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oxide and pad dyeing cycles. The hydrogen bonding 
between the fiber and graphene during the dyeing 
process renders the functionalized yarns stable con-
ductivity to washing and bending. Based on the sim-
ple fabrication process and fascinating performance, 
the graphene-coated yarn show great potential in fac-
ile scale production of conductive yarns.

Keywords  Graphene · Calotropis gigantea · 
Conductive fibers · Surface coating · Wearable 
electronics

Introduction

In recent years, the research about multifunctional 
flexible wearable electronic textiles in flexible sen-
sors (Liu et  al. 2021a; Gandla et  al. 2020; Wang 
et  al. 2020; Lu et  al. 2020), health indicators (Liu 
et  al. 2021b, c; Won et  al. 2020; Zhao et  al. 2020), 
and electromagnetic interference shielding (Ren et al. 
2018; Ozen et al. 2018; Jia et al. 2019) has attracted 
extensive attention due to their great potential as 
next-generation electronics with the advantages of 
lightweight, flexibility, and portability, which can be 
applied for personal motion detection and healthcare, 
man-machine interaction, artificial intelligence and 
so forth (Lin et al. 2018). There are many approaches 
for the preparation of electronic fibers through the 
modification of polyaniline, metal nanoparticles, 
carbon nanotubes, graphene, etc. Among the active 
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candidates, graphene possesses a unique 2-D sheet-
like structure (Geim and Novoselov 2007), with 
extremely high electrical conductivity, high mechani-
cal strength, and good chemical stability (Molina 
2016). It can be much easier to cover along the fiber 
surface under shearing force, which can form full 
coverage on the fiber surface. On the other hand, 
strong π-π interactions existing between adjacent gra-
phene are beneficial to forming interconnected elec-
tron-transport pathways for high electrical conductiv-
ity (Balandin et al. 2008).

Calotropis gigantea yarns (CGYs) have received 
intense attention in recent years due to their unique 
structure and performance (Zhao et  al. 2019). 
Calotropis gigantea fibers (CGFs) with 80-90% hol-
low structures exhibit outstanding hydrophilic or 
oleophilic properties (Zheng et al. 2017; Chen et al. 
2013). Compared to cotton fibers, the CGFs have 
fewer natural curls in the longitudinal direction, 
resulting in a smoother and softer surface. By tak-
ing advantage of the abovementioned superiorities, 
the fibers were investigated for applications of reduc-
ing the wear of carbon nanotubes, and improving the 
mechanical strength of polyesters (Ganeshan et  al. 
2018). Although these studies focused on the proper-
ties of CGF-based composites, the functionalization 
of CGFs by the coating of graphene with large-scale 
production capacity has not been investigated.

Herein, we report a graphene-coated CGY pre-
pared by pad dyeing, which endows it with not only 
high conductivity but also scalable production capac-
ity. By optimizing the dyeing parameters such as gra-
phene oxide (GO) concentration, pad dyeing cycles, 
and reduction time, the graphene-coated CGYs dis-
play a high electrical conductivity of 6.9  S/m. We 
also compare the dyeing parameters in determining 
the conductivity of the yarns through range analy-
sis, showing that the electrical conductivity of the 
graphene-coated CGYs exhibits a strong dependence 
on the concentration of GO and pad dyeing cycles. 
The combination between the CGFs and graphene 
renders the modified CGYs good conducting stabil-
ity for washing and bending. The high-performance 
graphene-coated CGYs show great potential in the 
application of wearable textile-based electronics.

Experimental

Materials

The GO solution was prepared by the Hummers 
method using natural graphite from Suzhou Indus-
trial Park Bomeida Reagent Instrument Co., Ltd. The 
CGYs were supplied by Yixing Zhongchang Yarn-
dyed Co., Ltd. Analytical-grade sodium, hydrochloric 
acid, and potassium permanganate (KMnO4) reagents 
were purchased from Sinopharm Chemical Reagent 
Co., Ltd, China. Concentrated sulfuric acid, hydrogen 
peroxide at a concentration of 30%, and ascorbic acid 
were purchased from Jiangsu Qiangsheng Functional 
Chemical Co., Ltd, China, Shanghai Lingfeng Chem-
ical Reagent Co., Ltd, China, and Suzhou Ketong 
Biomedical Technology Co., Ltd, China respectively.

