in the solid form, they present excellent fluores-
cence properties. Therefore, this luminescence system is called
‘‘aggregation induced emission” (AIE) [36,37]. Restricted
intramolecular rotation (RIR) is the main reason for the aggrega-
Fig. 3. (a) Schematic illustration of the AIEgen fibers and their applications in smart lum
ultraviolet light excitation. (d) Continuous AIEgen fiber with 300 cm length. (e-g) Photog
into a flower shape and (i) wrapped around glass rod under ultraviolet light excitation.

3

tion and emission of AIE molecules [38–40]. Compared with the
traditional ACQ fluorescent materials, AIE luminogen materials
have the advantages of high signal-to-noise ratio, high sensitivity,
and strong resistance to photobleaching. As a highly efficient AIE
fluorescent material, tetraphenylethylene (TPE) is widely used in
the fields of sensors [41–43], light-emitting devices [44–46], and
inescent textiles. Photographs of the AIEgen fibers under (b) natural light and (c)
raphs of three knotted AIEgen fibers with different colors. (h) AIEgen fiber weaved



Fig. 4. (a) Emission spectra of AIEgen fibers prepared under different spinning parameters. (b) Stress–strain curves of the FY1-FY9 fibers. (c) Coverage rate of fluorescent
nanofibers of FY1-FY9 fibers.
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biological imaging [47,48]. TPE is applied to smart textiles by coat-
ing, which unexpectedly sacrifices the deformability and flexibility
of textiles. Hence, it is a good solution to incorporate AIE into smart
textiles by proposing a spinnable TPE fiber.

In this work, an AIE luminogen (AIEgen) fiber for smart textiles
is prepared by core-spun technology. And potential applications of
the AIEgen fibers are fully evaluated and demonstrated. Continu-
ous AIEgen fibers with excellent fluorescence properties and stable
mechanical properties were prepared by conjugate electrospinning
on a large scale. The spinning parameters are optimized with
orthogonal design experiment method. A systematic characteriza-
tion and durability evaluation of AIEgen fibers are conducted. The
smart textiles woven from AIEgen fibers exhibit broad application
prospects in image display, anti-counterfeiting, information trans-
mission, and hazardous gas detection.
2. Experimental

2.1. Materials

Polyester (PET) fiber (Dezhou Wendao Trading Co., Ltd., China)
with a fineness of 990D was used as core fiber. Thermoplastic poly-
urethane (TPU) particles (Suzhou Xizhen Plasticizing Co., Ltd.,
4

China) have molecular weight (Mn) of 180,000 Daltons, acting as
the matrix of spinning solution. Tetraphenylethylene (TPE) was
obtained by one-step reaction of diphenylmethane with diben-
zoketone. At the end of the reaction, ammonium chloride solution
was added to quench the reaction. The organic layer was extracted
with dichloromethane, and the combined organic layer was
washed with saturated saline solution and dried with anhydrous
MgSO4. The solvent was evaporated by rotary evaporator, and
the crude product was dehydrated by acid catalysis. The crude pro-
duct was purified by column chromatography to obtain the white
solid of 1, 1, 2, 2-tetrastyrene (Fig. 1). N, N-dimethylformamide
(DMF) and absolute ethanol (Tianjin Jiangtian Chemical Technol-
ogy Co., Ltd., China) with a purification of 99% were used as solo-
vent. Acetone (Tianjin Damao Chemical Reagent Factory, China)
with a purification of 99% was applied in hazardous gas detection.
2.2. Preparation of AIEgen fluorescent fiber

AIEgen fibers were core-spun by the conjugate electrospinning
method. TPU was dissolved in the mixed solution of 5 ml DMF
and 5 ml absolute ethanol, heated to 120 ℃ and stirred for 2 h.
After complete dissolution, TPE powder was added into the solu-



Fig. 5. Trend chart of effect of spinning parameters on (a) fluorescence intensity, (b) breaking strain and (c) coverage rate of AIEgen fiber.
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tion, and the TPU/TPE spinning solution was obtained by heating
and stirring at 120 ℃ until the TPE was fully dissolved.

