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durability (10,000 cycles), and excellent monitoring 
for the bending of back, finger, wrist, and knee. As 
pyrrole dosage rises, polypyrrole granules accumulate 
into bigger ones, and form membrane on cotton fibers 
ultimately. PCF shows a hydrophobicity with contact 
angle over 140° and an electrothermal temperature 
of 80.0 °C at 8 V, maintaining 62.8 °C at 40% strain. 
With dominant diffusion-controlled process, PCF 
performs gravimetric capacitances of 189.3 F  g−1 at 
5 mV  s−1 and 277.8 F  g−1 at 0.46 A  g−1, respectively.

Abstract Wearable devices are developed rap-
idly and promising to change the daily life of human 
beings. However, elastomer- or hydrogel-based elec-
tronics need to be stuck to the skin, which may make 
user feel uncomfortable. Textile electronics can be 
fixed on the outside of the clothes, not contacting with 
skin directly. Herein, we prepared a versatile polypyr-
role/cotton fabric (PCF) with increasing–decreas-
ing resistance variation during stretching because of 
the structure changes of the knitted yarn loops. The 
PCF exhibits a fast response time (110  ms), great 
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stretchability, breathability, and comfortability require 
further improvement (Wang et al. 2021a, b).

Textile materials featured with favorable flexibil-
ity and deformability are capable of releasing the 
mechanical stress of shearing, bending and com-
pressing that are usually induced in actual wear-
ing conditions (Chen et al. 2021; Li et al. 2021). In 
addition, diverse network structures (e.g. knitted, 
weaved, helical, or embroidered) can endow textiles 
with specific features such as stretchability, com-
pressibility, and directional patterns. These features 
enable the textiles to exhibit strain sensing perfor-
mance. For example, Chen et al. (2021) designed a 
copper coated nylon textile with hierarchical struc-
tures that consists of core-sheath fibers and twisted 
double-helix yarns for piezoresistive pressure sen-
sor with response time of 2  ms and durability of 
6000 cycles. The light weight, porous structures, 
mature production technologies, intrinsic breatha-
bility, and good tactile feel also make textiles flour-
ishing in supercapacitors (Li et  al. 2021; Zhang 
et  al. 2019), triboelectric nanogenerators (Mao 
et al. 2021), heaters (Tian et al. 2021), etc. Endow-
ing textiles with great conductivity is a prerequi-
site for them to be applied in those above devices. 
Textiles can be composited with conductive mate-
rials to realize corresponding functions. Metals 
(Ag nanoparticles (AgNPs) (Horev et  al. 2021), 
Ag nanowires (AgNWs) (Zhao et al. 2021a, b), Cu 
nanoparticles (CuNPs) (Chen et  al. 2021)), carbon 
materials (reduced graphene oxide (RGO) (Li et al. 

Keywords Conductive fabric · Polypyrrole · 
Heater · Strain sensor · Electrode

Introduction

The rapid development of wearable electronic devices 
(e.g. smart clothing, watches, and wristbands) from 
the initial scratch to the present vibrant researches 
has been witnessed by the times, which stimulates 
the study of flexible sensors, energy storage devices, 
soft robots, and enables the revolution of internet 
of things, healthcare, and even daily life (Lee et  al. 
2021; Ge et  al. 2021; Yang et  al. 2020). Their suc-
cessful realization is largely affected and constrained 
by the materials. Elastomers like polydimethylsilox-
ane (PDMS) (Zhao et  al. 2021a, b) and thermoplas-
tic polyurethane (TPU) (Zhang et  al. 2021) are still 
mainstream matrix materials for the flexible elec-
tronics. New matrix materials such as polystyrene-
block-polyisoprene-block-polystyrene elastomer 
(Horev et al. 2021) have also been developed recently. 
However, the poor biocompatibility (possibly induc-
ing skin allergy), unsatisfied homogeneity (between 
conductive materials and matrix), and inevitable 
asynchronization (causing peeling off and inexact 
signals) restrict their wearable applications (Ge et al. 
2021). Hydrogel-based electronics with suitable 
Young’s modulus, high biocompatibility, and stimuli-
responsiveness can address the above problems (Ge 
et  al. 2021), but their integration of adhesiveness, 
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2021), carbon nanotube (CNT) (Ma et  al. 2021), 
carbon fibers (Tian et  al. 2021)), MXene (Zhang 
et  al. 2021), and conducting polymers (polyaniline 
(PANI) (Li et  al. 2021), polypyrrole (PPy) (Yang 
et  al. 2020), poly(3,4-ethylenedioxythiophene) 
(PEDOT) (Alhashmi Alamer et al. 2019)) are quin-
tessential conductive materials. Among them, con-
ducting polymers due to tunable synthesis, versatile 
multiscale processability, good flexibility, and low 
cost can composite with textiles easily (Horev et al. 
2021; Bonacchini and Omenetto 2021; Liu et  al. 
2021). With great conjugated system and satisfied 
pseudocapacitive capacitance, PPy is capable of 
conducting and energy-storing simultaneously, thus 
becoming an attractive functional material (Naskar 
et al. 2021).