Preparation of graphene coated CGYs

We synthesized the GO by the Hummers method, 
which was reported in the previous work (Xu et  al. 
2020; Dwivedi et al. 2021). Briefly, graphite powders 
(2 g), NaNO3 (2 g), and 50 mL of H2SO4 (98%) were 
mixed in a 1000 mL volumetric flask and kept in an 
ice bath. The mixture was constantly stirred for 2  h 
with the gradual addition of potassium permanganate 
(6 g). Then, the ice bath was removed, and the mix-
ture was stirred at 35 °C until it became pasty brown-
ish and stirred for 2 days. Distilled water was added 
to the mixture, and then 10 mL H2O2 was added to 
terminate the reaction. For purification, we washed 
the mixture by rinsing and centrifuging with 10% HCl 
and then deionized (DI) water several times, and the 
centrifugation speed was approximately 13,000  rpm 
(Arthi et al. 2015). The CGYs were immersed in GO 
solution for 2  h before coating, and then the CGYs 
passed through a small rolling mill at a speed of 
approximately 0.1  m/s to remove excess GO on the 
surface. After that, the coated yarns were dried in an 
oven at 60 °C for 1 h to attach GO to the surface of 
the CGYs. By using the green reducing agent ascor-
bic acid to reduce GO on the surface of pristine 
CGYs at 80 °C for 24 h, we prepared the reduced GO 
(rGO)-modified CGYs.
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Characterization

We measured the surface hydrophilicity of the CGYs 
by contact angle measuring equipment (Krüss DSA 
100, Germany). Before measurement, the CGYs were 
arranged on the glass slides, and the distance between 
adjacent CGYs was 0.28  mm. The tensile proper-
ties of the CGYs were tested by a universal material 
testing machine (INSTRON-3365, Instron, USA), 
and the length of the CGYs was 10 cm. The electri-
cal properties of the rGO-CGYs were measured using 
a Keithley DMM7510 instrument. The rGO-CGYs 
were clamped with copper wire at a distance of 5 cm, 
and conductive silver paste was used to fix and mini-
mize the contact resistance between the samples and 
electrodes (Cho et al. 2015). Thermogravimetric anal-
ysis (TGA) was performed on a SDT Q600 (simulta-
neous DSC-TG analyser, TA Instruments, USA). The 
surface morphologies and elemental distribution of 
the CGYs were measured using a scanning electron 
microscope (SEM, Hitachi TM3030, Tokyo, Japan). 
The surface roughness of the CGYs was measured 
using atomic force microscopy (AFM, Dimension 
Loon, Bruker Company, USA). The secondary struc-
ture of the CGYs was examined using Fourier trans-
form infrared spectroscopy (FT-IR) spectroscopy 
(Nicolet 5700, USA). Raman spectra of the CGYs 
were characterized on a Jobin Yvon LabRam HR800 
(632.8 nm laser). We used the polydimethylsiloxane 
(PDMS) during bending test to ensure a reasonable 
result by avoiding the mutual contact of the rGO-
modified fiber in the curved shape.

Results and discussion

Graphene coating onto CGYs

GO possesses good dispersion stability due to the 
strong electrostatic repulsion between the charged 
GO (Kim et  al. 2012). Although GO can be easily 
attached to CGYs by physical bonding, it is difficult 
to obtain a completely covered structure because of 
the intrinsic repulsion between GO and the coated 
yarns. Therefore, we employed a commercialized pad 
dyeing instrument to accomplish the modification 
(Fig. 1a). The pristine CGYs were firstly immersed in 
GO solution to make the fiber fully in contact with 
the GO flakes. Then such CGYs were treated through 

a rolling mill to be further coated. After GO modifi-
cation, we reduced GO into rGO by transferring the 
GO-coated yarn into the ascorbic acid solvent (with a 
weight ratio of 10:1 to GO) at 80 °C.

