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H I G H L I G H T S

• Highly conducting flexible and stretchable fibers fabricated using a simple, scalable approach of dry-jet-wet spinning.

• The highest conductivity of 1.52×104 S/cm was obtained at 0.46 wt% of AgNWs.

• The conductive deposition was present in three layers and was stable to deformation, ageing and repeated cycling.
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A B S T R A C T

In the present study, a new approach for the fabrication of silver based highly conductive and stretchable hollow
fiber is reported. Polyurethane hollow fibers with inner wall deposited with silver nanowires (AgNWs) were
prepared using wet spinning process. The effect of AgNWs concentration and bore fluid flow rate on the con-
ductivity and stretchability of the hollow fibers was investigated. These fibers showed very high conductivity of
∼1.52× 104 S/cm at a very low concentration of AgNWs (∼0.46 wt%). They also showed good retention of
conductivity even at 100% strain, which remained stable with repeated cycling. These properties were mainly
attributed to the deposition of AgNWs in the form of three distinct layers, namely embedded, anchoring and
topmost AgNWs clusters.

1. Introduction

The emerging area of flexible electronics necessitates the integration
of electronic components on to flexible conducting substrates. Different
forms of textile substrate such as fiber, yarn and fabric has potential to
provide the highly desirable flexibility with high fatigue resistance to
repeated deformations. However, creating durable conducting textile
structures is highly challenging and is the area of continuous research.

In the current scenario, for application areas like stretchable super-
capacitors [1], interconnects [2], photovoltaic cells [3], organic light
emitting diodes [4], artificial skin [5], wearable electronics [6] etc.,
along with flexibility, stretchability is also required. Stretchability helps
the system to take the shape of the curvilinear structure or to undergo
repeated stretching cycles during use.

Literature reports several studies for providing stretchability, either
by modifying the product into buckled [7], wavy structure [8] or by
choosing an inherently stretchable polymer system [9]. Fabrication of
stretchable conductors in fiber form by spinning mixture of conductive
fillers, like poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS), multi-walled carbon nanotubes (MWCNTs) with

stretchable polyurethane (PU) systems has been reported [10]. Highly
conducting stretchable fibers with a maximum conductivity of 17460 S/
cm have been fabricated by incorporating MWCNTs decorated with Ag
particles into poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-
HFP) [11]. However, the maximum strain at rupture in these fibers was
only 60%. Ag flake filled stretchable silicone fibers have been reported
to be stretchable but they show low conductivity of 850 S/cm [12].
Cheng et al. [13] reported dip coating of conductive component over
stretchable fibers, however, the conductive path was observed to be
more susceptible to abrasion. In a similar approach, Lee et al. [14] dip
coated AgNWs incorporated SBS wet spun fibers with silver nano-
particles (AgNPs) to an extent of ∼75wt%. These composite fibers
could show relatively better conductivity of ∼2450 S/cm, however at
an extremely high silver content. Various other conductive fibers based
on carbon and graphene have also been explored but they are reported
[15] to possess low conductivity of 530 and 410 S/cm, respectively, and
negligible stretchability.

Dickey et al. [16] reported a different method for the fabrication of
highly conductive and ultra-stretchable fiber. A moldable liquid metal,
eutectic gallium indium having melting point of 15.7 °C, was injected
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into hollow Kraton elastomeric fibers. The fibers showed very high
conductivity of 3.4× 104 S/cm. However, the fibers possessed certain
limitations such as pressure could damage the inner core and the fiber
could get collapsed at large strains, due to expulsion of the liquid core.

In the present work, a new approach has been demonstrated for
making highly conductive fibers with high stretchability and flexibility.
In the approach, hollow fibers of PU were solution spun with AgNWs
deposited on the inner wall of the fibers to provide effective conductive
path even at a very low concentration.