The conjugate electrospinning system for manufacturing fiber is
shown in Fig. 2. By utilizing the positive and negative charges pro-
duced by high-voltage power supply, the nanofibers carrying oppo-
site charges interattracted and entwisted. The spinning solution is
loaded into two syringes equipped with spinnerets, which were
connected to positive and negative high voltage direct current
(DC) power supplies and distributed on both sides of the plastic
funnel with a distance of 14 cm.The distance between the side of
the plastic funnel and the spinneret is 5 cm. The core fiber passes
through the center of the funnel and is fixed on the collection
roller. The collection rate is controlled by a speed regulating motor.
After the power supply is turned on, an electrostatic field is formed
between the positive and negative spinnerets, the spinning solu-
tion forms nanofibers under the action of electrostatic field, and
the nanofibers form a stable conical assemblage with core fibers
at the edge of the funnel. The AIEgen fibers were successfully pre-
pared by rotating the funnel at a speed of 120 rpm. Finally, contin-
5

uous AIEgen fibers are wrapped around the collection roller under
the traction of the right collection roller.

2.3. Parameter design of fabricating AIEgen fibers

The non-interactive orthogonal experimental design was con-
ducted to optimize the electrospinning process for higher fiber per-
formances. Four factors, including spinning concentration, traction
rate, spinning rate and TPE concentration, and three levels were
designed, as shown in Table 1. Based on the design principle, nine
groups of AIEgen fibers were fabricated. The horizontal combina-
tion was presented in Table 2. Nine groups of AIEgen fibers were
marked as FY1-FY9, respectively.

2.4. Characterizations

The microstructure of the AIEgen fiber was investigated using a
scanning electron microscope (SEM, TM3030, Hitachi, Japan) that
was operated at an accelerating voltage of 5 kV. The fluorescence



Fig. 6. Low magnification SEM image of FY1-FY9 fluorescent nanofibers (Illustration: High magnification SEM image).
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properties of the AIEgen fiber were studied with a transient steady-
state fluorescence spectrometer (FLS1000, Edinburgh Instruments
Ltd, UK) that used a xenon lamp as the excitation light source,
the excitation wavelength was 365 nm, the emission wavelength
was 442 nm, the excitation slit was 0.5 nm, the emission slit was
1 nm, and the wavelength range was 400–700 nm. The mechanical
property of AIEgen fibers were tested with a tensile testing
machine (HT-2402, Hung Ta Instrument Co., Ltd, Japan), in which
the gauge length and the crosshead speed were 250 mm and
300 mm/min, respectively. The cross section structure of AIEgen
fiber during fluorescence emission was studied by Zeiss stereo-
scopic microscope (stemi 2000-C, Carl Zeiss Optics Co., Ltd., Ger-
many) under UV light (365 nm). The thermal stability of AIEgen
fiber was measured using a comprehensive thermal analyzer
(TG-DSC, STA 449F5, Niechi Manufacturing Co., Ltd, Germany),
which was heated from room temperature to 600 �C at a heating
rate of 10 �C/min in nitrogen atmosphere. The existence of func-
tional groups in PET fiber and AIEgen fiber was confirmed by Four-
ier transform infrared spectrometer (Nicolet iS50, Semel Fisher
technology co., Ltd., China). The spectra were obtained between
wave numbers 400 to 4000 cm�1.
3. Results and discussion

3.1. Fluorescence performance

By adjusting electrospinning parameters shown in Table 2, nine
types of AIEgen fibers can be prepared with excellent light-
emitting behavior under the excitation of the wavelength of
6

365 nm, as shown in Fig. 3a-c. The conjugate electrospinning pro-
cess can be used for large-scale and continuous preparation of AIE-
gen fibers, which is confirmed by AIE fibers with 300 cm length and
uniform diameter of 0.60 mm, as shown in Fig. 2d. Due to the
excellent flexibility of AIEgen fiber, three types of fibers with
1 wt% of AIEgen can be knotted (Fig. 2e-g and Figure S1a-c),
weaved into a flower (Fig. 2h), or wound on a glass rod, which does
not reduce the fluorescence effect (Fig. 2i). It can be observed that
after knotting, weaving and rotating, the light-emitting behavior is
not influenced due to the flexibility and uniformity of AIEgen
fibers, reflecting its applicability in smart textiles.
3.2. Optimization of spinning parameters

During the production of AIEgen fibers using conjugate electro-
static spinning method, several factors are key to the uniform fiber
morphology with high fluorescence performance. Therefore, the
influence of spinning concentration, spinning rate, traction rate,
and TPE concentration on the formation and properties of AIEgen
fiber were compared in Fig. 4. The results show that AIEgen fibers
with excellent fluorescence properties and high strain properties
can be produced under appropriate experimental conditions. The
optimal preparation parameters for AIEgen fibers are set as spin-
ning concentration of 19%, spinning rate of 1.5 ml/h, traction rate
of 0.2 mm/s, and TPE concentration of 1%.