Figure 1b presents schematic diagrams of pristine 
CGY, GO-CGY, and rGO-CGY, as well as the images 
of corresponding yarns. The size distribution of GO 
in Fig. 1c exhibits the size of the GO flakes is mainly 
between 2 and 6  μm, which is obtained from the 
inserted SEM images. We investigated the GO con-
centration, pad dyeing cycles, and reduction time in 
determining the properties of graphene-coated CGYs 
through an orthogonal design with three factors 
and three levels, of which sample specifications are 
shown in Table  1. We show the samples with good 
volume conductivity (Sample 2, Sample 5, and Sam-
ple 8) to present the performance and make compari-
sons, which are denoted as rGO-CGY-4, rGO-CGY-7, 
and rGO-CGY-10 respectively. The factors determin-
ing the conductivity of yarn were analysed by range 
analysis with all sample data included. Figure 1d illus-
trates that the viscosity of the 3, 5, and 7 mg/mL GO 
solutions is 26.6 ± 4.8, 41.4 ± 7.4, and 61.6 ± 7.0 Pa.s 
respectively, indicating that its viscosity increases as 
the GO concentration increases.

Surface morphology and elements

Figure  2a, b show the pristine and rGO modified 
CGYs, of which surface changes from natural color 
to black due to the attachment of rGO onto the fiber 
surface. After modification, the surface elements of 
the yarns change significantly. Figure  2c shows the 
atomic percentages of C, N, and O on the surface of 
pristine CGY, GO-CGY-10, and rGO-CGY-10. The 
C, N, and O of the pristine yarn are 57.780%, 4.678%, 
and 37.542%, respectively, while they become 
59.323%, 3.133%, and 37.544% after GO modifi-
cation. The increase in C and O and the decrease 
in N can be attributed to the attachment of GO on 
the surface of CGY. After reduction, C increases 
by 61.855%, and N and O decrease by 2.536% and 
35.609%, respectively. The surface element changes 
indicate that the reduction process successfully facili-
tates the transformation of rGO from GO, which is 
consistent with our previous observation (Cai et  al. 
2017).

Figure  2d–d2 show the surface morphology of 
pristine CGY, GO-CGY-10, and rGO-CGY-10. The 
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atomic force microscopy images present the surface 
roughness of the pristine CG fiber and rGO-CG-10 
fiber is 51.8 and 155 nm, respectively, showing that 
the roughness of the CG fibers increases signifi-
cantly after treatment. Compared to pristine CGYs 
with smooth surfaces, the GO-CGY-10 shows rough 
and uneven surfaces due to the existence of GO lay-
ers, and the rGO-CGY-10 has a wrinkled and crum-
pled surface which is similar to graphene fibers (Ding 
et  al. 2016; Abdou et  al. 2016; Sheng et  al. 2017). 

This volume shrinkage is mainly due to intermittent 
pad dyeing and dehydration shrinkage (Chen et  al. 
2015). It is beneficial to compacting the rGO coat-
ings into a dense structure and forming a strong inter-
action between the rGO and the CGYs (Park et  al. 
2015). Ascorbic acid, as a green reducing agent, pro-
motes the reduction of GO on the surface of pristine 
CGY without observable damage to the yarn (Zhang 
et al. 2010). Figure 2e−e2, f−f2, and g−g2 show the 
surface element distributions of the pristine CGY, 

Fig. 1   a Schematic 
diagram of the GO-CGYs 
through pad dyeing. b Illus-
trations and photos of the 
pristine, GO-modified, and 
rGO-modified CGYs. c The 
particle size distribution 
and SEM image (insert) 
of the prepared GO. d The 
viscosity of GO solution
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GO-CGY-10, and rGO-CGY-10, respectively. The 
surface morphology and element distribution indicate 
that graphene uniformly covers the CGFs, which is of 
great significance to both the conductivity and stabil-
ity of the yarn.

Figure  3a shows the Raman spectra of the GO 
and rGO-modified CGYs. The D-band at 1370 cm−1 
(related to defects or heteroatom-doping), and G-band 
at 1590 cm−1 (attributed to the vibrations of the sp2-
bonded crystalline carbon) indicate that graphene 
wraps onto the CGYs. The GO-CGY shows a higher 
D band, while the rGO-CGY shows a higher G band, 
which can be seen in the high-resolution fitting spec-
trum of Raman spectra of GO-CGY (Fig.  3b), and 
the high-resolution fitting spectrum of Raman spec-
tra of rGO-CGY (Fig. 3c). The intensity ratio of the 
D-band and G-band increases from 0.9 to 1.2 and the 
full width at half maximum (FWHM) of the D-band 
decreases from 71 to 53 (Fig. 3d). The enhancement 
of the D-band is mainly attributed to the formation 
of small-sized sp2 domains (disordered carbon) dur-
ing the reduction process. The decrease in the FWHM 
suggests an increase in the structural order. These 
changes show that the GO-CGYs are chemically con-
verted into rGO-CGYs, which is consistent with the 
observation of graphene-coated elastic wearable elec-
tronics reported in the literature (Wang et al. 2017).

