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ABSTRACT Stretchable color-changing fibers are urgently
demanded for smart textiles/clothing due to their perfect im-
plantability, permeability of vapor and heat, and flexibility/
stretchability. Herein, stretchable electrothermochromic fibers
were fabricated with unconventional stretchable conductive
fibers as core layers and thermochromic coatings as shell layers.
In the stretchable conductive fibers, hierarchical porous
structures with percolative one-dimensional (1D) conductive
networks were constructed through phase inversion of carbon
nanotube/polyurethane (CNT/PU) solutions. With the de-
position of silver nanoparticles (AgNPs) on the surface of mi-
cro-pores, electrically conductive dual-pathways consisting of
0D AgNPs and 1D CNTs were formed to significantly enhance
the electric conductivity and thus improve the electrothermal
performance of the fibers. More importantly, because of the
connective CNTs and AgNPs, such dual-pathways ensured the
electron transport under the stretching state, preventing the
sharp decay of conductivity and electrothermal performance.
Through the continuous wet-spinning method, the stretchable
conductive fibers can be easily obtained with the length up to
several meters. At last, stretchable electrothermochromic fibers
were prepared with two color-changing modes and implanted
into textile perfectly, advancing their applications in wearable
display and military adaptive camouflage of smart clothing.

Keywords: hierarchical porous structures, conductive dual-
pathways, stretchable conductive fibers, electrothermochromic
fibers, smart clothing

INTRODUCTION
Fibers, as the basic building blocks of clothing and tex-

tiles, have been closely related to our modern society. As
one of the most important functionalities, fiber colors are
indispensable and have been widely utilized in people’s
daily life [1–4]. In recent years, smart fiber and textiles
have attracted wide attention with the increasing popu-
larity of wearable electronic products and the rise of the
smart clothing concept [5–11]. The smart color-changing
fibers as an important branch of smart fibers have at-
tracted extensive interest due to their promising appli-
cations in wearable displays, visual sensing and adaptive
camouflage [12–16]. However, the colors of existing
commercial fibers can not be changed on demand due to
the passive optical properties of traditional dyes [17,18].
Therefore, the controllable color-changing fibers are ur-
gently needed to realize various smart applications [19–
23].
Recently, various color-changing fibers were reported

in response to different stimuli, such as electricity, light
and magnetism [24–28]. For example, Shang et al. [29]
prepared the structural colored fibers by embedding
ethylene glycol droplets containing Fe3O4@C nano-
particles into polydimethylsiloxane. Under the magnetic
field, the Fe3O4@C nanoparticles formed the chain-like
structure to realize the color change of fibers from brown
to yellow-green. Additionally, Pinto and colleagues [30]
prepared the photochromic polypropylene (PP) fibers
based on ultraviolet-responsive silica@phosphomolybdate
nanoparticles through melt spinning technology and
achieved color changes from yellow-green to blue.
However, these fibers showed an unavoidable limitation
in controllability because these stimuli are easily influ-
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enced by the surrounding environment.
Compared with these stimuli sources, electricity is an

efficient and controllable means to realize color changes
[31]. For example, our group [32] prepared electro-
chromic (EC) fibers based on a helically-twined metal
electrode structure before, and successfully obtained
multiple color changes by using three types of EC con-
jugated polymers. Despite these, limited by their complex
multilayer structures and vulnerable electrolytes,
stretchability, working stability and scalable preparation
of EC fibers are difficult to achieve [33,34]. Therefore,
smart color-changing fibers should be further developed
to satisfy several requirements: first, the fiber color should
be easily controlled and tuned. Second, the fibers should
be stretchable to ensure the wearing comfortability under
human locomotion and joint bending. Lastly, scalable
production is highly needed for the practical applications
of smart fibers. Compared with the color-changing fibers
above, the electrothermochromic fibers show promising
potential to satisfy the requirements due to their relatively
simple structures and great color controllability through
electricity stimuli.
To achieve the stretchable electrothermochromic fibers,

the stretchable conductive fibers are crucial. Herein, the
stretchable conductive fibers were first prepared with
hierarchical porous structures through the phase inver-
sion method. With the chemical reduction of silver pre-
cursors on the surface of polyurethane (PU) micro-pores,
electrically conductive dual-pathways were formed con-
sisting of zero-dimensional (0D) silver nanoparticles
(AgNPs) and 1D carbon nanotubes (CNTs) in PU matrix.
Because of the formation of conductive dual-pathways,
the conductivity of fibers was highly improved, which was
able to enhance the electrothermal performance of the
stretchable fibers. In addition, contributed by the cou-
pling of interconnected CNTs and the AgNPs, two types
of conductive paths, stretchable conductive fibers showed
high conductivity under stretching states and great tensile
stability during stretching/releasing. Through the con-
tinuous wet-spinning method, the stretchable conductive
fibers can be easily obtained with the length up to several
meters. At last, long-range stretchable electro-
thermochromic fibers capable of multiple color changes
under different strains or different voltages were prepared
to implant into textile perfectly, demonstrating their
promising applications in smart clothing.

