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ABSTRACT: Silk cocoon fibers (SFs) are natural polymers that
are made up of fibroin protein. These natural fibers have higher
mechanical stability and good elasticity properties. In this work, we
coated multiwalled carbon nanotubes (MWCNTs) on the surface
of SFs using a simple stirring technique with vinegar as the
medium. This SF-MWCNT micro-/nanofiber composite was
prepared without any adhesives. The characterization results
revealed that the SF-MWCNT micro-/nanofiber composite
exhibited excellent electrical conductivity (995 Ω cm−1), tensile
strength (up to 200% greater elongation), and durability character-
istics. In addition, this micro-/nanofiber composite shows a change
in resistance from 1450 to 960 Ω cm−1 for an applied mechanical
force of 0.3−1 N kg−1. Based on our findings, SF-MWCNT micro-/
nanofiber composite-based conductive fibers (CFs) and force sensors (FSs) were developed.

■ INTRODUCTION

Smart fabrics/textiles are the new-generation technology for
material engineering.1,2 Particularly, conductive fiber-based
weaving technology for electronic fabrications such as sensors,
circuits, batteries, and smart display systems has a wide range
of textile applications.3−5 To develop a conductive fiber, the
fiber has to form a composite with a conductive material such
as metal, carbon, and so on. In recent times, nanocomposites
such as graphene, reduced graphene oxide, and carbon
nanotubes6−8 have been popularly used for fabricating
conductive fibers. Although conductive fibers have the utmost
advantage to be used for replacing synthetic materials with
biomaterials, they still present the challenge of achieving
excellent mechanical and electrical properties in one single
fiber system.9−11 For example, spider silk fiber MWCNT
composite-based conductive fibers have been developed, which
resulted in good electric conductivity, but they lack the stability
and durability needed to meet textile requirements.12

Among many available natural polymers, our interest is
invested in silk fibers (Bombyx mori) due to their excellent
structural and functional properties, which are suitable to
develop new devices for advanced applications. These fibers
are smooth, flexible, lightweight, biodegradable, and available
for large-scale production.13−16 They have high mechanical
stability and are tougher than metallic wires, carbonic threads,
and Kevlar fibers.17,18 However, despite these properties, silk
fibers are extremely poor in conductivity; in fact, without
treatment, these fibers are good insulators.

Considering their properties, researchers have reported
various methods to develop conductive silk fibers. These
included surface-coating technology (such as metal par-
ticles19,20 and carbon graphene21,22), conductive polymer
coating (e.g., polypyrrole23,24), carbonization of silk fibers,25

and feeding silkworms with carbon nanomaterials.26,27 Among
nanocomposites, multiwalled carbon nanotube-based conduc-
tive fibers show high tensile strength and excellent con-
ductivity.19,20,27 In comparison, the carbonization of silk fiber
and surface-coating have become effective approaches because
of their good electrical conductivity.28−30 However, both
methods result in lower mechanical strength and toughness of
the silk fiber due to excessive heat treatment for long hours to
carbonize the silk fiber. Surface-coating techniques such as
coating the silk fiber with metallic and polymer particles
through a chemical route modify the surface of the fiber.19,20

Due to this, a decrease in the electrochemical performance and
degradation or fading of deposited particles occurs, resulting in
a redoping process.
Cao et al. synthesized electrically conductive silk fibers using

the electrostatic self-assembly method.31−33 Here, silk fibers
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are deposited with reduced graphene oxide (rGO) and
polyaniline (PANI) conductive materials in an acid medium
under high temperature. Although this method shows good
electrical conductivity, it lowers the tensile strength, durability,
and stability of the fiber. This is due to the treatment of the
fiber in an acid medium, followed by high-heat treatment,
which damage the structural properties of the fiber. Thus,
obtaining superior mechanical stability and electrical con-
ductivity in a single fiber remains a significant challenge.
Inspired by the chemical route to synthesize conductive silk

fibers,34−36 in this paper, we present the surface-coating of silk
fibers with MWCNTs using a simple stirring method. Thus,
silk cocoon fiber and multiwalled carbon nanotube (SF-
MWCNT) micro-/nanofiber composites with good electrical
conductivity and excellent mechanical strength were obtained,
which can be used as conductive fibers. Furthermore, when
physical force is applied to this micro-/nanofiber composite, its
properties change, opening up the possibility of developing a
force sensor to monitor mechanical operations. Thus, this
material may lead to a wide range of applications in wearable
devices, health monitoring, and stress−strain sensors.