2. Results & discussion

The SEM micrographs of as-synthesized AgNWs are shown in
Fig. 1(i) (a) and (b). They reveal formation of uniform NWs with the
length ranging from 5 to 13 μm and diameter of 55 ± 9 nm giving an
aspect ratio of ∼164.

Scheme 1 shows the schematic of dry-jet-wet spinning set-up for the
formation of conductive hollow fibers. The spinneret was made up of
two coaxially assembled needles. In order to make hollow fibers, the
polymer solution (30 wt% PU solution in DMF) was pumped through
the outer needle of the spinneret, while the bore fluid consisting of
aqueous dispersion of AgNWs (shown in Fig. 1(ii)) was pumped
through the inner needle. The extruded material was first passed
through the air gap and then through a water bath. The aqueous bore
fluid acted as a non-solvent for the polymer system. On extrusion in the
air gap, the bore fluid diffused radially resulting in coagulation of the
inner surface and trapping of the dispersed AgNWs in the polymer
matrix. Subsequently, as the extruded material was passed through the
water bath, the partly formed hollow structure got coagulated to form
hollow fiber with AgNWs deposited on its inner wall (as shown in
Fig. 1(iii)).

This approach of dry-jet-wet spinning using a spinneret with
coaxially assembled needles leads to the continuous spinning of smooth
circular composite hollow fibers. The SEM micrograph of the cross-
section of representative AgNW-PU fiber (with 0.2 wt% AgNWs) con-
firms the formation of hollow structure of the fibers (shown in Fig. 1(iv)
(a)) with a diameter of 758 ± 2.8 μm and wall thickness of
120 ± 13.8 μm. The magnified view of the inner surface of the hollow
fibers, shown in Fig. 1(iv) (b), confirms deposition of a dense and
uniform layer of AgNWs on the inner surface of the hollow fibers. These
AgNWs were also observed to be very well connected with each other.

The behavior of AgNW deposition and network formation was stu-
died using different concentrations (0.05–0.2 wt%) of AgNWs disper-
sion in the bore fluid flow at a rate (BFFR) of 20ml/h. The samples
were coded as XNW-FRY, where X represents the percentage con-
centration of AgNWs (in wt%) in bore fluid dispersion and Y indicates
the flow rate (ml/h) of the bore fluid used.

The SEM analysis of longitudinal section of AgNW-PU hollow fibers
spun at various concentrations of AgNW in bore fluid dispersion are
shown in Fig. 2(i). With increase in the concentration, the uniformity
and density of deposition of AgNWs was observed to increase with
significant reduction in the uncovered area of the inner surface of the
hollow fibers. At 0.2 wt% concentration, the AgNWs could nearly cover
the entire surface. Concentrations above 0.2 wt% could not be used due
to limited stability of AgNWs in aqueous dispersions at higher con-
centrations.

In order to ascertain the formation of electrically conducting paths
in these samples, the IeV analysis was carried out. Fig. 2(ii) depicts the
IeV characteristics of 5 cm long samples prepared using different con-
centrations of AgNWs in bore fluid.

The slopes of the curves indicate conductance of the hollow fibers.
The fibers showed Ohmic behavior. The conductance was observed to
increase with increase in AgNWs concentration, with ∼340% increase
with change in concentration from 0.05 to 0.2 wt% of AgNWs
(Fig. 2(iii)). The highest conductance of 0.0319 S was observed at the
highest concentration of 0.2 wt% of AgNWs. However, the breakdown
voltage was observed to decrease sharply with increase in concentra-
tion. It reduced from 5.6 V in case of 0.05NW-FR20 to 1.8 V for 0.2NW-
FR20.