EXPERIMENTAL SECTION
Carbon nanotubes (CNTs, multi-walled type and so-
called multi-walled CNT, Chengdu Organic Chemistry

Co., Ltd.), PU powders (BASF Co., Ltd.), and thermo-
chromic inks (Shenzhen Qiansebian Pigments Co., Ltd.)
were commercially available and used without further
purification. Silver trifluoroacetate (98%), hydrazine hy-
drate (H4N2, 50%), and N,N-dimethylformamide (DMF,
99.5%) were purchased from Sinopharm Chemical Re-
agent Co., Ltd.

Preparation of the stretchable conductive fibers
The CNTs with contents of 1 wt%, 5 wt%, 10 wt% and
20 wt%, respectively, were dispersed in 100 mL of DMF
by ultrasonic treatment for 6 h. Then, 18.9 g of PU was
added into the CNT dispersions slowly and continuously
stirred at 70°C to form CNT/PU dispersions. The dis-
persions were then wet-spun using a syringe with a
spinning speed of 5 mL h−1 in a water bath containing
4 wt% CaCl2 to obtain the porous CNT/PU fibers. After
that, the porous CNT/PU fibers were directly transferred
to the Ag-ion precursor solution bath containing silver
trifluoroacetate (10 mg mL−1) in ethanol solution and
maintained for 30 min. After being dried at room tem-
perature, they were soaked in H4N2 aqueous solution for
30 min to reduce Ag ions for the deposition of AgNPs in
the micro-pores of CNT/PU fibers. The CNT/PU fibers
deposited with AgNPs were transferred in ethanol and
deionized water to wash the excess residue. At last, after
being air-dried, the stretchable conductive fibers were
obtained.

Preparation of the stretchable electrothermochromic fibers
The “base” and “curing agent” of Sylgard 184 (Dow
Corning) were mixed at a ratio of 10:1 and solidified in
the outer layer of the stretchable conductive fibers as the
protective layer. The red thermochromic inks (color
switching from red to white at 38°C) and blue thermo-
chromic inks (color switching from blue to white at 45°C)
were mixed with a weight ratio of 5:2. It should be
mentioned that if needed, other thermochromic inks with
different color changes or switching temperatures can be
custom-designed. The stretchable conductive fibers were
immersed into the mixed thermochromic inks and then
transferred in an oven at 60°C to evaporate the solvent of
coated inks to obtain the stretchable electrothermo-
chromic fibers.

Characterization and measurements
The morphologies and microstructures of the fibers were
characterized via field emission scanning electron mi-
croscopy (FE-SEM; SU8000, Hitachi, Japan) and SEM
(Phenom-Word BV, G2pro). The thermal images were
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taken by a thermal imaging camera (FLIR A300-Serious,
Sweden). The mechanical property was measured using
the Instron testing system (INSTRON 5969, Instron
Corporation, USA). A mechanical motor (homemade
device) was used for stretching/releasing fibers. The
electrochemical workstation (CHI760D, Shanghai Chen-
hua Instruments, China) was used to measure the re-
sistance variations of the stretchable conductive fibers
upon stretching/releasing cycles. The reflectance spectra
of the stretchable electrothermochromic fibers were ob-
tained using a fiber-optic spectrometer (PG2000-Pro-Ex,
Ideaoptics Technology Co., Ltd., China). The wavelengths
giving the maximum reflectance difference between dif-
ferent colors were selected to calculate the reflectance
contrasts (ΔRT) of the stretchable electrothermochromic
fibers. The frictional cycles of the stretchable electro-
thermochromic fibers were measured through a fabric
abrasion tester (YG401E, Ningbo Textile Instrument
Factory, China).