2. MATERIALS AND METHODS
2.1. Materials. Silk fibers processed with four twisting lines

were obtained from the central silk board (Bengaluru, India).
Multiwalled carbon nanotubes (MWCNTs) were purchased
from Nopo technologies (Bengaluru, India); they were 50 μm
in length, with an average diameter of 8−10 nm, a carboxyl
content of 2.56 wt %, and a carbon purity of more than 95 wt
%. Vinegar was obtained by dissolving 5 wt % acetic acid in
500 mL of water. All chemicals are analytical grade and used
without any further modification in this work.
2.2. Preparation of SF-MWCNT Fiber Composites. SF-

MWCNT-based micro-/nanofiber composites were prepared
using a simple stirring method with vinegar as the medium
(graphical representation shown in Figure 1). The MWCNT

(2 mg) was dissolved in 30 mL of vinegar solution and stirred
for 30 min. Afterward, silk fibers were added to the solution
and stirred for 2 h at 60 °C. Here, a bunch of silk fibers (15
cm) with an average weight of 16 mg was used. Due to the
static reaction and surface affinity of fibers, MWCNTs were
deposited on the silk fibers. These fibers were extracted using
tweezers and air-dried at room temperature. The as-prepared
SF-MWCNT-based micro-/nanofiber composites were exam-

ined for their electrical conductivity and mechanical sensing
properties.

2.3. Material Characterization. The surface morphology
and elemental analyses of bare SFs and SF-MWCNT fibers
were performed, respectively, by scanning electron microscopy
(SEM, Hitachi SU1510) and EDAX (Thermo Fisher
Scientific) after sputtering with gold. X-ray diffraction (XRD
Rigaku IV) analysis of as-prepared samples was performed
using Cu Kα1 radiation, with a 2θ diffraction angle of 10 to
80° with a step width of 0.02 at 35 kV and 25 mA. The surface
functional group analysis was performed using Fourier
transform infrared spectroscopy (PerkinElmer STA8000) and
Raman spectroscopy (Xplora Horiba Scientific) at 400 to 4000
cm−1. The elongation test was conducted using micro UTM
(Mecmesin, CeNse Lab, IISC). An electrochemical work-
station (Keithley 2400 SMU model) was employed to analyze
the electrical characteristics.

3. RESULTS AND DISCUSSION
3.1. Morphological Analysis. The surface morphology of

bare SFs and SF-MWCNT micro-/nanofiber composites were
analyzed using SEM and are presented in Figure 2. A bare SF is
milky white in color and has a smooth surface with a lustrous
texture (Figure 2a−c). Generally, after a degumming process
of the silk cocoon, 2 to 4 individual fibers are intertwined as a
single fiber, which is known as reeling. This process was carried
out to increase the stiffness and durability of the fiber.37,38

Therefore, the bare SF consists of multiple fibers twisted
together, thereby forming a porous structure in between them
(Figure 2a,d). For all further analysis, these fibers are
considered. After surface-coating, we observed the uniform
deposition of MWCNTs on and in between the fibers at
different magnifications, as shown in Figure 2g−i. This may be
due to the MWCNT particle size being smaller than that of the
silk fiber; the CNT might be filled into the subsurface of the
bundle of silk fibrils, with either the cross or the antiparallel β-
sheet structure being predominant, thereby confirming the
possibility of a uniform coating throughout the fiber. Thus, the
formation of SF-MWCNT micro-/nanofiber composites was
confirmed. However, due to the rapid stirring process, some
large particles of MWCNT deposited on the fiber surface were
noticed (Figure 2l). The cross-sectional views of the bare SF
and SF-MWCNT samples are shown in Figure 2d−f,j,k,
respectively. It is evident that MWCNTs have been deposited
at the ends of the fiber, thus confirming the distribution of
nanotubes throughout the fiber.
Subsequently, EDAX analysis was performed for both bare

