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grown in situ on polymeric fibres
for electronic textiles†

Oindrila Halder, ‡a Muriel E. Layani-Tzadka,‡b Shiran Ziv Sharabani,‡a

Gil Markovich *a and Amit Sitt*a

A key aspect of the use of conventional fabrics as smart textiles and wearable electronics is to incorporate

a means of electrical conductivity into single polymer fibres. We present the transformation of thin polymer

fibres and fabrics into conductive materials by in situ growth of a thin, optically transparent gold–silver

nanowire (NW) mesh with a relatively low metal loading directly on the surface of polymer fibres.

Demonstrating the method on poly(lactic-co-glycolic) acid and nylon microfibres, we show that the NW

network morphology depends on the diameter of the polymer fibres, where at small diameters (1–2 mm),

the NWs form a randomly oriented network, but for diameters above several micrometers, the NWs wrap

around the fibres transversally. This phenomenon is associated with the stiffness of the surfactant

templates used for the NW formation. The NW-decorated fibres exhibit a significant increase in

conductivity. Moreover, single fibres can be stretched up to �15% before losing the electrical

conductivity, while non-woven meshes could be stretched by about 25% before losing the conductivity.

We believe that the approach demonstrated here can be extended to other polymeric fibres and that

these flexible and transparent metal-coated polymer fibres could be useful for various smart electronic

textile applications.
1. Introduction

Flexible and wearable electronics, in which electronic devices
such as displays and keyboards, as well as a variety of physical
and biological sensors, are integrated into wearable systems,
attract signicant attention since they potentially enable
novel applications. These applications oen use electrically
conductive bres and fabrics as the basis for the development
of new wearable technologies. To realize high-performance
textile-based electronic devices, the development of highly
conductive exible bres is of prime importance.1 These
exible conductive bres are an essential building block for
textile-based devices, which not only interconnect the func-
tional elements and supply electricity but can also be used as
the basic components for the fabrication of electronic
devices.

There are different approaches to obtaining electrical
conductivity in different kinds of fabrics. More than a decade
ago, Zhang et al. presented the fabrication of strong and
conductive yarn made by introducing a twist during the
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spinning of multi-walled carbon nanotubes (CNTs).2 Hu et al.
produced exible and stretchable conductive textiles based on
CNTs and used them for constructing supercapacitors.3 The
use of a conductive polymer to coat textile bres has also been
reported. Polypyrrole is oen used for this application, coating
a variety of textiles and bres, such as lycra,4 polyester,5 and
even textiles based on animal bres.6 Poly(3,4 ethylene diox-
ythiophene) (PEDOT) was used to coat nylon 6, poly(ethylene
terephthalate) (PET), and poly(trimethylene terephthalate)
(PTT) fabrics.7 PEDOT was also used to pattern electrodes on
knitted polyester fabrics to demonstrate a wearable and
stretchable keyboard.8 EDOT (3,4-ethylene dioxythiophene)
was used to obtain electrical conductivity on textiles made of
PET, PA (polyamide), and paper.9 The implementation of
graphene in wearable electronics applications was also re-
ported,10 where graphene was incorporated as part of an
electronic fabric made of polyester/Ag NWs/graphene core–
shell bres used as wearable electricity-generating textiles,11 or
as anodes for solar textiles.12 Semiconductor nanorods and
NWs were also used to obtain conductive fabrics. Lim et al.
deposited ZnO nanorods by in situ seeded growth on cotton
fabric.13 ZnO NWs were assembled with CNTs on a PET textile
to obtain a textile-based strain sensor.14 CdSe and CdTe NWs
were also used to functionalize cotton for future application as
the barcoding of cotton using the Raman signature of the NWs
and to use the NW photoconductivity to make cotton-based
photodetectors.15
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d1na00872b&domain=pdf&date_stamp=2022-02-26
http://orcid.org/0000-0002-3505-5533
http://orcid.org/0000-0002-4047-189X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00872b
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA004005


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 6
/1

0/
20

26
 5

:5
0:

54
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Silver NWs have been extensively investigated for conductive
fabrics for a variety of applications, including personal thermal
management on a cotton cloth through the dip-coating
method,16,17 and stretchable and conductive bres composed
of silver NWs and silver NPs embedded in a styrene–butadiene–
styrene (SBS) elastomeric matrix through a wet spinning
method.18 Dip coating was used to prepare conductive and
exible yarn bres with silver NWs as the conducting compo-
nent and poly(dimethylsiloxane) (PDMS) as a protective layer.19