The effect of BFFR was investigated using 0.2 wt% concentration of
AgNWs, which gave uniform coverage of the inner surface of the hollow
fiber. The SEM micrographs of the cross-sections of hollow fibers wet-
spun at different BFFR are shown in Fig. 3(i). With increase in BFFR
from 20 to 60ml/h, both inner as well as outer fiber diameters were
observed to increase from 504 to 984 μm and 824–1061 μm, respec-
tively, resulting in reduction of wall thickness from 320 to 76 μm. This
was attributed to the combined effect of an increase in radial forces on
the inner surface of hollow fibers as well as an increase in drag force in
the spinning direction with increase in BFFR. The average thickness of

Fig. 1. (i) SEM micrograph of as-synthesized AgNWs at (a) 5000 and (b)
80000× , (ii) Photograph and schematic of AgNW dispersion, (iii) Schematic
showing mechanism of hollow fiber formation and (iv) SEM micrographs of (a)
AgNW-PU hollow fiber cross-section at 200× , (b) magnified view of AgNWs
adhered to the fiber's inner surface at 80000× .

Scheme 1. Schematic of set-up used for making hollow fiber.

Fig. 2. (i) SEM micrographs of longitudinal section of AgNW-PU hollow fibers
spun at BFFR of 20ml/h with varying AgNWs concentrations, (ii) Current vs.
voltage profile for 5 cm long AgNW-PU hollow fibers and (iii) Effect of AgNWs
concentration on the conductance of AgNW-PU hollow fibers.
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the AgNW layer was found to increase from 772 nm for 0.2NW-FR20 to
1858 nm for 0.2NW-FR60.

BFFR was also observed to affect the electrical response of the
hollow fibers significantly, as shown in Fig. 3(ii). The conductance of
5 cm long samples, which is indicated by the slope of the current vs.
voltage curve, was observed to increase with increase in BFFR. It in-
creased by ∼387% on increasing BFFR from 20 to 60ml/h.

This increase in the conductance (Fig. 3(iii)) could be attributed to
the increase in the thickness of the deposited AgNW layer due to higher
amount of AgNWs injected with increased BFFR. The structural para-
meters and electrical properties of conductive hollow fibers spun at
different BFFR are summarized in Table 1.

The conductivity of the hollow fibers was calculated taking into
account the thickness of the AgNW layer and was observed to be in the
range of 104 S/cm which is approximately an order of magnitude lower
than that of pure silver (6.2× 105 S/cm). Importantly, the high con-
ductivity in the hollow fibers was achieved at extremely low con-
centrations of silver, which are in the range of 0.31–1wt% on the
weight of polymer.

One of the main objectives of the study was to create a flexible and
stretchable conducting fiber. Since these AgNW-PU hollow fibers
showed good conductivity which was only an order of magnitude lower
than that of pure silver, they were further explored for their flexible
nature. The electrical response of 0.2NW-FR60 was studied under
knotted condition and compared to the earlier results. As depicted in
Fig. 3(iv), the conductive hollow fiber showed only slight increase in
resistance under the knotted condition indicating minimal disruption in
electrical pathways created by AgNWs.

Next, the stretchability of the conductive hollow fibers was in-
vestigated. For this, samples of hollow fibers having different AgNWs
concentrations were fabricated using BFFR of 60ml/h.

The conductance of these samples was determined by subjecting
them to strains ranging from 10 to 100% (Fig. 4(i)). As expected, at

relaxed condition (i.e. 0% strain), the fibers exhibited significantly
different values of conductance wherein samples having higher con-
centration of AgNWs exhibiting higher conductance. The conductance
of 0.2NW-FR60 was 77mS, while of 0.05NW-FR60 was 5mS. However,
when the hollow fibers were stretched to twice their original length, the
conductance values fell within a narrow range of 0.34–2.7 mS. Though
the conductance at 100% stretching were lower than those at relaxed
condition, all hollow fibers exhibited good conductance even at these
high strain values indicating significant retention of AgNWs networks
(Fig. 4(i)). Interestingly, the samples with higher AgNW concentration,
such as 0.2NW-FR60, showed sharper drop in conductance values,
while those with lower concentration showed much lower drop from
their original values. This indicated that in case of hollow fibers with
lower concentration of AgNWs, the AgNW networks were quite stable
on deformation.