SF and SF-MWCNT samples, as shown in Figure 3. From the
EDAX analysis, the weight percentages (%) of different
elements such as carbon (C), oxygen (O), and nitrogen (N)
were analyzed. The obtained results clearly indicate an increase
in the weight percentage of carbon after MWCNT deposition.
This confirms the formation of SF-MWCNT micro-/nanofiber
composites. For a better understanding, summarized results of
bare SF and SF-MWCNT micro-/nanofiber composites are
shown in Table 1. Along with this, the presence of other
elements such as nitrogen, oxygen, sodium, and potassium is
noticed, which is also in agreement with published reports.39

3.2. Structural Analysis. The XRD analysis was
performed on bare SFs and SF-MWCNT micro-/nanofiber
composites to identify their crystal structure, and the results
are shown in Figure 4. The XRD pattern of the pristine
MWCNT sample shows diffraction peaks at 2θ = 25.64 and

Figure 1. Graphical representation of the SF-MWCNT micro-/
nanofiber composite synthesis process.
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43.60°, which correspond to the (002) and (100) planes of the
MWCNT, respectively.39,40 However, the XRD pattern of bare

SF has a diffraction peak at 2θ = 20.32°, which represents the
β-sheet crystal structure with the (210) plane of the silk

Figure 2. SEM images of SF and SF-MWCNT samples: (a−c) SF fiber surface; (d−f) cross-sectional view of SF fibers; (g−i) SF-MWCNT micro-/
nanofiber composite with a surface-coating of MWCNTs throughout the fiber and (j−l) cross-sectional view of the SF-MWCNT micro-/nanofiber
composite.

Figure 3. Elemental (EDAX) analysis of MWCNT (gray), SF (dark yellow), and SF-MWCNT (cyan) samples.
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fiber.41−44 Generally, the secondary protein structure of silk
cocoon fibers consists of an α-helix (amorphous region) with
the (110) plane, β-sheet (crystalline region) with the (210)
plane, and a random coil with the (020) plane, respectively.
Here, during the pre-process (reeling) of SFs, the α helix and

random coil, which are weak hydrophilic bonds, are removed
easily. Hence, the absence of the (110) and (020) planes is
observed in the XRD pattern of Figure 4. The peaks at 20.32,
25.64, and 43.60° confirm the formation of SF-MWCNT
micro-/nanofiber composites. From the analysis, it is clearly
noticed that after the deposition of MWCNTs, there is a slight
decrease in the intensity of bare SF, which corresponds to a
decrease in the percent crystallinity from 5.94 to 2.96%.38,45

This may be due to the fact that the deposition of MWCNTs
on SF has modified the surface. However, MWCNTs did not
affect the β-sheet crystal structure of the fiber as evidenced by
the XRD pattern of the SF-MWCNT fiber composite. This is a
significant fact because the presence of the β-sheet shows the
stability of the fiber.46

The functional group analysis of both bare SF and SF-
MWCNT fiber composites was performed using FTIR
spectroscopy in the range of 400−4000 cm−1, as shown in
Figure 5. Functional group peaks of the bare SF and SF-
MWCNT fiber composite are shown in Figure 5a,b,
respectively. Silk fibers possess two structural models: α helix
as Silk I and β-sheet as Silk II. The amide I (−CO− and
−CN−stretching) in the region of 1655−1660 cm−1, amide II
(−NH− bending) in the region of 1531−1542 cm−1, and
amide III (−CN− stretching) in the region of 1230 cm−1

belonged to the Silk I conformation.45−47 Similarly, infrared
absorption peaks of Silk II in amides I, II, and III were
observed at 1620−1630, 1515−1530, and 1240 cm−1