Figure  3e shows changes in the surface wettabil-
ity of the pristine CGYs and the modified CGYs. 
The contact angle of the pristine CGYs is approxi-
mately 20° (droplets drop at 1 s). After functionaliza-
tion, the contact angle greatly increases to 150° (the 
rGO-CGY) and the contact angle of the rGO-CGYs 
remains stable after 600  s. With rGO modification 

for 4 pad dyeing cycles, the contact angle reaches 
145°. With increasing pad dyeing, the contact angle 
increases slowly up to 150° after 10 cycles. The 
increase in the surface contact angle is mainly due 
to the changes in surface groups and surface struc-
ture. Pristine CGY is a hydrophilic material (Zheng 
et al. 2017), while graphene is a hydrophobic material 
(Zhang et  al. 2014). The oxygen-related functional 
groups on the surface of the CGYs were eliminated 
after the GO was reduced, resulting in a significant 
increase in the hydrophobicity of the CGYs (Bhat-
tacharjee et  al. 2020). On the other hand, graphene 
coating also increases the surface roughness of the 
CGY, resulting in high hydrophobicity (Chen et  al. 
2016).

Figure 3f shows the thermal stability of the CGYs. 
The CGYs experience a weight loss as the tempera-
ture increases. When the temperature rises from 20 
to 700  °C, the corresponding weight loss reaches 
approximately 85%. The small amount of loss within 
100 °C can be attributed to moisture evaporation. At 
approximately 400 °C, rGO begins to decompose, and 
the rGO-CGY-10 shows a more obvious weight loss. 
The loss should be attributed to the thermal-induced 
destruction in the CGYs considering that graphene 
has remarkable temperature stability and tolerance.

Hydrophilicity and mechanical properties

The typical tensile strain curves of pristine and 
rGO-modified CGYs in Fig.  4a exhibit that the 
graphene coating can result in a higher breaking 
strength and a lower elongation as well as a higher 
modulus. The breaking strength of the pristine 

Table 1   The specifications 
of rGO-CGYs through pad 
dyeing

Sample Additive 
concentra-
tion
(mg/mL)

Reduction 
time
(h)

Pad dyeing 
cycles

Contact angle
(°)

Volume conductivities
(S/m)

1 3 12 4 133.83 ± 5.12 0.29 ± 0.08
2 5 36 4 147.47 ± 5.21 1.99 ± 0.35
3 7 24 4 135.23 ± 4.08 0.56 ± 0.12
4 3 24 7 139.03 ± 8.49 0.33 ± 0.05
5 5 12 7 150.27 ± 4.94 3.50 ± 0.44
6 7 36 7 145.03 ± 2.97 0.98 ± 0.09
7 3 36 10 143.83 ± 5.00 0.74 ± 0.05
8 5 24 10 150.10 ± 3.52 6.90 ± 0.19
9 7 12 10 142.33 ± 5.87 1.40 ± 0.22
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CGYs is approximately 168 cN, and it gradually 
increases with the enhancement of dyeing cycles 
(Fig.  4b). After 10 cycles of dyeing, the breaking 
strength finally becomes 195 cN. The increase in 
breaking strength may be due to the high mechani-
cal strength of graphene (Geim and Novoselov 
2007). The attachment of graphene on the fiber sur-
face promotes a stronger combination between fib-
ers (Mackin et  al. 1992). Figure  4c shows that the 
increase in dyeing cycles slightly decreases the ten-
sile strain of the CGYs, of which tensile strain is 

7.2% and 4.1% for pristine CGYs and rGO-CGY-10, 
respectively.