Cotton fabric (CF), rich in natural cellulose 
that comprises abundant O-contained groups, is 

considered as an ideal substrate for conductive pol-
ymers (Alhashmi Alamer et  al. 2019; Islam et  al. 
2020). In this study, a versatile conductive PPy/CF 
(PCF) with great functions of sensing, electrother-
mal heating, anti-wettability, and energy-storing 
was fabricated via in-situ polymerization of pyr-
role on the knitted network substrate (cotton fabric). 
The amount-dependent growing mechanism of PPy 
is studied according to the PPy mass loading and 
morphologies. The prepared PCF exhibits a varied 
resistance during stretching, and performs a fast 
response time (110  ms) and great durability (over 
10,000 cycles), thus presenting excellent monitor-
ing capability for the movements of back, finger, 
wrist, and knee. We hypothesize that the resistance 
variation of PCF is due to the separation of knit-
ted loops and tightness change of the loops induced 
by stretching. Response current and morphology 

Fig. 1  Illustration scheme of amount-dependent growing mechanism of PPy on cotton fibers at low and high concentrations of pyr-
role, and FE-SEM images of PCF based on different pyrrole concentrations
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images of PCF during stretching are combined to 
investigate the resistance variation mechanism. 
Besides, an increased PPy mass loading contributes 
to a better conductivity of PCF but restricts the ion 
diffusion, resulting in a lower capacitance. Reaction 
kinetics analyzation has been conducted accord-
ing to the cyclic voltammetry tests, which indicates 
that diffusion-controlled process is dominant for the 
capacitance of PCF. The PCF electrode exhibits a 
gravimetric capacitance of 277.8 F  g−1 at 0.46 A 
 g−1 and maintains 183.9 F  g−1 at 2.30 A  g−1. The 
excellent performance demonstrates a great poten-
tial of PCF in portable and wearable devices.

Results and discussion

Morphology and amount-dependent growing 
mechanism of PPy

The FE-SEM images (Fig. S1) show that smooth 
CF fibers are covered by the dense accumulated 
granules. The chemical structures of the CF and the 
granules-covered CF are characterized by FTIR (Fig. 
S2), which indicates that PPy deposits on CF fib-
ers successfully. As the deposited PPy layer affects 
the performance such as conductance of prepared 
PCF significantly, the relationship between pyr-
role concentration, surface morphologies of result-
ant PCF, PPy mass loading, and resistance of PCF 

is investigated. The shape of PPy granules has an 
increasing trend as the monomer concentration rises 
(Fig. S3). To make this trend readily understandable, 
Fig. 1 shows the two situations of PPy growing at low 
and high monomer concentrations. When the pyrrole 
concentration is relatively low, in-situ polymerization 
of the monomers occurs in a spacious environment, 
and small PPy granules are formed. While in the high 
concentration of pyrrole, surrounding for PPy gran-
ules becomes crowded (because more PPy granules 
are formed), which results in the accumulation of 
these PPy granules, shaping a bigger granule, and 
forming a membrane ultimately. Besides, thanks to 
the hydrogen bond between H atom of pyrrole N and 
O atom in cellulose O–H, and π-π stacking between 
pyrrole rings, the mass of PPy can be enhanced at 
higher monomer concentrations. 

Resistance of PCF measured by different methods

The mass of PPy on PCF indeed rises from 1.07 to 
4.47  mg   cm−2 as pyrrole concentration is expanded 
from 5.0 to 15.0 g  L−1 (Fig. 2). The sheet resistance 
of PCF decreases from 5175.1 to 60.5 Ω  sq−1 accord-
ingly, because enhanced PPy loading allows much 
more electrons to transport simultaneously. PCF 
based on 15.0 g  L−1 pyrrole was used for subsequent 
tests. Constant voltages and linear sweep voltages are 
applied on the PCF to test its responsive current and 
calculate its resistance (Fig. S4). The stable currents 
in Fig. S4a, S4c, and S4d indicate good conducting 
stability of PCF. The calculated resistances of PCF 
(4  cm × 1  cm) at various voltages are nearly same 
(Fig. S4b), and the average value of them is 48.26 
Ω (12.07 Ω  cm−1). According to the relationship 
between abscissa and ordinate in Fig. S4c, the slope 
of the fitting curve represents the reciprocal of resist-
ance; therefore, the resistance of PCF tested by linear 
sweep voltammetry is 48.34 Ω (12.09 Ω  cm−1). The 
fitting curves for the resistances of PCF with differ-
ent lengths measured by electrochemical workstation 
(Fig. S4e) and digital precision multimeter (Fig. S4f) 
present slopes of 11.74 and 12.31 Ω  cm−1, respec-
tively. These similar values originated from different 
measurements determine that the resistance of PCF 
per unit length is around 12.05 Ω  cm−1. 

Fig. 2  PPy mass loading and sheet resistance of PCF prepared 
with different concentrations of pyrrole
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Sensing performance and resistance variation 
mechanism

The polyurethane composition and serpentine yarn 
structure confer the whole textile stretchability. After 
the deposition of PPy, PCF (prepared with 15.0 g  L−1 
pyrrole) shows a lower breaking strain but exhibits 
an elastic modulus of 2.645  MPa that is 2.5 times 
higher than CF substrate (0.748 MPa) during 0–120% 
strain (Fig.  3a). Possibly because the durability of 
cotton (CF substrate) to acid solution  (FeCl3) is not 
good enough, which causes a lower breaking strain 
for PCF. Meanwhile, as successive and dense PPy 
membrane coats on the CF fibers, PCF possesses a 
higher stress than the CF substrate. Response time is 
an important index for sensors that reflects the speed 

of signal generation. PCF exhibits a response time of 
110  ms for 5% strain (Fig.  3b), which is faster than 
some reported materials: Pt/PDMS (120.4 ms) (Kim 
et  al. 2020), gum/NaCl (297  ms) (Cheng and Wu 
2021), and PAAm/CMC ionic semi-interpenetrat-
ing network hydrogels (360  ms) (Zhu et  al. 2020). 
A great sensing stability in repeated stretching-
recovering process is also required by the stretch-
ing sensor, which determines their service duration. 
A sequent stretching-recovering process is carried 
out to test the sensing stability of PCF (Fig. 3c). The 
resistance of PCF has a rising phase and decreasing 
phase during stretching process, and a correspond-
ing symmetry change occurs for the recovering pro-
cess. After 10,000 times of cycles, the resistance of 
PCF still maintains this variated trend, indicating its 