respectively, and random coils occurred at 1640−1648,
1535−1545, and 1235 cm−1, respectively.27,45−47 Hence, no
significant difference was found in the fingerprint region. This
confirms the presence of a β-sheet crystal structure, and hence,
the results are in agreement with the XRD patterns observed.
However, the C-OH group observed at 2856 and 2971 cm−1

regions in the bare SF sample disappeared in SF-MWCNT
fiber composite samples. This may be due to the interaction of
MWCNTs with the backbone hydrogen chain of the fiber
protein structure. Similar changes were reported by Steven et
al., wherein spider silk was amine-functionalized with multi-
walled carbon nanotubes, and they reported changes in the O−
H and C−H groups of the fiber after functionalization.12 For

Table 1. Elemental Analysis of MWCNT, SF, and SF-
MWCNT samples by EDAX Showing the Composition in
Weight Percentage (%)

elements
MWCNT weight

(%)
SF weight

(%)
SF-MWCNT weight

(%)

carbon (C K) 96.23 29.99 82.64
nitrogen (N K) 0 24.09 7.75
oxygen (O K) 1.69 16.38 7.98
aluminum (Al
K)

0.96 5.62 0.28

calcium (Ca K) 0 23.92 0
chlorine (Cl K) 0.1 0 0.28
iron (Fe K) 1.01 0 1.07
total 99.99 100 100

Figure 4. XRD patterns of the pristine MWCNT, silk fiber, and SF-
MWCNT samples prepared by a simple stirring method.

Figure 5. FTIR spectra of (a) silk fiber and (b) SF-MWCNT samples after the deposition of MWCNTs by a simple stirring method.
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further confirmation, we obtained the Raman spectra for
MWCNT, SF, and SF-MWCNT, and the results showed the
formation of the fiber composite, as shown in Figure S1.

3.3. Electrical Characteristics. The electrical conductiv-
ities of the bare SF and SF-MWCNT micro-/nanofiber
composite were evaluated using knotted SF samples with a

Figure 6. Electrical characteristics of SF and SF-MWCNT: (a) photograph of SF and (b) SF-MWCNT with electrical contacts used for electrical
measurement; (c) I−V characteristics of SF and SF-MWCNT in the voltage window of −10 to 10 V; (d) LED lights lit up with a normal electrical
wire at 9 V; (e) LED lights lit up through an SF-MWCNT micro-/nanofiber composite conductive wire connection (inset image: highlighting the
fiber composite connection); and (f) switching capacity of SF-MWCNT micro-/nanofiber composites.

Figure 7. Tensile strength analysis of (a, b) single fibers of bare SF and the SF-MWCNT fiber composite and (c, d) bundle fibers of bare SFs and
the SF-MWCNT fiber composite.
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single-stranded copper wire (Figure 6a,b) to establish electrical
contact. An I−V analysis was carried out in the voltage range of
−5 to 5 V to study its subsequent current response, and the
results are presented in Figure 6c. It was observed that bare SF
did not generate current with respect to the voltage applied as
bare SF has a high resistance due to its insulating nature.48

However, SF-MWCNT shows the generation of a current of
up to 2 mA, indicating that the MWCNT deposition converted
the SF into conducting fibers. This may be due to the
alignment of the MWCNTs on the polymer substrate forming
a conducting path throughout the length of the fiber.12,49−51

Hence, the composited fiber shows a higher conductivity and
continuity compared with bare SF; therefore, SF-MWCNT
composites were subjected to further analyses. In addition, an
electricity conductivity of up to 995 Ω cm−1 or 9.95 S m−1 was
achieved using the simple stirring method. Table S1 shows a
summary of studies that reported on various polymers coated
with carbonaceous materials such as CNTs. Carbon black has
been reported to exhibit an electrical conductivity ranging from
3.1 × 104 to 12.6 S m−1. Thus, based on the findings, this
method has shown a higher electrical conductivity than those
with other CNT-functionalized polymers.
Subsequently, the SF-MWCNT fiber was tested as a