As shown in Table 1, using the approach reported in this study, very
high initial conductivity of 13085 S/cm was achieved on incorporation
of 0.31 wt% of AgNWs. We have noted that the initial conductivities
values of the other PU conductive composite fibers reported in the lit-
erature are significantly lower [10,11]. For example, the addition of
13 wt% of PEDOT:PSS in PU exhibited an initial conductivity of 10 S/
cm, which dropped by about two orders of magnitude at 100% strain. In
the literature, the high initial conductivity values have been achieved
with very high loading (i.e. more than 75wt%) of conducting fillers
[12,15]. However, these fibers have very low breaking strain and poor
stability.

In order to understand the stability of AgNW networks on repeated
deformation, the resistance behavior of the hollow fibers with higher
AgNWs concentration, 0.2 NW-FR60, was further tested at 20% for 70
cycles (Fig. 4(ii)).

Fig. 3. (i) SEM micrographs of cross-section of AgNW-PU hollow fibers spun at
different BFFR using 0.2 wt% AgNW dispersion, (ii) Current vs. voltage profile
for conductive 5 cm long hollow fibers spun at different BFFR, (iii) Conductance
of conductive hollow fibers spun at different BFFR and (iv) Effect of knot on the
current-voltage profile of 0.2NW-FR60 fiber.

Table 1
Structural parameters and electrical properties of conductive hollow fibers spun at different BFFR.

Sample Code AgNWs conc. on weight of PU (wt%) Inner diameter (μm) Outer diameter (μm) AgNW deposition thickness (nm) Resistance (Ω) Conductivity (S/cm)

0.2NW-FR20 0.31 504 ± 10 824 ± 20 772 ± 92 31.33 13085
0.2NW-FR30 0.46 758 ± 4 934 ± 16 868 ± 90 15.91 15199
0.2NW-FR40 0.61 831 ± 7 1005 ± 22 1216 ± 151 13.25 12076
0.2NW-FR50 0.77 934 ± 29 1028 ± 55 1843 ± 70 10.92 8595
0.2NW-FR60 1.00 984 ± 13 1061 ± 15 1858 ± 120 8.11 10018

Fig. 4. (i) Effect of strain on the conductance of 5 cm long hollow fibers with
different concentrations of AgNWs, (ii) Change in resistance of 0.2NW-FR60
conductive hollow fiber at 20 and 100% strain for 70 cycles, (iii) SEM micro-
graphs representing the inner surface of 0.2NW-FR60 conductive hollow fiber
(a) & (b) at 20% and (c) & (d) at 0% strains after 70 cycles and (iv) SEM mi-
crographs representing the inner surface of 0.2NW-FR60 conductive hollow
fiber (a) & (b) at 100% and (c) & (d) at 0% strains after 70 cycles.
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On subjecting the fiber to a strain of 20%, the resistance was ob-
served to increase from 0.016 to 0.062 kΩ. On cycling, the resistance
values at both relaxed and strained conditions were very stable and
increased only marginally. At the end of 70 cycles, the resistances at the
relaxed and strained states were 0.046 and 0.092 kΩ, respectively.
Moreover, most of this change was observed to occur within the initial
few cycles. The SEM micrographs of inner surface of 0.2NW-FR60
conductive hollow fibers after the cycling test are shown in Fig. 4(iii).
The fibers were micrographed both at 20% strained condition and in
relaxed state. From the images, it can be observed that on stretching,
the inner AgNW layer of the conductive fiber gets stretched and remains
intact without undergoing fracture. On relaxation, the nanowires get
deformed to form buckled layer. At higher magnification, the AgNW
network appears to be well connected in both states, which supports the
high values of conductivity seen even after 70 cycles of straining of up
to 20%. The results also confirm that the AgNW layer is firmly attached
to the inner surface of the hollow fiber.