Fig. 3  a Stress–strain curves (100  mm   min−1). b Response 
time of PCF (5% strain, 800  mm   min−1). c Cycling tensile 
tests of PCF (30% strain, 200 mm   min−1), the optical images 
are PCF before and after 10,000 tensile cycles. d Tensile tests 
of straightened PCF for another 2000 cycles after the 10,000 

cycles in (c). e Resistance of PCF after thousands of stretching 
to 30%, and FE-SEM images of PCF before and after 10,000 
times of stretching (30% strain). Applications of PCF in detect-
ing joints bending: f back, g finger, h wrist, and i knee
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long-time service capability. PCF is gradually elon-
gated owing to its internal irreversible deformation, 
which causes an increasing resistance and a nar-
rower variation interval of ΔR/R0 (cycle 8991–9000 

compared with cycle 1001–1010). The average GF 
value also rises from 2.96 (cycle 1001–1010) to 4.57 
(cycle 8991–9000) in the strain range of 0–30%. 
After straightened, PCF exhibits a broader variation 

Fig. 4  SEM images of PCF 
stretched to 0%, 5%, 20%, 
and 40% strains at a low 
and b high magnifications. 
c Illustration scheme of 
electron transfer path during 
stretching

Fig. 5  Electrothermal performance of PCF (15.0  g  L−1 pyr-
role): a Time-dependent temperature curves of PCF at 16  V. 
b Resistance of PCF before burning out. c Time-dependent 
temperature curves of PCF at different voltages for 10 cycles. 

d Heating power density. Time-dependent temperature curves 
of PCF e at different strains (8 V), f after thousands of stretch-
ing to 30% (8 V). (The presented temperatures are terminally 
measured, and the relative humidity (RH) is around 61%.)
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interval with average GF value of 2.05 (Fig. 3d). As 
cycles continue, the GF value increases to 3.83. Dur-
ing the repeated stretching, some PPy granules fall 
off and fiber crack occurs (Fig. 3e), which have nega-
tive effects on the electron transport and lead to the 
increased resistance of PCF. With changeable resist-
ance, PCF can be used as strain sensor to detect body 
movements. Figure  3f displays evident signals for 
three times of back bending. As back bending induces 
less strain of PCF, the ΔR/R0 presents a major upward 
trend followed by only a slight decrease during bend-
ing process. While for the fingers, wrist, and knee that 
bend prominently, a significant drop of ΔR/R0 appears 
(Fig. 3g–i). As shown in Fig. 3g, the PCF sensor that 
monitors index finger and middle finger has differ-
ent signals when the gesture expresses number “1” 
and “3”, but shows similar signals when the gesture 
expresses number “6” and “7”, which depends on the 
bending degree of the two fingers. The signal for once 
jumping has two downward peaks because taking off 
and landing cause twice knee bending. These results 
demonstrate that PCF has excellent detective capabil-
ity for the body movements.

To investigate the mechanism of resistance vari-
ation, we study the morphologies of PCF at strains 
of 0%, 5%, 20%, and 40% (Fig.  4). In the whole 
stretching process, both loops and sinker loops sep-
arate from each other in course direction (stretch-
ing direction) gradually, but the yarns of these loops 
become tightened (Fig. 4a and b). During the above 
structure changes, the electron transport path alters 
in the loops, which gives rise to the resistance vari-
ation. Generally, electron has two paths to transport: 
(1) moving along the fibers and outlining many loop 
shapes, (2) skipping between fibers to reduce the 
transport journey, especially from sinker loop 1 to 
sinker loop 2 (Fig. 4c). However, the skipping oppor-
tunity between the loops and between the sinker loops 
reduces as strain increases, which decreases the num-
ber of fast electron transfer paths. Therefore, much 
more electrons have to transport along fibers, result-
ing in a lengthened journey and a raised resistance. 
As strain becomes higher, the stretching causes the 
intertwined fibers in yarns to approach each other, 
contributing to more the skipping between fibers, and 
leading to a drop of resistance.