conductive fiber (CF) to light up two LEDs (3 V each) that
were connected in series. These LEDs lit up when a 9 V input
voltage was applied, as shown in Figure 6d. Then, two LEDs
were connected in series with the SF-MWCNT composite and
they also lit up for the same input voltage (Figure 6e). This
proves that the fiber composite has good electrical conductivity
and its interlayer-like arrangement facilitates the flow of
electrons or ions in the fiber.51−53 Further, we also analyzed
the switching response (rapidly changing input supply from the
On to the Off state and vice versa) of the fiber composite and
observed no electrical current loss during the process (Figure
6f). Based on the results, it is suggested that the fiber

composite synthesized via the stirring method can be used as a
conductive fiber.

3.4. Tensile Strength Characteristics. The tensile
strength of the fibers was evaluated by a force−displacement
curve analysis of the bare SF and SF-MWCNT micro-/
nanofiber composite using a single fiber and a bundle of fibers
(20 fibers), as shown in Figure 7. Figure 7a,b, shows the
elongation strength of a single bare SF and the SF-MWCNT
fiber, respectively. It was observed that both the fibers support
a loading capacity of up to 1.5 N, and it was evident that the
SF-MWCNT composite had a greater elongation of about
200% compared with bare SF fibers. Further, the elongation
strength of a bundle (20 fibers) of SF and SF-MWCNT fibers
was investigated, as shown in Figure 7c,d. It is obvious that
with the addition of fibers, the loading capacity increases as
multiple fibers overcome the friction loss associated with a
single fiber. It is noticeable that for a bundle of SF-MWCNT
fibers, the loading capacity increased up to 3 N compared with
bare SF fibers. Based on our findings, it is concluded that the
elongation strength of silk fibers increased after the deposition
of MWCNTs. Naturally, SFs possess a higher tensile strength
due to the presence of the β-sheet protein. However, with the
addition of MWCNTs, the tensile strength of SFs was further
increased. Due to this, the addition of MWCNTs influences
the molecular kinetics of the fiber and improves its mechanical
properties.49,54,55 Figure S2 shows the SEM morphology of the
elongated single bare SF and SF-MWCNT fiber composite
after being influenced by a loading capacity of 1.5 N. It is
visually observed that the SF-MWCNT fiber composite has
fewer breaks compared with bare SF.
Figure S3 shows the thermogravimetric analysis (TGA)

thermolysis curve of the SF and SF-MWCNT micro-/
nanofiber composite samples measured over a temperature
range of 50 to 350 °C. It was observed that the presence or
absence of an MWCNT coating did not cause a significant

Figure 8. Change in the resistance of the SF and SF-MWCNT fibers with respect to force: (a) SF-MWCNT fiber model sealed along with electrical
contacts; (b) change in the resistance for an applied force of 0.3−1 N kg−1; (c) contrasting behavior, with a decrease in the current density when
the force was applied with respect to the load; (d) photograph of the pulse frequency measurement of the wrist and neck; and (e) change in the
total conductance ΔR with respect to the pulse frequency of the wrist.
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change in the thermolysis of the SF and SF-MWCNT fiber
composite samples, which indicates that no deterioration of the
β-sheet occurred after the addition of MWCNTs, and hence,
the results are in agreement with the XRD, FTIR, and tensile
strength patterns observed.
3.5. Force Analysis. We noticed a change in the resistance

when a force was applied to the SF-MWCNT fiber composite.
Figure 8 shows the force sensor (FS) property of the SF-
MWCNT fiber composite. Here, the fiber composite was
sealed along the electrical contacts using a laminated sheet, as
shown in Figure 8a. The change in resistance was noticed for
an applied force of 0.3−1 N kg−1. With an increase in the force
input, a decrease in the resistance was observed, as shown in
Figure 8b. This behavior is possible because on stretching the
composite fiber, the distribution of MWCNTs throughout the
fiber increases, thereby causing a decrease in the electrical
resistance. After the release of the force, the fiber returns to its
initial resistance.49,54,55