Fig. 4a shows the emission spectra of FY1-FY9 fibers stimulated
by ultraviolet light. FY7 fiber presents the best fluorescence prop-
erty that is about 4.4 times higher than that of FY1 fiber. It is worth
noting that even the FY1 fiber with lowest fluorescence intensity



Fig. 7. Diameter distribution diagram of FY1-FY9 fluorescent nanofibers.

Fig. 8. The relationship between TPE linear density and maximum fluorescence
intensity of AIEgen fiber.
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shows excellent fluorescence response under the irradiation of
ultraviolet light (Fig. 3c). The TPE concentration, among the four
influencing factors has a significant impact on the fluorescence
intensity of AIEgen fibers (Fig. 5a and Table S1). With the increase
of TPE concentration, the aggregate luminescence increases, lead-
ing to a stronger emission, which is consistent with the character-
istics of aggregation-induced emission. However, high TPE
concentration has a negative effect on the spinning process. When
7

the TPE concentration is set at 2%, TPE tends to recrystallize in the
spinning solution. The existence of TPE crystals increases the insta-
bility of nanofibers in the spinning process, which further affects
the covering effect of fluorescent nanofibers. In terms of spinning
parameters, the fluorescence intensity is directly proportional to
the spinning rate and concentration, and inversely proportional
to the traction rate.

The tensile stress–strain curves of the FY1-FY9 fibers are pre-
sented in Fig. 4b, and the effect of spinning parameter on breaking
strain was summarized in Fig. 5b. The mechanical properties of
AIEgen fibers shows a strong dependence on PET core fiber, while
are not significantly affected by the incorporation of TPE (Fig-
ure S2, Fig. 5b). The FY7 fiber with excellent fluorescence intensity
has a breaking strength of 106 MPa and a breaking strain of 1.24%.
The FY7 fiber is wrapped by a large number of fluorescent nano-
fibers, which leads to a high breaking strain (Table S3). Mean-
while, the core fiber is untwisted when it comes into contact
with the rotating funnel. And the untwisting degree is higher at
a low traction rate, so the breaking strength is slightly reduced
(Figure S3).

The coverage rate of fluorescent nanofibers on FY1-FY9 fibers is
shown in Fig. 4c. The high coverage of FY7 fiber shows that the
increase of spinning rate profits the coverage of fluorescent nano-
fibers on core fiber when TPE concentration is in a suitable range.
Moreover, the low traction rate is beneficial for better coverage
uniformity of fluorescent fibers (Fig. 5c and Table S3). With the
increase of spinning concentration, the diameter of fluorescent
nanofibers increases, thus the coverage rate is improved, which
contributes to the uniform distribution of TPE on the surface of
TPU nanofibers.



Fig. 9. (a) SEM image of cross section of AIEgen fiber. (b) Optical image of cross-section of fiber illuminated by UV lamp.

Fig. 10. FTIR spectra of PET core fiber, PET with TPU nanofiber and AIEgen fiber.
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The uniform distribution of AIE aggregates is benefit for the effi-
cient luminescence properties of AIEgen fibers. The SEM images at
low magnification shown in Fig. 6 present that most of the fluores-
cent nanofibers are excellently wrapped on the core fiber. But from
the high-magnification SEM images, it can be observed that the
diameter distribution of nanofiber can be influenced by the spin-
ning parameters to a great extent. Fig. 6c and 6 h exhibit obsolete
single fiber morphology and the average diameter is beyond
2.3 lm (shown in Fig. 7c and 7 h). The high-magnification SEM
image of FY7 fiber clearly exhibits that TPE is evenly distributed
on the surface of TPU nanofibers (Fig. 6g), while there is only a
small amount of TPE distributed on the surface of FY1 fiber
(Fig. 6a). By adjusting spinning parameters, the diameter distribu-
tion of fluorescent nanofibers differs thus influencing the TPE dis-
tribution in Fig. 7.

In order to further explore the relationship between the cover-
age rate and fluorescence intensity of fluorescent nanofibers, the
distribution density of TPE in fluorescent nanofibers was analyzed
in Fig. 8. The linear density of TPE is calculated by:

mA¼mC �mB ð1Þ

mTPE ¼ mA �xTPE ð2Þ

P ¼ mTPE

L
ð3Þ
8

where mA is the mass of fluorescent nanofiber; mB is the mass of
core yarn; mC is the mass of AIEgen fiber; mTPE is the mass of TPE
in fluorescent nanofiber; xTPE is the mass percentage of TPE in flu-
orescent nanofibers; L is the length of AIEgen fiber; Ρ is the linear
density of TPE. Based on the tendency of Fig. 8, it proves once again
that the coverage of the fiber is proportional to the fluorescence
intensity only under suitable spinning conditions. Simply increasing
the TPE content does not achieve better fluorescence performance.