Electrothermal performance

As a conductive textile, PCF can also be used as 
wearable heaters. The low resistance endows PCF 
(prepared with 15.0  g  L−1 pyrrole) with great elec-
trothermal effects, which possesses an electrothermal 
temperature of 191.5 °C at voltage of 16 V (Fig. 5a). 
However, such a high temperature gives rise to the 
degradation of PPy (Jan et al. 2021) and burning out 
of PCF that emits black smoke (the inset photo in 
Fig.  5a). The TG curves in Fig. S5a shows that the 
mass of PPy powder decreases all the time even after 
the complete loss of water, indicating the degrada-
tion of PPy. Thus PCF (containing PPy) has a more 
obvious mass decrease than CF substrate between 
100 and 200 °C. According to the monitored current, 
the resistance of PCF during the electrothermal pro-
cess can be tracked (Fig. 5b), where the resistance of 
PCF decreases from 82 to 62 Ω in the temperature 
increasing process, then the resistance rises to 96 Ω in 
the temperature drop process, and finally, the resist-
ance rapidly grows because PCF burns out. This is 
because higher temperature excites more electrons 
to transport, while the degradation of PPy at higher 
temperature reduces the transport path. The voltage 
of 4  V and 8  V (Fig.  5c) guarantees a temperature 
about 35.5 °C and 80.0 °C, respectively. The tempera-
tures are comparable with some reported materials: 
reduced graphene oxide/electrochemically exfoliated 
graphene hybrid films (83.2  °C, 30  V) (Sun et  al. 
2018), MXene heater (46.7  °C, 25  V) (Park et  al. 
2019), PPy/β-FeOOH/nylon (59 °C, 8 V) (Wang et al. 
2022). The heating power densities of PCF are 0.042, 
0.169, 0.380, and 0.752 W  cm−2 at 4, 8, 12, and 16 V, 
respectively (Fig. 5d). As shown in Fig. 4, stretching 
separates loops and simultaneously leaves many holes 
that assist heat dissipation; hence, the electrothermal 
temperature of PCF decreases to 68.7 °C and 62.8 °C 
at 20% and 40% strain, respectively (Fig.  5e). After 
thousands of stretching, PCF still exhibits an electro-
thermal temperature above 43.1  °C (Fig.  5f), meet-
ing the heat source requirement of normal wearable 
applications. PCF is also able to hold a continuous 
electrothermal heating for eight days with a tempera-
ture retention of 43.8% (Fig. S5b). When serving as 
a wearable heater, PCF can be given a varied voltage 
to adjust the temperature to a comfortable range for 
human body.
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Electrochemical performance

Loading energy-storing PPy, PCF can also serve as 
electrode for supercapacitors. As is known that elec-
trochemical process is originated from the reaction 
between electrode and electrolyte-ions, sufficient 
contact of them contributes to a better reaction pro-
cess. All the PCF (prepared with different pyrrole 
concentrations) exhibit a contact angle above 140° 
(Fig. S6a). The hydrophobicity can be maintained 
even when PCF is stretched to 50% strain (Fig. S6b). 
PCF also shows great anti-wettability to the droplets 
of HCl solution, NaCl solution, cola, and milk, only 

penetrated by NaOH solution and coffee (Fig. S6c). 
The anti-wettability may be beneficial to the self-
clean of PCF when it serves as sensor and heater, but 
this property is adverse to the electrochemical perfor-
mance of PCF extremely. The problem can be solved 
via ethanol penetrating, because PCF after wetted by 
ethanol possesses lower surface energy for the per-
meation of electrolyte. While for the PCF without 
treatment of ethanol, a bubble wall layer forms on the 
PCF surface, which hinders the permeation of elec-
trolyte (Fig. S7a). Compared with PCF that is treated 
by ethanol, PCF without the treatment shows poor 

Fig. 6  Electrochemical performance of PCF electrodes: a CV 
curves, b capacitances, and c gravimetric capacitances at dif-
ferent scan rates; d percentage and e capacitance of diffusion-
controlled and capacitive contribution for PCF (12.5 g  L−1 pyr-

role); (f) Nyquist plot of PCF (12.5 g  L−1 pyrrole), the insets 
are enlarged view of high-frequency region and equivalent cir-
cuit; (g) GCD curves at 5 mA, (h) capacitances, and (i) gravi-
metric capacitances at different currents
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GCD curves and electrochemical performance (Fig. 
S7b–e).

In addition to good wettability, sufficient ion dif-
fusion is another key factor for electro-active mate-
rial exhibiting superior electrochemical performance. 
To study the diffusion-controlled behavior, CV and 
EIS are carried out. PCF based on 12.5  g  L−1 pyr-
role shows larger CV loops at each scan rate, pos-
sesses higher capacitances (823.5–142.0 mF at 
5–100 mV  s−1) than other samples, and presents mod-
erate gravimetric capacitances (189.3–32.6 F  g−1 at 
5–100 mV  s−1) (Fig. 6a–c and Fig. S8). PCF based on 
5.0 g  L−1 pyrrole shows a relatively high gravimetric 
capacitance; however, its real capacitance (Fig. 6b) is 
very low. Although PCF based on 15.0 g  L−1 pyrrole 

has a higher conductivity, its heavier PPy loading and 
bigger granular shape slow down the ion diffusion 
(Naskar et  al. 2021). According to the analyzation 
of reaction kinetics, the adjustable parameter b (Fig. 
S9a) is around 0.55 at potential from 0.4 to 0.7  V, 
which indicates that dominant contribution in PCF 
is diffusion-controlled process. The capacitive cur-
rent at each scan rate has been plotted (Fig. S9b–f), 
and the capacitance contributions are presented in 
Fig.  6d. The capacitances of diffusion-controlled 
and capacitive part have also been calculated based 
on their percentage and total capacitance, where the 
capacitances originated from capacitive process are 
nearly same at different scan rates (Fig. 6e). However, 
the capacitance of diffusion-controlled part decreases 