The fibers were then subjected to cycling at an extremely high strain
of 100%. At this extension the resistance increased sharply from 0.0153
to 0.899 kΩ in the first cycle. In the next few cycles, the resistance in
the relaxed state increased to a value of 0.608 kΩ and got stabilized
thereafter. Similarly, in the stretched condition (i.e. 100% strain), the
value was observed to become stable at 1.18 kΩ.

The SEM micrographs of the samples after 70 cycles of 100% strain
are shown in Fig. 4(iv). Under stretched condition, the surface of AgNW
layer seems to undergo fracture creating several islands of densely
packed AgNWs. Upon relaxation, the islands of the top dense layer
come closer to each other. However, the layer still remains fragmented,
which may explain the increase in resistance values during the first few
cycles. Importantly, loose or detached islands/clusters of AgNWs were
not observed even after completion of 70 cycles implying that the de-
posited layers did not undergo morphological changes after the few
initial cycles resulting in achievement of stable resistance values at both
stretched and relaxed states. Interestingly in both states, the con-
ductivity of the fibers is still very high indicating some form of con-
tinuity of the AgNW networks.

Micro-structure of the deposited AgNW layer was further in-
vestigated. FE-SEM micrographs were taken at different positions inside
the deposited layer. The AgNWs were found to be present in three
distinct layers, identified as top layer, middle anchoring layer and the
bottom embedded layer. The micrographs of these layers are shown in

Fig. 5(i). The top layer is a densely packed AgNWs of about ∼1200 nm
in thickness. In the embedded layer, AgNWs are partially submerged
inside the PU wall and thus, are firmly attached to the wall. The an-
choring layer is a less dense mesh of AgNWs, which connects the em-
bedded layer to the top dense layer.

The embedded layer (shown in Fig. 5(i) (c)) is formed by diffusion
of AgNWs in the PU polymer in the inner surface of the PU hollow
fibers. As explained earlier, during the spinning process, the bore fluid
(i.e. the aq. dispersion of AgNWs) exerts a radial pressure on to the
hollow fiber. During this process, the AgNWs dispersion diffuses inside
the inner surface of the fiber, causing coagulation and entrapment of
AgNWs in the polymer matrix.

The concentration of AgNWs in this layer is influenced by con-
centration of AgNWs in the bore fluid dispersion and the bore fluid flow
rate. At low concentrations (0.05NW-FR60), this is the predominant
layer which stretches with the stretchable PU fiber (Fig. 5(i) (c)), but
does not form a very efficient conductive path. This embedded layer is
responsible for the stretchability of the AgNWs network at strains as
high as 100%. However, the conducting paths created by this layer are
highly stable, which helps in retention of the similar values of con-
ductivity of the 0.05NW-FR60 fibers even at 100% strain.

With the increase in concentration of AgNWs in the bore fluid (0.2
NW-FR60), a thick top dense layer starts to form, which is responsible
for providing a very efficient conducting path and the conductivity of
the fibers increases significantly.

The anchoring layer (Fig. 5(i) (b)) in between these two end layers
ensures that the highly conductive top layer remains connected to the
stretchable embedded layer. Thus, the anchoring layer is mainly re-
sponsible for imparting stability and electrical connectivity to the
structure. As mentioned earlier, at low strains, the top layer is able to
stretch without formation of cracks, thereby retaining the high con-
ductivity. At this strain (∼20%), anchoring layer is able to hold firmly
the dense AgNWs top layer. However, on stretching at high strains (of
∼100%), the dense top layer develops cracks to form several small
islands of AgNWs (Fig. 5(ii)), which are still held together through the
anchoring layer. This separation of top dense layer into small islands
results in loss of highly conducting paths, thus, causing a sharp drop in
the conductance. However, the electrical paths created by the embed-
ding and anchoring layers are still maintained giving rise to con-
ductivity similar to the fibers spun with low concentration of AgNWs in
bore fluid (Fig. 4(i)).