Figure  4d shows the electrical resistance of the 
CGYs after graphene coating. The resistance of the 
rGO-CGY drastically decreases with the increase 
of dyeing cycles, where it is approximately 800 kΩ 
and 210 kΩ for the rGO-CGY-4 and rGO-CGY-10, 
respectively. The calculated electrical conductivity 
of the rGO-CGYs is shown in Fig.  4e. The formula 
of electrical conductivity of the CGYs is K = RS/L 
(K is electrical conductivity, R is electrical resistance, 

Fig. 2   a The image of the 
pristine CGYs. b The image 
of the rGO-CGY-10. c The 
surface element content 
of the CGYs, the surface 
morphology, and the atomic 
force microscopy images of 
d the pristine CGY, d1 GO-
CGY-10, d2 rGO-CGY-10, 
and e–e2 C, N, and O distri-
butions of pristine CGY, f–
f2 C, N, and O distributions 
of the GO-CGY-10, and 
g-–g2) C, N, and O distribu-
tions of the rGO-CGY-10
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S is the cross-sectional area, and l is the length of 
CGY). Compared to the electrical conductivity of 
the rGO-CGY-4, the electrical conductivity of the 
rGO-CGY-10 is improved. It exhibits a high electri-
cal conductivity of 6.9  S/m, while the rGO-CGY-4 
only presents a volume conductivity of 2 S/m. With 
the combination of graphene, the strong π–π inter-
actions between adjacent graphene form intercon-
nected electron-transport pathways. With more pad 
dyeing cycles, the rGO-CGY-10 holds more elec-
tron-transport pathways and obtains high electrical 
conductivity.

The range analysis of the coating parameters 
in determining the electrical conductivity of rGO-
CGYs in Fig.  4f shows that the range value of the 
additive concentration of GO solution, the reduction 
time, and the pad dyeing cycles is 3.665, 1.344, and 
2.048, respectively. The electrical conductivity of the 

rGO-CGYs largely depends on the additive concen-
tration of GO solution and pad dyeing cycles, while 
slightly relies on the reduction time. When the con-
centration of GO solution is 3  mg/mL, the content 
of graphene is low, while when the concentration of 
GO solution is 7  mg/mL, the viscosity of graphene 
solution is too high to adhere to the surface of CGY. 
It leads to fewer electron-transport pathways. The 
degree of graphene coating on the yarn surface can 
be augmented with the increase in pad dyeing cycles, 
which can also increase the number of electron trans-
port pathways on the surface of the CGYs.

Figure  5a presents the FTIR spectra of the pris-
tine CGY, GO-CGY-10, and rGO-CGY-10. The 
FTIR spectrum of pristine CGY displays peaks at 
approximately 3340  cm−1, 2900  cm−1, 1645  cm−1, 
1430  cm−1 and 1060  cm−1, which are mainly attrib-
uted to OH stretching, asymmetrical C–H stretching, 

Fig. 3   a Raman spectra of 
the CGYs after function-
alization. b The high-reso-
lution spectrum of Raman 
spectra of the GO-CGY-10. 
c The high-resolution 
spectrum of the Raman 
spectra of the rGO-CGY-10. 
d The intensity ratios of 
the D-band and G-band 
and the FWHM of the 
D-band for the GO-CGY-10 
and rGO-CGY-10. e The 
contact angle of the pristine 
CGYs after graphene coat-
ing. f The TGA curves of 
graphene-coated CGYs
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C=O stretching, CH2 symmetrical bending and C–O 
stretching, respectively (Xu et  al. 2015). After gra-
phene coating, no evident change is found in the 
FTIR spectrum of the GO-CGY-10, which is consist-
ent with the previous research (Xu et al. 2015). How-
ever, the FTIR spectrum of the rGO-CGY-10 changed 
obviously after ascorbic acid treatment. The peak at 
1645  cm−1 disappears and the peaks at 2900  cm−1 
and 3340  cm−1 become weaker, which implies that 
GO on the surface of CGY is successfully reduced to 
rGO after the treatment (Xu et al. 2015).

Figure  5b shows that the characteristic absorp-
tion wavenumbers of intramolecular hydrogen bonds 
O(2)H···O(6), O(3)···O(5), and O(6)···O(3’) in CGYs 
are 3310–3233  cm−1, 3375-3340  cm−1, and 3455-
3410 cm−1, which are named I, II, and III respectively 
(Oh et al. 2005). The percentage of I changes slightly 
from 61.32 to 64.74%, the percentage of II increases 

moderately from 25.14 to 31.97%, and the percentage 
of III decreases significantly from 13.54 to 3.29%. It 
reveals that the content of III in the CGY decreases 
during the treatment. The CGYs consisting of cellu-
loses are rich in positively charged hydrogen, while 
GO has many negative groups such as carboxyl and 
hydroxyl groups (Oh et  al. 2005; Ling et  al. 2013). 
We postulate a bonding mechanism between the 
CGYs and the rGO as well as glucose residues are 
designated as the repeating unit of CGYs (French 
2017), which is shown in Fig.  5c. Pristine CGY is 
coated with GO, and ascorbic acid is used to convert 
GO into rGO. The negatively charged GO species and 
positively charged hydrogen in CGY are combined 
by electrostatic attraction, which is consistent with 
reported work (Dashairya et  al. 2018). The spacing 
between graphene layers is similar to the thickness 
of one water molecule, which also allows hydrogen 