Fig. 7  Electrochemical 
performance of symmetric 
PCF (12.5 g  L−1 pyrrole) 
supercapacitor: a CV curves 
and b gravimetric capaci-
tance; c GCD curves and 
d gravimetric capacitance; 
e Ragone plots; f Cyclic 
stability
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at higher scan rates because less ions can keep pace 
with the electrochemical process. Nyquist plot of the 
PCF electrode is shown in Fig.  6f, with an equiva-
lent circuit comprising equivalent series resistance 
(Rs, 4.23 Ω), charge transfer resistance for capacitive 
process (Rct1, 0.86 Ω), charge transfer resistance for 
diffusion-controlled process (Rct2, 1.55 Ω), and three 
constant phase elements (CPE1 (n = 0.572), CPE2 
(n = 0.739), CPE3 (n = 0.749)). PCF electrode (pre-
pared with 12.5 g  L−1 pyrrole) also presents less IR 
drop and longer discharging time among prepared 
samples (Fig.  6g and Fig. S10), implying lower 
inner resistance, more de-embedding ions and higher 
capacitances in its energy release process. The PCF 
(1 cm × 0.5 cm) possesses the highest capacitance of 
1208.3 mF at 2 mA (277.8 F  g−1 at 0.46 A  g−1), and 
maintains 800.0 mF at 10 mA (183.9 F  g−1 at 2.30 A 
 g−1) (Fig. 6h and i), which outperforms some reported 
composite electrodes:  Fe2O3@PPy/carbon cloth (237 
mF  cm−2 at 1  mA   cm−2) (Wang et  al. 2021a, b), 
PPy/hydrohausmannite/carbon cloth (183 F  g−1 at 
0.5 A  g−1) (Zhuang et  al. 2021), PPy/carbon cloth 
(34.7 F  g−1 at 0.4 A  g−1) (Vannathan et  al. 2020), 
 Ti3C2@PPy (121.03 F  g−1 at 1 A  g−1) (Vaghasiya 
et  al. 2021), PPy/Ni-CAT MOF (1050 mF  cm−2 at 
0.5  mA   cm−2) (Yue et  al. 2021), PPy/electrochemi-
cal graphene oxide (595.8 mF  cm−2 at 0.5 mA  cm−2) 
and PPy (84.3 mF  cm−2 at 0.5  mA   cm−2, 56.9 mF 
 cm−2 at 10  mA   cm−2) (Yang et  al. 2021). The CV 
loops in Fig. 7a are used to calculate the gravimetric 
capacitances of the symmetric PCF supercapacitor, 
which shows a decreasing trend from 46.7 to 7.6 F 
 g−1 (Fig.  7b). The nearly symmetric triangle shapes 
of GCD curves (Fig.  7c) manifest that the electro-
chemical process has good reversibility. The PCF 
supercapacitor possesses gravimetric capacitances 
of 55.0–39.5 F  g−1 at 1–5  mA (0.23–1.15 A  g−1) 
(Fig. 7d), with energy density of 2.40–4.54 Wh  kg−1 
and power density of 157.32–42.70 W  kg−1 (Fig. 7e). 
Besides, PCF supercapacitor maintains a capacitance 
retention of 100%, 94.4%, 88.9%, 77.8%, and 55.6% 
(Fig. 7f) after 1000, 2000, 5000, 10,000, and 20,000 
GCD cycles, which is higher than activated carbon/Ni 
foam//Ni3S2@PPy/Ni foam (87.7% after 2000 cycles) 
(Ren et al. 2021), Zn//PPy/electrochemical graphene 
oxide (81% after 5000 cycles) (Yang et al. 2021), and 
PPy@NiTi//PPy@NiTi (71.6% after 10,000 cycles) 
(Zhao et al. 2021a, b).

Conclusions

In summary, a stretchable and conductive cotton 
(PCF) with great strain-sensing capability, electro-
thermal function, and electrochemical performance 
is fabricated successfully. As pyrrole concentration 
increases, the granular PPy with small sizes accumu-
late into bigger ones, and further form a membrane 
layer. PCF prepared with 15.0 g  L−1 pyrrole possesses 
a high PPy loading (4.47  mg   cm−2) and low sheet 
resistance (60.5 Ω  sq−1). The low resistance confers 
PCF satisfied electrothermal performance, but high 
voltages will cause obvious decrease of tempera-
ture (at 12 V) and even burn out the PCF (at 16 V). 
Eight volt is a moderate voltage for PCF and induces 
a temperature of 80.0  °C (0% strain), 68.7  °C (20% 
strain), and 62.8  °C (40% strain). Besides, PCF can 
hold a continuous electrothermal heating for eight 
days with a temperature retention of 43.8%. The yarn 
structure of PCF has separation and tightening pro-
cesses during stretching, which results in an increas-
ing–decreasing variation of resistance. PCF exhib-
its short response time (110  ms), long-term sensing 
capability (over 10,000 cycles), and successful moni-
toring for bending-recovering movements of back, 
finger, wrist, and knee. The good anti-wettability to 
droplets (HCl solution, NaCl solution, cola, and milk) 
may be beneficial to the self-clean of PCF heater and 
sensor, but adverse to the permeation of electrolyte 
in electrochemical process. Ethanol wetting is a good 
way to solve this problem, and thus PCF possesses 
capacitances of 823.5 mF (189.3 F  g−1) at 5 mV  s−1 
and 1208.3 mF at 2 mA (277.8 F  g−1 at 0.46 A  g−1). 
Analyzation of reaction kinetics indicates that domi-
nant capacitance contribution in PCF derives from 
diffusion-controlled process. And a capacitance reten-
tion of 55.6% is maintained by the symmetric PCF 
supercapacitor after 20,000 GCD cycles. The excel-
lent performance implies that the fabricated PCF has 
great potential in wearable electronics for soft robots, 
health monitoring systems, heaters, and energy stor-
age devices.