RESULTS AND DISCUSSION
As shown in Fig. 1a, the stretchable electrothermo-
chromic fiber was prepared through wet spinning, de-
position of AgNPs and coating with thermochromic
layers. Briefly, the porous composite fibers consisting of
CNTs and PU were prepared by the phase inversion of
CNT/PU solutions. In the PU matrix, percolative CNT
networks were constructed for 1D conductive pathways.
After deposition of AgNPs through chemical reduction of

Ag-ion precursor, AgNPs were coated on the surface of
micro-pores of CNT/PU composite fibers, leading to the
formation of the second conductive pathways consisting
of 0D AgNPs. Contributed by the electrically conductive
dual-pathways consisting of surficial 0D AgNPs and
embedded 1D CNTs in PU micro-pores, the fabricated
stretchable conductive fibers showed highly improved
conductivity, high conductivity retention under stretch-
ing state, and great tensile stability during stretching/
releasing cycles. Finally, after the coating of the PDMS
layer and thermochromic inks on the stretchable con-
ductive fibers, the stretchable electrothermochromic fi-
bers were obtained with porous conductive fibers as core
layers and thermochromic ink as shell layers (Fig. 1b).
Because of the thin PDMS layer (ca. 40 μm), the thermal
transfer was hardly influenced between the conductive
fiber and thermochromic coatings (see detailed descrip-
tion in Fig. S1). Additionally, it should be mentioned that
if needed, other thermochromic inks with different color
changes or switching temperatures can be custom-de-
signed.
As shown in Fig. 1c, the stretchable electrothermo-

chromic fiber with a diameter of ca. 0.6 mm showed no
interfacial delamination, indicating good adhesion be-
tween each layer. Moreover, obvious hierarchical porous
and multilayer structure were observed. The hierarchical
porous structure was caused by phase separation from the
homogeneous solution phase of PU in the DMF solvent
to the solid phase of PU in the water/DMF mixed solu-

Figure 1 Fabrication of the stretchable electrothermochromic fibers. Schematic illustration of (a) preparation process and (b) structure of the
stretchable electrothermochromic fiber. (c) Cross-sectional SEM image of the stretchable electrothermochromic fiber (scale bar: 200 μm). (d) Digital
photograph of the stretchable conductive fiber with a length of 3.0 m.
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tion due to the diffusion and intrusion of water from the
water bath [35]. As shown in Fig. 1d, because of the facile
fabrication process, a 3-m-long porous stretchable con-
ductive fiber was successfully obtained and collected on a
cylindrical spool. In addition, the electrothermochromic
fiber showed great stretchability and did not break down
under a 60% strain (Fig. S2).
We first increased the loadings of CNTs, the conductive

fillers, in the composite fibers for optimizing CNT load-
ings through the investigation of mechanical performance
as well as increasing the conductivity of fibers. As shown
in Fig. 2a, as the loading of CNTs increased from 0, 1, 5,
10 to 20 wt%, the elongation at break of the porous CNT/
PU composite fibers decreased from 358% for 0 wt%
CNT loading, 279% for 1 wt% CNT loading, 123% for
5 wt% CNT loading, 57.3% for 10 wt% CNT loading, to
8.1% for 20 wt% CNT loading. The fracture stresses were
also reduced from 2.16, 2.19, 1.22, 0.85 to 0.38 MPa.
Therefore, after comprehensively considering the me-
chanical performance and conductivity, the porous CNT/
PU composite fibers with the CNT loading of 5 wt% and
the conductivity of 0.175 S cm−1 were selected for the
following study and usage.
In addition, the morphologies of porous CNT/PU

composite fibers were investigated, as shown in Fig. 2b, c
and Fig. S3. The porous CNT/PU composite fiber ex-
hibited the hierarchical porous structure consisting of
larger-sized micro-pores ranging from 100 to 200 μm and
smaller micro-pores with the size less than 5 μm dis-
tributed in larger micro-pores. The CNTs were uniformly
distributed in the PU matrix (Fig. S3). These hierarchical
micro-pores are conducive to the diffusion of Ag-ion
precursor in the next step to form the electrically con-
ductive dual-pathways of 0D AgNPs and 1D CNTs.
To facilitate the electrothermal performance, the

AgNPs were introduced to improve the conductivity of
the composite fibers further. As shown in Fig. 3a and