3.3. Aiegen fiber characterization

From the SEM image of the cross section of AIEgen fiber in
Fig. 9a, the skin-core structure with uniform wrapping of fluores-
cent nanofibers can be observed clearly. The cross section of
AIEgen fiber exhibits an excellent fluorescence performance under
ultraviolet light microscope (Fig. 9b).

To verify if the TPE was successfully located on the nanofiber,
FTIR spectra was compared among PET core fiber, PET core fiber
wrapped by pure TPU nanofiber and AIEgen fiber (Fig. 10). The FTIR
spectrum of PET core fiber shows several bands characteristic, and
the characteristic peaks are marked. A peak at 1711 cm�1 is
assigned to AC@O stretching of ACOO. A peak at 1408 cm�1 repre-
sents aromatic CAC stretching and CAH in-plane bending, and a
peak at 1338 cm�1 represents CH2 wagging. Peaks at 1240 cm�1

and 1093 cm�1 were assigned to CAO vibration [49]. In the FTIR
spectrum of PET core fiber wrapped by pure TPU nanofiber
(PET + TPU fiber), the characteristic peaks representing TPU are
listed as follows: a peak at 3332 cm�1 is assigned to NAH stretch-
ing, and a peak at 2960 cm�1 is assigned to CAH bond stretching.
Peaks at 1724 and 1702 cm�1 are assigned to C@O stretching. A
peak at 1595 cm�1 is assigned to NAH bending and aromatic
CAC stretching, following peak at 1529 cm�1 is assigned to C@N
stretching and NAH bending. 1415 cm�1 is assigned to CAC
stretching of the aromatic ring, and a peak at 1221 cm�1 is
assigned to C@N stretching. Peaks at 1166 and 1076 cm�1 are
assigned to CAOAC stretching [50]. Compared with PET with TPU
nanofiber, FTIR spectrum of AIEgen fiber composed of PET core
and TPU/TPE nanofibers presents a characteristic peak at
700 cm�1 which is assigned to out-of-plane bending vibration of
monosubstituted ArAH with benzene ring [51].

In order to examine the thermal stability of AIEgen fiber, TG-
DSC test was conducted to both PET core fiber and AIEgen fiber.
Fig. 11a gives the TG and DTG curves of PET core fiber, and only
one mass loss stage appeared with onset decomposition tempera-
ture of 402 ℃. When the temperature increased to 436 ℃, the
weight loss rate of PET fiber reached the peak [52]. As for the resi-
due at 600 �C, the char residue of PET fiber was 23.5%. Compara-
tively, AIEgen fiber showed two mass loss stages under nitrogen



Fig. 11. TG and DTG curves of (a) PET core fiber and (b) AIEgen fiber under nitrogen atmosphere. DSC thermogram of (c) PET core fiber and (d) AIEgen fiber.
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atmosphere, presented in Fig. 11b. The first mass loss stage is
attributed to the wrapped TPU nanofibers with the onset decompo-
sition temperature of 283 ℃. When the temperature increased to
310℃, the weight loss rate of TPU and TPE nanofiber is the highest.
The onset decomposition temperature of the second stage is 399℃,
which is similar to the onset decomposition temperature of PET in
Fig. 11a. The temperature of the highest weight loss rate is 423 ℃,
which is also close to 436 ℃ in Fig. 11a. The char residue of AIEgen
fiber was 19.9% at 600℃. In DSC test, the endothermic peaks of PET
core fiber and AIEgen fiber appeared at 254 ℃ and 249 ℃ sepa-
rately, shown in Fig. 11c and 11d, which presented the melting
peak of PET core fiber. A small peak in Fig. 11d around 170 ℃
was the endothermic peaks of TPU. When comparing the thermal
stability of core fiber and AIEgen fiber, it can be concluded that
the addition of TPU and TPE nanofiber slightly decrease the ther-
mal stability of PET core fiber, but the AIEgen fiber still exhibited
good thermal stability under 300 ℃.
3.4. Durability and washability