Experimental section

The fabrication of PCF has been reported in our 
previous works (Wang et  al. 2020). The detailed 
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fabricating processes, characterization methods 
(for morphologies, chemical structures, resistance 
measurements, electromechanical and sensing tests, 
electrothermal heating tests, electrochemical tests) 
and calculations (for resistance, sensitivity, gravi-
metric capacitance, energy/power density and reac-
tion kinetics) have been presented in Supplementary 
Information.

Acknowledgments This work was supported by the National 
Natural Science Foundation of China (21975107), Natural Sci-
ence Foundation of Jiangsu Province (SBK2019020945), and 
China Scholarship Council (No. 202006790090).

Author contributions Conceptualization: BW; Methodol-
ogy: BW; Validation: BW, JP, WH; Formal analysis: BW, JP, 
WH, YY, CW; Investigation: BW, JP; Data Curation: BW, 
CW; Writing-Original Draft: BW; Visualization: BW; Fund-
ing acquisition: BW, YY, CW; Writing-Review & Editing: YY, 
CW; Supervision: CW; Project administration: CW.

Funding The authors have not disclosed any funding.

Declarations 

Conflict of interest The authors have no relevant financial or 
non-financial interests to disclose.

References

Alhashmi Alamer F, Badawi NM, Alodhayb A, Okasha RM, 
Kattan NA (2019) Effect of dopant on the conductivity 
and stability of three different cotton fabrics impregnated 
with PEDOT:PSS. Cellulose 27(1):531–543. https:// doi. 
org/ 10. 1007/ s10570- 019- 02787-1

Bonacchini GE, Omenetto FG (2021) Reconfigurable micro-
wave metadevices based on organic electrochemical tran-
sistors. Nature Electron 4(6):424–428. https:// doi. org/ 10. 
1038/ s41928- 021- 00590-0

Chen J, Zhang J, Hu J, Luo N, Sun F, Venkatesan H et  al 
(2021) Ultrafast-response/recovery flexible piezoresistive 
sensors with dna-like double helix yarns for epidermal 
pulse monitoring. Adv Mater 34(2):2104313. https:// doi. 
org/ 10. 1002/ adma. 20210 4313

Cheng B, Wu P (2021) Recycled iontronic from discarded 
chewed gum for personalized healthcare monitoring and 
intelligent information encryption. ACS Appl Mater Inter-
faces 13(5):6731–6738. https:// doi. org/ 10. 1021/ acsami. 
1c004 02

Ge G, Wang Q, Zhang YZ, Alshareef HN, Dong X (2021) 3D 
printing of hydrogels for stretchable ionotronic devices. 
Adv Funct Mater 31(52):2107437. https:// doi. org/ 10. 
1002/ adfm. 20210 7437

Horev YD, Maity A, Zheng Y, Milyutin Y, Khatib M, Yuan M 
et al (2021) Stretchable and highly permeable nanofibrous 

sensors for detecting complex human body motion. Adv 
Mater 33(41):2102488. https:// doi. org/ 10. 1002/ adma. 
20210 2488

Islam GMN, Ali A, Collie S (2020) Textile sensors for 
wearable applications: a comprehensive review. Cel-
lulose 27(11):6103–6131. https:// doi. org/ 10. 1007/ 
s10570- 020- 03215-5

Jan T, Ahmad Rizvi M, Moosvi SK, Najar MH, Husain Mir S, 
Peerzada GM (2021) A switching-type positive tempera-
ture coefficient behavior exhibited by PPy/(PhSe)2 nano-
composite prepared by chemical oxidative polymerization. 
ACS Omega 6(11):7413–7421. https:// doi. org/ 10. 1021/ 
acsom ega. 0c057 99

Kim KH, Nguyen TM, Ha SH, Choi EJ, Kim Y, Kim WG 
et  al (2020) M13 bacteriophage-assisted morphological 
engineering of crack-based sensors for highly sensitive 
and wide linear range strain sensing. ACS Appl Mater 
Interfaces 12(40):45590–45601. https:// doi. org/ 10. 1021/ 
acsami. 0c133 07

Lee YG, Lee J, An GH (2021) Surface engineering of carbon 
via coupled porosity tuning and heteroatom-doping for 
high-performance flexible fibrous supercapacitors. Adv 
Funct Mater 31(48):2104256. https:// doi. org/ 10. 1002/ 
adfm. 20210 4256

Li X, Yuan L, Liu R, He H, Hao J, Lu Y et al (2021) Engineer-
ing textile electrode and bacterial cellulose nanofiber rein-
forced hydrogel electrolyte to enable high-performance 
flexible all-solid-state supercapacitors. Adv Energy Mater 
11(12):2003010. https:// doi. org/ 10. 1002/ aenm. 20200 3010

Liu Q, Qiu J, Yang C, Zang L, Zhang G, Sakai E et  al (2021) 
Robust quasi-solid-state integrated asymmetric flexible 
supercapacitors with interchangeable positive and nega-
tive electrode based on all-conducting-polymer electrodes. 
J Alloys Compd 887:161362. https:// doi. org/ 10. 1016/j. jallc 
om. 2021. 161362

Ma J, Pu H, He P, Zhao Q, Pan S, Wang Y et al (2021) Robust 
cellulose-carbon nanotube conductive fibers for electrical 
heating and humidity sensing. Cellulose 28(12):7877–7891. 
https:// doi. org/ 10. 1007/ s10570- 021- 04026-y