A contrasting behavior was noticed when the same fiber was
connected to an input supply (9 V) where a decrease in the
current occurred when a force was applied, which is visibly
evident with the decrease in the intensity of LED lights, as
shown in Figure 8c. For a better understanding, we
simultaneously measured the change in the current density
of the LEDs without and with force input, as shown in Figure

8c, and noticed the same behavior. This is due to the fact that
when a force was applied to the fiber composite, a disruption in
the charge flow occurred, resulting in a decrease in the
current.56

Our curiosity led us to analyze these micro-/nanofiber
composite-based force sensors for detecting the pulse
frequency when connected to either the neck or the wrist
(Figure 8d). The change in the total resistance (ΔR) was
plotted with respect to time (Figure 8e) for the detection of
the wrist pulse frequency, and we noticed a frequent change in
resistance for the corresponding wrist pulse frequency. For a
confirmation, we also analyzed the behavior of the SF-
MWCNT fiber when no physical force/pressure was applied
and observed no change in the resistance (Figure S4). Here,
the total resistance (ΔR) is calculated as follows:12,51

R R R 0Δ = −

where the resistance of a fiber measured without any
physical input is considered as the initial resistance (R0) and
the resistance with respect to the force/applied pressure is
considered as the measured resistance R. Further, for the same
fiber composite (Figure 8a), we analyzed the electrical
conductivity characteristics and found a continuous con-
ductivity with no electrical loss, as shown in Figure S5.

Figure 9. Durability analysis of the SF-MWCNT micro-/nanofiber composite: (a) voltage drop across the fiber composite tested over 41.6 h; (b)
resistance change after washing fibers five times; and (c) material degradation analysis for 10 days.
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3.6. Durability Analysis. The durability of the SF-
MWCNT fiber composite was examined under three
conditions: (1) during a voltage drop across the fiber with
respect to time; (2) after washing the fiber several times; and
(3) after material degradation when exposed to the environ-
ment (Figure 9). Here, a voltage window of 0−5 V was applied
as an input supply. Figure 9a shows a lower voltage drop across
the fiber composite over a period of 2500 min (41.6 h) and
hence confirms that there is continuous conduction without
any deterioration in the composite. Further, we analyzed the
resistance of the fiber composite after washing five times
(Figure 9b) with normal water. For a better understanding, we
noted the change in the resistance in the absence and presence
of a laminated seal on SF-MWCNT fibers. It was observed that
the variation in the resistance of the SF-MWCNT fiber without
a laminated seal (1−14 kΩ cm−1) was much higher than that
of the SF-MWCNT micro-/nanocomposite fibers with a
laminated seal. Thus, it proved that the simple fabrication
method led to a better durability of the fiber composite .
In addition, Figure 9c shows the voltage change when the

fiber composite was exposed to the environment for 10 days in
the presence and absence of a laminated seal on SF-MWCNT
fibers. We monitored their degradation rates with respect to a
constant input voltage (10 V) when exposed to the
environment. It is evident that sealed SF-MWCNT fibers
have a lower degradation than unsealed fibers. Thus, based on
our findings, sealed SF-MWCNT fiber composites showed
resistance to external conditions such as water wash and
exposure to the environment.

4. CONCLUSIONS

In conclusion, an efficient and simple stirring technique was
developed to coat MWCNTs on the surface of SFs without
using any adhesives. SF-MWCNT micro-/nanofiber compo-
sites with an electrical conductivity of 995 Ω cm−1 and a high
mechanical strength were achieved. The prepared micro-/
nanofiber composites were developed as conductive fibers
(CFs) and force sensors (FSs). The mechanical properties of
the SF-MWCNT fibers included an excellent tensile strength
with the highest loading capacity of up to 3 N and 200%
elongation capacity compared with bare SFs. Further, the fiber
composite sealed with a laminated sheet showed resistance to
external conditions such as water wash and exposure to the
environment and provided a simple fabrication method to
protect the fibers from damage. This work demonstrated good
electrical conductivity and high mechanical stability in one
single fiber that can be used for e-textiles, biomedical sensors,
MEMS/NEMS, and wearable electronic applications.
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