The usability of these fibers has been demonstrated by creating a
circuit with a battery and a LED attached to it. The LED was connected
at the two ends of 0.2NW-FR60 conductive hollow fiber and the fiber
was stretched between the two jaws of micro tensile tester. The illu-
mination of LED at 0 & 100% strains at an applied voltage of 15 V is
shown in Fig. 6(i). As expected, the intensity of glow of the LED reduced
as the fiber was stretched at 100% strain.

The long term stability of the conductive hollow fiber was tested by
applying a constant voltage of 3 V in a circuit as shown in Fig. 6(ii)
continuously for 20 h. The fiber was observed to retain the conductivity
without any change in current value confirming its utility for long and

Fig. 5. (i) Schematic representation of conductive hollow fiber longitudinal
section along with SEM micrographs representing (a) top surface, (b) the an-
choring layer, (c) the embedded layer of 0.2NW-FR60 at different positions at
100% stretched condition after 70 cycles and (ii) Schematic showing response
of conductive layer to deformation.

Fig. 6. (i) LED connected in-line with 0.2NW-FR60 conductive hollow fiber, at
0 & 100% strain and (ii) Effect of ageing on the current passing capacity of
3.6 cm long each conductive hollow fiber at 3 V.
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continuous operation.
Interestingly, the fabricated conductive hollow fiber mimics the

electrical wire in a manner that it too contains an insulating cover over
the conductive part. In addition, it exhibits high flexibility and
stretchability unlike an electrical wire. It shows very high conductivity
as the conductive nanomaterial (AgNWs) has been deposited over the
fiber's inner surface and is not mixed with the non-conductive polymer
matrix. This is unlike previously reported systems, wherein the con-
ducting fillers are either blended with the insulating polymer [17] or
deposited on the outer surface of a fiber [1], which affects their overall
conductivity, abrasion stability or appearance. On the other hand,
morphology developed in the conductive hollow fibers, reported here,
are able to exploit the high intrinsic conductivity of silver in the form of
AgNWs to achieve high conductance at extremely low concentration of
silver, while imparting high stability to the conducting layer on
stretching and bending. Since the AgNW layer is present inside the
hollow fibers, the fibers are easy to handle, use and have good aesthetic
appearance. Further, it is expected that the fibres would remain stable
during usual washing and abrasion cycles. The tests related to repeated
deformation and knotting simulate the situation of normal use of the
fibers in a textile structure.

It may be noted that the diameter of these fibers is in several hun-
dreds of micrometers because of high flow rates used for the bore fluid.
Also, the reported process uses free elongational flow of the fibers under
gravity, which results in low draw down ratios resulting in high dia-
meters. For many applications, fibers with diameters in tens of microns
are better suited. It should be possible to tailor the diameter of these
fibers towards lower values by optimizing the flow rate of bore fluid
and the concentration of AgNWs in the bore fluid. The fibers may be
drawn down by large values by applying external force, as in traditional
spinning process, to achieve lower diameters.

3. Conclusions

In the present study, an unique hollow fiber morphology has been
developed to fabricate highly conducting flexible and stretchable fibers
using a simple, scalable approach of dry-jet-wet spinning. Aqueous
AgNWs dispersion was used as the bore fluid for internal coagulation
and formation of conducting path on the inner wall of the hollow fiber.
With an increase in either the AgNWs concentration or the bore fluid
flow rate, the conductance of the hollow fibers was observed to in-
crease, with reduction in breakdown voltage. The highest conductivity
(1.52×104 S/cm) was obtained for 0.2NW-FR30 which is comparable
to that of silver. These hollow fibers showed only slight increase in
resistance on knotting indicating their good flexibility. The fibers fur-
ther showed to have good conductivity even at high strains of 100% for
repeated number of cycles confirming their good stability under
stretching. These characteristic properties of good conductivity, flex-
ibility and stretchability were mainly attributed to the deposition of
AgNWs in the form of three different layers. The innermost embedded
layer imparts flexibility and stretchability at strain rates as high as
100%. The topmost dense layer of AgNWs lead to increased con-
ductivity, whereas the middle anchoring layer ensures the connectivity
and stability of the conducting paths under deformation. These fibers
could be used for various applications for developing flexible electro-
nics where the devices are expected to undergo repeated deformations
during use.