Mao Y, Li Y, Xie J, Liu H, Guo C, Hu W (2021) Triboelectric 
nanogenerator/supercapacitor in-one self-powered textile 
based on PTFE yarn wrapped PDMS/MnO2NW hybrid 
elastomer. Nano Energy 84:105918. https:// doi. org/ 10. 
1016/j. nanoen. 2021. 105918

Naskar P, Maiti A, Chakraborty P, Kundu D, Biswas B, Baner-
jee A (2021) Chemical supercapacitors: a review focusing 
on metallic compounds and conducting polymers. J Mater 
Chem A 9(4):1970–2017. https:// doi. org/ 10. 1039/ d0ta0 
9655e

Park TH, Yu S, Koo M, Kim H, Kim EH, Park J-E et al (2019) 
Shape-adaptable 2D titanium carbide (MXene) heater. ACS 
Nano 13(6):6835–6844. https:// doi. org/ 10. 1021/ acsna no. 
9b016 02

Ren J, Shen M, Li Z, Yang C, Liang Y, Wang H-E et al (2021) 
Towards high-performance all-solid-state asymmetric super-
capacitors: a hierarchical doughnut-like  Ni3S2@PPy core−
shell heterostructure on nickel foam electrode and density 
functional theory calculations. J Power Sources 501:230003. 
https:// doi. org/ 10. 1016/j. jpows our. 2021. 230003

Sun H, Chen D, Ye C, Li X, Dai D, Yuan Q et  al (2018) 
Large-area self-assembled reduced graphene oxide/

https://doi.org/10.1007/s10570-019-02787-1
https://doi.org/10.1007/s10570-019-02787-1
https://doi.org/10.1038/s41928-021-00590-0
https://doi.org/10.1038/s41928-021-00590-0
https://doi.org/10.1002/adma.202104313
https://doi.org/10.1002/adma.202104313
https://doi.org/10.1021/acsami.1c00402
https://doi.org/10.1021/acsami.1c00402
https://doi.org/10.1002/adfm.202107437
https://doi.org/10.1002/adfm.202107437
https://doi.org/10.1002/adma.202102488
https://doi.org/10.1002/adma.202102488
https://doi.org/10.1007/s10570-020-03215-5
https://doi.org/10.1007/s10570-020-03215-5
https://doi.org/10.1021/acsomega.0c05799
https://doi.org/10.1021/acsomega.0c05799
https://doi.org/10.1021/acsami.0c13307
https://doi.org/10.1021/acsami.0c13307
https://doi.org/10.1002/adfm.202104256
https://doi.org/10.1002/adfm.202104256
https://doi.org/10.1002/aenm.202003010
https://doi.org/10.1016/j.jallcom.2021.161362
https://doi.org/10.1016/j.jallcom.2021.161362
https://doi.org/10.1007/s10570-021-04026-y
https://doi.org/10.1016/j.nanoen.2021.105918
https://doi.org/10.1016/j.nanoen.2021.105918
https://doi.org/10.1039/d0ta09655e
https://doi.org/10.1039/d0ta09655e
https://doi.org/10.1021/acsnano.9b01602
https://doi.org/10.1021/acsnano.9b01602
https://doi.org/10.1016/j.jpowsour.2021.230003


8000 Cellulose (2022) 29:7989–8000

1 3
Vol:. (1234567890)

electrochemically exfoliated graphene hybrid films for trans-
parent electrothermal heaters. Appl Surf Sci 435:809–814. 
https:// doi. org/ 10. 1016/j. apsusc. 2017. 11. 182

Tian T, Wei X, Elhassan A, Yu J, Li Z, Ding B (2021) Highly 
flexible, efficient, and wearable infrared radiation heating 
carbon fabric. Chem Eng J 417:128114. https:// doi. org/ 10. 
1016/j. cej. 2020. 128114

Vaghasiya JV, Mayorga-Martinez CC, Pumera M (2021) Smart 
energy bricks:  Ti3C2@polymer electrochemical energy 
storage inside bricks by 3D printing. Adv Funct Mater 
31(48):2106990. https:// doi. org/ 10. 1002/ adfm. 20210 6990

Vannathan AA, Maity S, Kella T, Shee D, Das PP, Mal SS 
(2020) In  situ vanadophosphomolybdate impregnated into 
conducting polypyrrole for supercapacitor. Electrochim 
Acta 364:137286. https:// doi. org/ 10. 1016/j. elect acta. 2020. 
137286

Wang B, Cheng H, Zhu J, Yuan Y, Wang C (2020) A flexible 
and stretchable polypyrrole/knitted cotton for electrothermal 
heater. Org Electron 85:105819. https:// doi. org/ 10. 1016/j. 
orgel. 2020. 105819

Wang B, Dai L, Hunter LA, Zhang L, Yang G, Chen J et  al 
(2021a) A multifunctional nanocellulose-based hydrogel for 
strain sensing and self-powering applications. Carbohydr 
Polym 268:118210. https:// doi. org/ 10. 1016/j. carbp ol. 2021. 
118210

Wang Y, Du Z, Xiao J, Cen W, Yuan S (2021b) Polypyrrole-
encapsulated  Fe2O3 nanotube arrays on a carbon cloth sup-
port: achieving synergistic effect for enhanced supercapaci-
tor performance. Electrochim Acta 386:138486. https:// doi. 
org/ 10. 1016/j. elect acta. 2021. 138486

Wang B, Peng J, Yang K, Cheng H, Yin Y, Wang C (2022) Mul-
tifunctional textile electronic with sensing, energy storing, 
and electrothermal heating capabilities. ACS Appl Mater 
Interfaces 14(19):22497–22509. https:// doi. org/ 10. 1021/ 
acsami. 2c067 01