The fluorescence stability of AIEgen fibers was studied by apply-
ing different loads on the fiber and comparing the fluorescence
variation. Fig. 12a shows the effect of stretching on the fluores-
cence property of AIEgen fiber. With the increase of loading, the
fluctuation of fluorescence intensity of AIE fiber is less than 0.1%,
indicating that TPE has excellent stability in the skin-core lumino-
genic fiber. This is due to the fact that TPE is uniformly dispersed
on the surface of individual nanofibers. Based on the layer-by-
layer structure made by conjugate electrospinning, the AIEgen
fiber presents certain elasticity caused by the slippage among
nanofibers. Therefore, TPE is barely influenced by the stretching
of AIEgen fibers. The bending durability was conducted to bend
9

the AIEgen fiber at different angles from 0� to 90�. Fig. 12b shows
that during the bending process, the fluorescence intensity of AIE-
gen fiber slightly fluctuates similar to stretching process. The rea-
son for this phenomenon is that when the AIEgen fiber is subjected
to bending, the spacing of surface nanofiber may be enlarged, and
the bottom layer appears from the spacing. Attributed by the layer-
by-layer structure, the nanofibers of the bottom layer can con-
tribute to the fluorescent performance during bending, therefore,
the fluorescence intensity of AIEgen fiber is not influenced dis-
tinctly. Meantime, the AIEgen fiber showed stable fluorescence
properties after 200 bending cycles under the bending frequency
of 1 Hz (Figure S4).

The washing test of the AIEgen fiber was prepared to stir it in a
beaker at (40 ± 2) rpm with 200 g water and 1 g detergent. After
washing with 30 min, the fibers were washed with flowing water
and dried for 1 h at 60 ℃. From the ratio of fluorescence intensity
before and after washing in Fig. 12c, it can be seen that the fluores-
cence intensity of AIEgen fibers decreased by about 20% after one-
time washing. The increase of washing times results in the
decrease of fluorescence intensity, indicating that the fierce deter-
gent washing indeed washes off some of the TPE, leading to the
decrease of fluorescence intensity. But after three times washing,
the unstable TPE on the fiber surface is entirely removed, and the
residual can still emit 40% of its original fluorescence, showing a
certain washing durability. In the abrasion test, the self-made
eccentric wheel friction and wear tester were used to rub the AIE-
gen fiber for different cycles. The wear morphology of fibers was
observed by SEM (Fig. 12d). The original surface before abrasion
is smooth with a fiber alignment. After 50 abrasion cycles, the flu-
orescence intensity decreases by 50%. From the SEMmorphology of
fiber after 50 abrasion cycles, some of the fluorescent fibers were
worn out, which was the main reason for the decrease of fluores-



Fig. 12. (a) Fluorescence intensity ratio of AIEgen fiber before and after stretching from 10 g loading to 200 g loading. The insets from the left to the right are the fluorescence
images of unloading, 100 g loading, and 200 g loading, respectively. (b) Fluorescence intensity ratio of AIEgen fiber bent from 0� to 90�, and fluorescence image of 10�, 50� and
90� bending. (c) Fluorescence intensity ratio before and after washing, and fluorescence image of one-time washing, three times washing and five times washing. (d)
Fluorescence intensity ratio of AIEgen fiber before and after abrasion, and fiber morphology of without abrasion, 50 abrasion cycles and 90 abrasion cycles.
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cence intensity. When the abrasion cycle increases to 90, the fluo-
rescence intensity of AIEgen fiber decreases by 60%. This is because
most of the surface layer of fluorescent nanofiber has been worn
off and curled. However, the internal fluorescent nanofibers are
once again exposed; the AIEgen fiber can still maintain certain flu-
orescence properties.
3.5. Applications of AIEgen fibers