4. Experimental section

4.1. Materials

Ester based fiber grade PU Estane® 58277 polyurethane chips were
procured from Lubrizol, Mumbai, India. N,N-dimethylformamide
(DMF), silver nitrate and sodium chloride were purchased from Merck,
Mumbai, India. Glycerol was obtained from Fisher Scientific, Mumbai,

India. Poly(vinyl pyrrolidone) (PVP) of M̄w 40,000 was obtained from
Central Drug House, New Delhi, India. De-ionized (DI) water was used
for the synthesis of silver nanowires.

5. Methods

(i) Synthesis of silver nanowires

AgNWs were synthesized using solvothermal method [18]. In brief,
PVP (0.052mol, 5.8 g) was dissolved in 190ml of glycerol at 90 °C
under constant stirring at 1000 rpm. On complete dissolution of PVP,
the temperature was lowered to 50 °C and AgNO3 (9mmol, 1.58 g) was
added to this solution and the stirring was continued for 15min. Fur-
ther, a solution containing NaCl (1 mmol, 59mg), water (0.5 ml) and
glycerol (10ml) was added to this reaction mixture under stirring at
∼200 rpm and the reaction temperature was raised to 230 °C. After
25min, the reaction was quenched using equal volume of DI water. The
dispersion was washed several times with lukewarm water in order to
remove unreacted PVP and glycerol. Then, the mixture was left un-
disturbed to allow settling of the AgNWs.

(ii) Spinning of conductive hollow polyurethane fibers

Spinneret having coaxial needles was used for dry-jet-wet spinning
of AgNW-PU hollow fibers. 30 wt% PU solution in DMF was pumped
through the outside needle at the flow rate of 40ml/h at a temperature
of 40 °C. Bore fluid having different concentration (0.05–0.2 wt%) of
AgNWs dispersed in DI water, was pumped at variable flow rates in the
range of 20–60ml/h. During spinning, the fiber was made to pass
through an air gap of 10 cm before immersing it in a coagulation bath
(i.e. DI water bath) maintained at a temperature of 25 °C.

5.1. Characterization

The morphologies of AgNWs and hollow fibers were determined
using field emission-scanning electron microscope (FE-SEM), FEI
Quanta 200F, (Eindhoven, The Netherlands). The thicknesses of AgNW
layers were measured by ImageJ software using FE-SEM images of the
cross-section of the fibers obtained at high magnifications.

The cyclic stretchability and strain testing of the conductive hollow
fibers was carried out using Instron micro-tensile tester (Model-5848,
Singapore). The fibers were fixed on a paper window template axially
with the help of a scotch tape. A 10 N load cell with gauge length of
5 cm and cross-head speed of 100mm/min was used. An average of 3
measurements is reported. Two copper conducting wires of diameter
0.352mm were inserted at the two ends of the hollow fibers to make
the connections and the conductivity was measured using a multimeter.
The current through the conducting hollow fibers was measured using
Triple power supply, Scientific MES- Technik Pvt. Ltd (Model HM5040,
India) by applying a known voltage across the fibers of length 5 cm. For
each sample, the current-voltage measurements were repeated 3 times
and an average value for electrical resistance was reported.

LED test: The hollow conductive fiber (5 cm long) was mounted on
a paper window of 4× 2.5 cm2 using scotch tape. The window was
clamped between the jaws of micro-tensile tester. Both the ends of the
conductive fiber were connected to electrical wires in series with green
LED and a voltage of 15 V was applied using triple power source supply.
The illumination of the LED was observed at 0 & 100% strained con-
ditions for the hollow conductive fiber.
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