Yang S, Sun L, An X, Qian X (2020) Construction of flexible 
electrodes based on ternary polypyrrole@cobalt oxyhydrox-
ide/cellulose fiber composite for supercapacitor. Carbohydr 
Polym 229:115455. https:// doi. org/ 10. 1016/j. carbp ol. 2019. 
115455

Yang J, Cao J, Peng Y, Bissett M, Kinloch IA, Dryfe RAW 
(2021) Unlocking the energy storage potential of polypyr-
role via electrochemical graphene oxide for high 

performance zinc-ion hybrid supercapacitors. J Power 
Sources 516:230663. https:// doi. org/ 10. 1016/j. jpows our. 
2021. 230663

Yue T, Douka AI, Qi K, Qiu Y, Guo X, Xia BY (2021) Flexible 
and hollow polypyrrole foam with high loading of metal–
organic framework nanowires for wearable supercapacitors. 
J Mater Chem A 9(38):21799–21806. https:// doi. org/ 10. 
1039/ D1TA0 5330B

Zhang C, Tian J, Rao W, Guo B, Fan L, Xu W et  al (2019) 
Polypyrrole@metal-organic framework (UIO-66)@
cotton fabric electrodes for flexible supercapacitors. 
Cellulose 26(5):3387–3399. https:// doi. org/ 10. 1007/ 
s10570- 019- 02321-3

Zhang L, Zhang S, Wang C, Zhou Q, Zhang H, Pan GB (2021) 
Highly sensitive capacitive flexible pressure sensor based on 
a high-permittivity MXene nanocomposite and 3D network 
electrode for wearable electronics. ACS Sensors 6(7):2630–
2641. https:// doi. org/ 10. 1021/ acsse nsors. 1c004 84

Zhao XF, Wen XH, Zhong SL, Liu MY, Liu YH, Yu XB et al 
(2021a) Hollow MXene sphere-based flexible e-skin for 
multiplex tactile detection. ACS Appl Mater Interfaces 
13(38):45924–45934. https:// doi. org/ 10. 1021/ acsami. 1c069 
93

Zhao Z, Liu Q, Zang L, You H, Zhang J, Wang X et al (2021b) 
In situ growth of submicron polypyrrole on NiTi alloy wire 
as electrodes for recoverable and flexible quasi-solid-state 
supercapacitors. J Alloys Compd 888:161646. https:// doi. 
org/ 10. 1016/j. jallc om. 2021. 161646

Zhu T, Cheng Y, Cao C, Mao J, Li L, Huang J et al (2020) A 
semi-interpenetrating network ionic hydrogel for strain sens-
ing with high sensitivity, large strain range, and stable cycle 
performance. Chem Eng J 385:123912. https:// doi. org/ 10. 
1016/j. cej. 2019. 123912

Zhuang Y, Niu Q, Wu W, Yan D, Huang J, Peng S et al (2021) 
Enhanced supercapacitive properties of hydrohausman-
nite by in-situ polymerization of polypyrrole. Electrochim 
Acta 376:137989. https:// doi. org/ 10. 1016/j. elect acta. 2021. 
137989

Publisher’s Note Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.1016/j.apsusc.2017.11.182
https://doi.org/10.1016/j.cej.2020.128114
https://doi.org/10.1016/j.cej.2020.128114
https://doi.org/10.1002/adfm.202106990
https://doi.org/10.1016/j.electacta.2020.137286
https://doi.org/10.1016/j.electacta.2020.137286
https://doi.org/10.1016/j.orgel.2020.105819
https://doi.org/10.1016/j.orgel.2020.105819
https://doi.org/10.1016/j.carbpol.2021.118210
https://doi.org/10.1016/j.carbpol.2021.118210
https://doi.org/10.1016/j.electacta.2021.138486
https://doi.org/10.1016/j.electacta.2021.138486
https://doi.org/10.1021/acsami.2c06701
https://doi.org/10.1021/acsami.2c06701
https://doi.org/10.1016/j.carbpol.2019.115455
https://doi.org/10.1016/j.carbpol.2019.115455
https://doi.org/10.1016/j.jpowsour.2021.230663
https://doi.org/10.1016/j.jpowsour.2021.230663
https://doi.org/10.1039/D1TA05330B
https://doi.org/10.1039/D1TA05330B
https://doi.org/10.1007/s10570-019-02321-3
https://doi.org/10.1007/s10570-019-02321-3
https://doi.org/10.1021/acssensors.1c00484
https://doi.org/10.1021/acsami.1c06993
https://doi.org/10.1021/acsami.1c06993
https://doi.org/10.1016/j.jallcom.2021.161646
https://doi.org/10.1016/j.jallcom.2021.161646
https://doi.org/10.1016/j.cej.2019.123912
https://doi.org/10.1016/j.cej.2019.123912
https://doi.org/10.1016/j.electacta.2021.137989
https://doi.org/10.1016/j.electacta.2021.137989

	Stretchable and conductive cotton-based fabric for strain sensing, electrothermal heating, and energy storing
	Abstract 
	Graphical abstract 

	Introduction
	Results and discussion
	Morphology and amount-dependent growing mechanism of PPy
	Resistance of PCF measured by different methods
	Sensing performance and resistance variation mechanism
	Electrothermal performance
	Electrochemical performance

	Conclusions
	Experimental section

	Acknowledgments 
	References