Fig. 4   a The mechanical 
curves of the CGYs. b The 
breaking strength of the 
graphene-coated CGYs. 
c The tensile strain of the 
graphene-coated CGYs. 
d The electrical resistance 
of the rGO-CGYs. e The 
volume electrical conduc-
tivity of the rGO-CGYs. 
f Range analysis results 
of the GO concentration, 
reduction time, and pad dye 
times in determining the 
conductivity
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bonding between the GO and CGFs (Dikin et  al. 
2007). Such postulation can also be supported by the 
FTIR and EDS results. The atomic percentage of O 
not only does not increase obviously after GO coating 
but also decreases significantly after reduction. Mean-
while, the content of  III in CGYs greatly drops dur-
ing the whole process.

To evaluate the washability of the graphene-func-
tionalized CGY, we washed the rGO-CGY-10 with DI 
water and laundry liquid. After being washed by DI 
water, the volume conductivity of the rGO-CGY-10 
slightly decreases with increasing washing time 
(Fig. 6a). Similarly, the volume conductivity shows a 
similar trend when the yarn is washed in laundry liq-
uid (Fig. 6b). The yarns still maintain very good con-
ductivity after washing in both DI water and laundry 
liquid, showing the stability of the coated graphene 
layers. Figure 6c–c2 show the photos of the bending 
process of the rGO-CGY-10. Figure 6d and e present 
the resistance change of the rGO-CGY-10 during 
cyclic bending from 0 to 50% and 0 to 75% respec-
tively. The bending was calculated by the distance 

change/initial length of CGYs during the bending 
test. We show the resistance change with (R–R0)/R0, 
where R0 and R refer to the initial resistance and the 
resistance under bending, respectively. The resistance 
of the yarn slightly increases from 255 to 262 kΩ and 
the bending ranges from 0 to 50%. The resistance 
change is very stable throughout the cyclic bending 
process, and the relative resistance change is as low 
as 3.2%. Even though under high-degree bending 
up to 75%, the resistance change is still very minor 
(4.3%). The CGY has a very limited response to 
bending, showing great potential in flexible wearable 
electronic devices.

Conclusions

In summary, we have reported a conductive CGY 
through pad dyeing with graphene, showing mass 
production capacity and high conductivity. When the 
GO concentration and pad dyeing cycles reach 5 mg/
mL and 10 times, respectively, the graphene-coated 

Fig. 5   a FTIR spectra of 
the pristine CGY, GO-
CGY-10, and rGO-CGY-10. 
b Proportion of hydrogen 
bonds in infrared peaks of 
the pristine CGY, GO-
CGY-10, and rGO-CGY-10. 
c Illustration of bonding 
mechanism between the 
pristine CGY and graphene
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CGYs exhibit high electrical conductivity and bet-
ter breaking strength. The range analysis shows that 
the electrical conductivity of the graphene-coated 
CGYs exhibits a strong dependence on both the con-
centration of GO and dyeing cycles and a very mar-
ginal dependence on the reduction time. This coating 
approach promotes the formation of the hydrogen-
oxygen bond between CGFs and graphene, endowing 
the functionalized CGYs with good conductive stabil-
ity to not only washing but also bending. Particularly, 
pad dyeing for preparing conductive CGYs can be 
rapidly extended to almost any other yarns, paving a 
new way for developing large-scale production, low-
cost, and high-performance conductive yarns.
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DI water washing. b The 
volume electrical con-
ductivity changes of the 
rGO-CGY-10 with laundry 
liquid washing. c–c2 Pho-
tos of the rGO-CGY-10 at 
initial length, 50% bending, 
and 75% bending. d The 
electrical response of the 
rGO-CGY-10 under cyclic 
bending from 0 to 50%. 
e The electrical response 
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