Ag NWs were deposited on cupro fabric through the dip-and-dry
deposition method.20 Conductive nylon, polyester, and cotton
threads were produced by the dip-coating method.21

One of the most important properties of electrically
conductive bres and fabrics is the stability of conductivity
under various mechanical stresses, like stretching and bending.
Understanding the conductance failure mechanisms is crucial
for the design and construction of reliable and useable wearable
electronics.22

Here, we present a unique gold–silver NW seeded growth
process,23 which enables the formation of a highly connected
and transparent network of metal NWs directly on the surface of
polymeric bres, achieving a sheet resistance of �30 U sq�1 for
a single NW-coated bre. The NW coating of the bres is ultra-
thin (tens of nm thickness) and optically transparent. We
examine the formation of the NW network on single bres of
different polymers, including poly(lactic-co-glycolic acid)
(PLGA) and nylon with diameters ranging from one to tens of
micrometers, and demonstrate the relationship between the
persistence length of the surfactant template tubules formed in
the NW growth solution and the spatial organization of the
obtained NWs on the surface of the bres. Finally, we examine
the change in the conductivity as a function of strain applied on
both single nylon bres and nonwoven meshes of PLGA bres
to demonstrate the stretchability of the metal NW coating.
2. Experimental methods

Random networks of Au–Ag NWs were grown directly on PLGA
and nylon 6:6 bres through a surfactant-based so-template
approach.
2.1 Materials

The reagents used for the metal NW preparation, CTAB
(cetyltrimethylammonium bromide), HAuCl4, AgNO3, sodium
ascorbate, bovine serum albumin (BSA), citric acid, trisodium
citrate, and hydroquinone, were purchased from Sigma
Aldrich and used without further purication. The reagents
used for the PLGA bre fabrication, i.e., PLGA (lactide to gly-
colide ratio ¼ 85 : 15; MW ¼ 50–75 kDa), tetrahydrofuran
(THF), and dimethylformamide (DMF), were all purchased
from Sigma Aldrich. Chloroform was purchased from BioLab.
The Au seed particles (Nanogold©) were purchased from
Nanoprobes Inc. Polyamide–nylon 6:6 (PA 6,6) bre was
purchased from Goodfellow Cambridge Ltd, and consisted of
three laments of 25 mm diameter each. The water used was
© 2022 The Author(s). Published by the Royal Society of Chemistry
ultrapure (18 MU cm), obtained from a Direct-Q Millipore
system.

2.2 Fabrication of PLGA bres and fabrics

The electrospinning setup is composed of a syringe pump (New
Era Pump Systems. Inc.), a high voltage power supply (DC
voltage source, Gamma High Voltage Research), and a rotating
metallic frame collector. In a typical electrospinning process,
the polymer is dissolved in the relevant solvent (or solvent
mixture) and dispensed through a syringe needle at a constant
rate, while applying a voltage between the needle tip and the
collector. To obtain aligned bres, the collector is rotated at
a high speed throughout the jetting.

Two types of PLGA bres with different diameters were
fabricated. For the fabrication of PLGA bres with diameters of
1–2 mm, 0.3 g of PLGA was dissolved in 1 mL THF/DMF 50%/
50%. The electrospinning was performed with a positive driving
voltage of 5 kV. For the fabrication of bres with diameters of
10–40 mm, 0.4 g of PLGA was dissolved in 1 mL of chloroform/
DMF (93%/7%). The electrospinning was performed with
a positive driving voltage of 9 kV.

For both types of bres, the solution was dispensed at a ow
rate of 0.070 mL h�1, and the collector was positioned at
a working distance of 7 cm from the dispensing needle. For
obtaining a mesh, the frame was repeatedly moved back and
forth throughout the jetting process.

2.3 Deposition of the Au–Ag NW lms on PLGA bres

(Step 1) PLGA bres, glued to a supporting PET frame using
cyanoacrylate glue, were soaked overnight in a metal seed
particle solution. Au seed nanoparticles of size �1.4 nm
(Nanogold©, �55 gold atoms) were used. A 10�6 M aqueous
solution of seeds was used for coating single bres and a 3 �
10�6 M solution of seeds was used for coating fabrics.