Fig. S4, through in-situ chemical reduction of the Ag-ion
precursor, the AgNPs were uniformly coated on the
surface of micro-pores in the CNT/PU composite fibers.
The AgNPs showed a size distribution ranging from 50 to
300 nm and an average size of ca. 160 nm (Fig. S4c). The
deposition of AgNPs led to the formation of another
conductive pathway consisting of 0D AgNPs. To further
discuss the influence of AgNPs and CNTs on the con-
ductivity of fibers, we compared the conductivities of the
stretchable conductive fibers with different contents of
AgNPs and CNT types. As shown in Fig. S4d, the con-
ductivities of fibers first increased with the increase of
AgNP loadings and gradually reached a plateau. There-
fore, we selected the AgNP loading of 33.4 wt% to prepare
the stretchable conductive fibers. In addition, the single-
walled CNTs (SWCNTs, diameter: <2 nm; length:
5–10 μm), another type of CNTs, were used to prepare
the porous CNT/PU fibers. Compared with our original
CNT/PU fibers using MWCNTs (diameter: <8 nm;
length: 10–30 μm), SWCNT/PU fibers showed higher
conductivity of 1.84 S cm−1. However, given that the
AgNPs mainly contribute to the conductivity of the
conductive fibers, and SWCNTs are relatively expensive,
we finally selected the MWCNTs to connect AgNPs to
form the electrically conductive dual-pathways. With the
conductive dual-pathways of 0D AgNPs and 1D CNTs,
the electrons can quickly transport on the surface and in
the polymer matrix of composite fibers, which results in
highly improved electrical conductivity of 2100 S cm−1. In
contrast, the conductivities of CNT/PU and AgNP/PU
fibers were lower and calculated to be 0.175 and
1900 S cm−1, respectively, further proving the synergistic
coupling of interconnected CNTs and AgNPs.
In addition, the formation of electrically conductive

dual-pathways can still ensure the electron transport
through connective AgNPs and CNTs under the
stretching state, thus preventing the sharp decay of con-

Figure 2 Mechanical performance and morphology of porous CNT/PU composite fibers. (a) Stress-strain curves of the porous CNT/PU composite
fibers with different loadings of CNTs. (b) Cross-sectional SEM image of the porous CNT/PU composite fiber (scale bar: 200 µm). (c) Enlarged SEM
image of the porous CNT/PU composite fiber (scale bar: 5 µm).
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ductivity of conductive fibers (as illustrated in Fig. 3b). As
shown in Fig. 3c and d, the resistive ratio of the
stretchable conductive fibers only increased by ~1.5 folds
at 60% strain and showed great tensile stability after 1000
stretching/releasing cycles (Fig. 3d). In comparison, the
resistance of AgNP/PU fiber rapidly increased by ~15
folds under 30% strain due to the separated AgNPs under
stretching state. The resistive ratios of CNT/PU fibers also
increased by 3 folds at 60% strain due to the disconnec-
tion of CNT networks.
Using the conductive fibers with high conductivity and

tensile stability as core layers, the stretchable electro-
thermochromic fibers were realized through coating with
various thermochromic inks. As shown in Fig. 4a, under
the constant current of ca. 2 A, the stretchable electro-
thermochromic fibers showed the temperature increase
from 19.8°C (room temperature) to 27.0°C. When a 30%
strain was applied, the equilibrium temperature of
stretchable electrothermochromic fibers increased from
27.0 to 38.3°C. The equilibrium temperature further in-
creased to 48.1°C as the strain further increased to 60%,
due to improved heat generation caused by the increase of
resistance. Because of the increased temperature during the

stretching process, multiple color changes were exhibited
from red to blue and finally to white, and the reflective
peak shifted evidently from ~700 to ~480 nm at 30% strain
and finally disappeared at 60% strain (Fig. 4b–d). Ad-
ditionally, as shown in Fig. 4e, the ΔRT of the stretchable
electrothermochromic fibers at the wavelengths of 615 and
524 nm were tested during 1000 stretching/releasing cycles
under maximum stains of 30% and 60%, respectively, and
both almost maintained constant, which proved that the
excellent tensile stability of stretchable electro-
thermochromic fibers. These strain-dependent color
changes promise the application of our stretchable elec-
trothermochromic fibers in visual mechanical sensing for
smart clothing.
In addition to the strain-induced color changes, the

stretchable electrothermochromic fibers also showed
controllable color changes by applying different voltages.
As shown in Fig. 5a, the equilibrium temperature of the
stretchable electrothermochromic fiber increased con-
sistently as the applied voltage increased. Under the
voltage of 5.2 V, the equilibrium temperature of fibers
reached 38.9°C (from room temperature of 20.0°C),
leading to the color change of fibers from red to blue. As