The developed AIEgen fibers show stable mechanical properties
and excellent fluorescence performance, which can be directly
woven into a flexible and wear-resistant fabric. The AIEgen fiber
embroidered with the shape of three letters TPE on the white tex-
tile substrate is shown in Fig. 13a. The fluorescent emission can be
clearly observed under ultraviolet light (Fig. 13b). AIEgen fibers can
also be embroidered into a variety of patterns on fabric by the
same technique, which can be applied in the field of textiles to pro-
vide a function of decoration or display. In Fig. 13c-d, AIEgen fibers
and TPU fibers are woven together by cross-stitching for the anti-
counterfeiting application. To fabricate the anti-counterfeiting fab-
ric, the AIEgen fibers are woven into the letters of TGU (the abbre-
viation of Tiangong University), and then the rest of the region are
woven with TPU fibers only. Under the irradiation of D65 light
source, the anti-counterfeiting pattern is unable to be distin-
guished, as shown in Fig. 13c. However, the three luminous letters
TGU are lighten up under the stimulation of ultraviolet light
(Fig. 13d).
10
AIEgen fibers can also be used for information transmission.
In Fig. 13e, the AIEgen fibers were woven on a cross-stitch fabric
according to a quick response (QR) code pattern. Under the
stimulation of ultraviolet light, the fluorescent QR code pattern
is clearly displayed in Fig. 13f. By scanning the QR code pattern
with an electronic equipment scanning program, the text infor-
mation of the QR code is three letters of TGU (Video 1, Supple-
mentary information). Similar to the weaving technique of
Fig. 13c, TPU fibers are adopted in the remaining unwoven parts,
so that the fabric with the QR code pattern has the dual func-
tions of anti-counterfeiting and information transmission. By
introducing AIEgen fibers into a fabric with hidden information
as QR code or bar code, anti-counterfeiting information recogni-
tion can be obtained by scanning it for electronic devices
(Fig. 13g).

The optical properties of TPE depend on its molecular structure,
and more specifically on the slightly distorted conformation of its
ground state. TPE has the typical shape of a four-blade propeller.
In a good solvent, the benzene ring rotates freely, and its move-
ment effectively inhibits the emission of molecules [45,53]. Ace-
tone is a good solvent to TPE, and it can change the molecular
conformation of TPE and increase the internal rotation of the mole-
cule, thus reducing the emission intensity of TPE (Fig. 14b). There-
fore, TPE can be used as the detection of acetone. By weaving
AIEgen fiber into a smiley face pattern and placing it in an environ-
ment filled with volatilized acetone for 10 min, the fluorescence
intensity of the fabric before and after treatment was compared



Fig. 13. (a) An embroidery of TPE patterns with AIEgen fiber and (b) its luminescence under ultraviolet light excitation. (c) A cross-stitch fabric made of TPU and AIEgen fibers
and (d) the luminogenic letters TGU under the stimulation of ultraviolet light. (e) A cross-stitch fabric with a QR code pattern made of AIEgen fibers and TPU fibers and (f) its
luminescence under ultraviolet light excitation. (g) Schematic diagram of AIEgen fibers application in anti-counterfeiting information recognition.

Fig. 14. (a) Schematic diagram of an AIEgen fiber pattern exposed to volatilized acetone and (b) the fluorescence intensity ratio of the pattern before and after treatment with
volatilized acetone for 10 mins. (c) Schematic diagram of a fabric prepared from AIEgen fibers with the function of hazardous gas detection.
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in Fig. 14a. After AIEgen fibers are exposed to volatilized acetone
for 10 min, their fluorescence intensity is reduced by about 50%,
indicating an apparent detection of acetone. And the fluorescence
different is visible to the naked eye, as shown in Fig. 14b. This fab-
ric pattern can be applied for hazardous gas detection, in which the
leakage and the duration of the leakage can be determined by
observing the fluorescent skull pattern woven from AIEgen fibers,
as designed in Fig. 14c.
4. Conclusion

The conjugate electrospinning method and the core-spun pro-
cess were combined to prepare a large-scale and continuous pro-
duction of flexible AIEgen fibers. The AIEgen fibers have skin-core
structure with tetraphenylethylene (TPE) as luminescence and
thermoplastic polyurethane (TPU) as flexible matrix. The large-
scale production of AIEgen fibers can be realized by continuous
feeding of core fibers, thus reserving the mechanical property of
core fiber and bringing the functionality of wrapped nanofibers.
Through the orthogonal design and morphology analysis, the opti-
mal electrospinning parameters for the best preparation of AIEgen
fibers with excellent fluorescence properties and good mechanical
properties were determined. By applying the optimal spinning
parameters, TPE on the AIEgen fibers is evenly distributed on the
surface of the TPU nanofiber, and the durability of AIEgen fibers
is further analysed and discussed. The results show that stretching
and bending have little effect on the fluorescence performance of
the AIEgen fiber, which can also maintain a relatively stable fluo-
rescent performance after certain cycles of washing and abrasion.
The luminogenic fabric prepared by AIEgen fibers is proved effec-
tive in smart textile applications, such as clothing design, anti-
counterfeiting, information transmission, and hazardous gas detec-
tion. This work provides a promising method for large-scale and
continuous production of flexible AIEgen fibers, which exhibit
great application potentials in smart textiles.
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