(Step 2) The next day, the PLGA bres were soaked in a CTAB-
based growth solution to coat the bres with ultra-thin Au–Ag
NWs with a typical diameter of �2–4 nm. The growth solution
was prepared by mixing aqueous solutions of CTAB (0.25 M, 10
mL), HAuCl4 (0.025 M, 500 mL), AgNO3 (0.1 M, 250 mL), and
sodium ascorbate (1.8 M, 425 mL), sequentially at 35 �C, as was
previously described.24 The growth solution was poured into
a small Petri dish containing the PLGA bres glued to the frame.
The bres were immersed and le undisturbed for 5 min in the
growth solution. Finally, the bres were washed by replacing the
growth solution with 70% ethanol and le undisturbed for
1 min. The same wash procedure was repeated with water.

(Step 3) To enhance the stability of the NWs and to improve
their conductivity, we perform a third deposition step: selective
catalytic silver-plating that thickens the NWs. The silver-plating
solution was prepared by mixing aqueous solutions of BSA
(0.125% w/v, 10 mL), AgNO3 (0.1 M, 55 mL), citric acid and
sodium citrate buffer (1.2 and 1.6 M, respectively, 555 mL), and
hydroquinone (0.3 M, 1.65 mL) sequentially at 26 �C. The PLGA
bres coated with NW lms were dipped for 6 min in the silver-
plating solution. Then, the samples were washed for 1 min in
70% ethanol and 1 min in water.
Nanoscale Adv., 2022, 4, 1368–1374 | 1369
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2.4 Deposition of the Au–Ag NW lms on nylon (6,6) bres

Similarly to the PLGA bres, the nylon (6,6) bres were attached
to a PET frame. To improve seed particle adsorption to the bre
and enable the formation of a conductive network, the nylon
bres were treated with oxygen plasma for 6 s at 100% power in
a Diener Atto model plasma cleaner, before soaking in the seed
solution. Then, the nylon bres were soaked in an aqueous 2.7
� 10�8 M Au seed nanoparticle solution of size �1.4 nm for one
hour, followed by the growth of Au–Ag NWs and Ag plating as
described above.
2.5 Scanning electron microscopy (SEM)

SEM imaging was carried out using a Quanta 200 eld emission
gun environmental SEM using a FEI wet-STEM detector. To
examine the NW lms deposited on non-conducting substrates
(PLGA bres), we used a water vapor environment (low vacuum).
2.6 Fibre and fabric stretching experiments

Stretching tests were conducted using a simple micrometer-
based xture (see Fig. 4a). For resistance measurement, thin
copper wires were glued to the two bre edges, connected to the
PET frame, using silver paint, and further capped (for
mechanical stability) with fast curing epoxy glue. The PET frame
was then clamped on the stretching xture and its sides were
cut. Then the electrical resistance of the bre or fabric was
measured during the stretching test (turning the micrometer
screw) using a Fluke 16 multimeter connected to the two bre
ends with thin copper wires. The length of the bre or fabric
suspended between the two gluing points was about 15 mm
before stretching. The sheet resistance of the NW coating was
roughly estimated by multiplying the measured resistance by
the bre circumference divided by the distance between the
electrical contacts.
3. Results and discussion

The growth of a conductive layer of NWs on top of polymeric
bres was examined on different polymers and at different
diameters and scales, ranging from deposition on a single
microbre and all the way to direct deposition on macroscale
non-woven meshes. Following previous work that examined the
growth of silver NWs on polymeric surfaces,24 in all the systems
we describe herein, the growth of NWs on the surface of the
polymeric bres was performed in three consecutive steps. In
the rst step, Au Nanogold© particles, which act as the seeds for
the growth of the NWs, were attached to the surface of the
polymeric bres by the immersion of the bres in a seed particle
solution. In the second step, ultrathin gold–silver NWs were
grown out of the seed particles by dipping the bres in the NW
growth solution. During this process, CTAB is quickly deposited
on the surface of the bres, embedding the seed particles and
forming a tubular template in which more metal is reduced and
interconnects the seed particles into NWs. In the last step, the
ultrathin NWs were silver coated by dipping in a silver-plating
bath, which thickens the formed NWs and stabilizes them.
1370 | Nanoscale Adv., 2022, 4, 1368–1374
The formed NW lms were previously found to maintain
conductance for several months when deposited on PET
substrates. Adhesion tests using standard sticky tape showed
partial removal of the NW lm, indicating a relatively mild
adhesion of the NWs to the polymer substrate that corresponds
to van der Waals forces.24 However, bending tests of the NW-
decorated PET substrate demonstrated that the NW lm sus-
tained these stringent tests. It therefore appears that while the
NW network has relatively weak interactions with PET
substrates, it exhibits high resilience against shear forces (see
the ESI of ref. 24).