Figure 3 Tensile stability and conductive mechanism of the stretchable conductive fibers. (a) SEM image of the stretchable conductive fiber (scale
bar: 3 µm). (b) Schematic diagram of conductive dual-pathways of the stretchable conductive fibers under stretching/releasing states. (c) Resistive ratio
(ΔR/R0) variations as a function of tensile strains of the stretchable conductive fibers fabricated with different preparation conditions. (d) Cycling
stability of the stretchable conductive fiber during repeated stretching/releasing process with the maximum strain of 60%.
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the voltage further increased to 7 V, the color of fibers
changed to white due to the temperature increase to
49.1°C. Here, we also measured the switching speeds and
cyclic stability of the fibers between red and white. As
shown in Fig. 5b, switching times were 9 s (change to
white color) and 10 s (recover to red color), respectively.
The ΔRT of the stretchable electrothermochromic fiber
was almost unchanged during the 1000 cycles, indicating
the great cyclic stability of color changes (Fig. 5c). Con-
tributed by the great flexibility and structural stability, the
stretchable electrothermochromic fibers showed multiple
color changes under different voltages, even at the
knotted state (Fig. S5). The durability of the stretchable
electrothermochromic fibers was also measured through a
fabric abrasion tester. As shown in Fig. S6, after 500
frictional cycles, the weight of the stretchable electro-
thermochromic fibers was almost the same, indicating
excellent adhesive stability of the thermochromic coat-
ings. As shown in Fig. S7, the reversible color changes of a
2-m-long electrothermochromic fiber were realized under
the safety voltage of continuous contact for the human
body (24 V). The stretchable electrothermochromic fiber

was also implanted into the textiles and woven into a
pattern of “clover”. The “clover” pattern showed color
changes from red to blue to white under different vol-
tages, promising the potential applications of our
stretchable electrothermochromic fibers in the wearable
display (Fig. 5d). It should be noted that patterns and
color changes can be custom-designed using various
thermochromic inks with different color changes or
switching temperatures.

CONCLUSIONS
In summary, the stretchable conductive fibers were first
prepared with hierarchical porous structures through the
phase inversion of the CNT/PU solution, followed by the
deposition of AgNPs. With the formation of electrically
conductive dual-pathways consisting of 0D AgNPs and
1D CNTs in the PU matrix, the stretchable conductive
fibers exhibited highly improved conductivity and stable
electron transport under the stretching state. In addition,
the stretchable electrothermochromic fibers were fabri-
cated with the stretchable conductive fibers as core layers
and thermochromic coatings as shell layers. The

Figure 4 Color-changing performances of the stretchable electrothermochromic fibers under different strains. (a) Temperature-time curves,
(b) digital photographs, (c) corresponding thermal images and (d) reflectance spectra of the stretchable electrothermochromic fibers at different
stains. (e) Cyclic stability of the stretchable electrothermochromic fibers during repeated stretching/releasing processes under maximum stains of 30%
and 60%, respectively.
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stretchable electrothermochromic fibers with multiple
color changes under different strains or different voltages
were able to be implanted into textiles perfectly, advan-
cing their applications in smart clothing.
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基于导电双路径分级多孔结构的可拉伸电热致变
色纤维
范宏伟1, 李强1, 李克睿1,2*, 侯成义1, 张青红3, 李耀刚3,
王宏志1*

摘要 可拉伸变色纤维具有良好的服装植入性、透气透热性、柔
性和可拉伸性. 因此, 目前对于可拉伸变色纤维的研究受到广泛关
注. 本文以导电纤维为芯层、热致变色涂层为壳层, 制备了可拉伸
电热致变色纤维. 通过相转换法, 在聚氨酯基体中构建了一维导电
碳纳米管(CNTs)网络的分级多孔结构. 通过在微孔表面沉积银纳
米颗粒(AgNPs), 使可拉伸导电纤维内形成AgNPs和CNTs的导电
双路径, 从而有效提高了纤维的电导率和电热性能, 保证了电子的
正常传输, 有效避免了纤维在拉伸状态下电导率的急剧衰减. 此外,
通过连续的湿法纺丝方法可制备长达几米的可拉伸导电纤维. 涂
覆热致变色涂层后, 所制备的电热致变色纤维可完美地植入到织
物中进行多种图案的编织, 并实现多种颜色变化, 在可穿戴显示、
自适应伪装等智能服装领域具有广阔的应用前景.
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