To characterize the growth mechanism of the NWs on the
bres we rst examined the growth of NWs on single polymeric
bres. Three types of bres with different diameters were used
as substrates for the growth of the NWs: (i) electrospun PLGA
bres with an average diameter of 1.5 � 0.5 mm, (ii) electrospun
PLGA bres with an average diameter of �10–40 mm, and (iii)
commercial nylon 6:6 bres with an average lament diameter
of 25 mm. The rst and crucial step for the growth of NWs on the
surface is the high coverage deposition of Nanogold© seed
particles on the surface of the bres. This can be tuned by
controlling the seed concentration and dipping time of the
bres in the seed solution, as well as bre surface treatments,
such as brief oxygen plasma exposure. The ESI (Fig. S1†)
displays the SEM images of seed particle distribution on PLGA
and nylon bres aer they were enhanced by silver coating to
enable SEM imaging. These images indicate uniform deposi-
tion of the seeds on the bre's surface.

In the next steps, the Nanogold© decorated bres were
soaked in the growth solution to form ultrathin gold–silver
NWs, followed by additional silver deposition, which stabilized
and thickened the grown NWs. The SEM images of the different
bres aer the completed deposition of the NWs are displayed
in Fig. 1. In all the PLGA bre samples, the gold–silver NWs
were deposited uniformly over the surface of the bre at a rela-
tively high density. However, while for the thin PLGA bres the
NWs did not exhibit any preferential growth direction and the
NWs formed a disorderedmesh over the bre (Fig. 1a and b), for
PLGA bres with a diameter of �10–40 mm, a transverse growth
of the NWs around the bres was exhibited, and the NWs coiled
around the bres (Fig. 1c and d).

The different NW arrangements on PLGA bres of different
diameters could be explained by considering the persistence
length of the CTAB surfactant self-assembled nanostructures,
which probably forms an elongated tubular template for the
formation of the NWs. For worm-like micelles, the persistence
length is dened as the length over which the micelles are
considered rigid.25 For charged wormlike micelles (as in CTAB),
the persistence length varies signicantly with the surfactant
structure, counter-ion, and salt concentration. For CTAB,
persistence lengths that vary from tens of nm to �1 mm were
reported, depending on the specic conditions of the measured
system.26–30 Here we assume that the tubular CTAB template
(including complexed metal ions), which is rolled around the
seed particles and supports the growth of the NWs, has
a persistence length in the order of 1 mm. This magnitude of
persistence length would prevent the NWs from coiling around
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SEM images of silver NW coated PLGA and nylon fibres: (a and b) thin PLGA fibres (�1–2 mm in diameter) coated with NWs, (c) Thicker
PLGA fibres (�10 mm) and (d) (�40 mm) coated with NWs. (e) SEM image of the 25 mmnylon 6:6 fibres coated with NWs. (f) A higher magnification
image of the surface of a NW-coated nylon fibre. Note that only the thicker NWs are visible here and there are probably invisible thinner ones
covering the surface.

Fig. 2 Resistance measurement of a single PLGA fibre of 20 mm in
diameter and �1 cm in length. The 5.18 kU resistance is translated to
a sheet resistance of 32 U sq�1 using the dimensions of the fibre. The
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the thin (�1–2 mm) bres but will allow them to wrap around
the �10–40 mm thick bres. This concept is further supported
by the observation that in the case of the 40 mm PLGA bres, the
transverse organization of the NWs is signicantly more
pronounced relative to the 10 mm bres.

In the case of the nylon bres, the formed NW network was
more granular and rough, without wrapping around the bres,
as can be seen in Fig. 1e and f. This indicates the different
organization of CTAB on the nylon surface and probably
a different NW growth scheme. We believe that the reason for
the NWs not coiling around the 25 mm nylon bres should be
related to the mode of assembly of the CTAB nanostructures at
the polymer surface. While PLGA is hydrophobic, nylon is more
hydrophilic, and consequently, the interaction of CTAB with the
surface is expected to differ signicantly.31 The surface rough-
ness was also observed to affect the assembly of CTAB.32 It
should be stressed that in general, growing the NW network on
the nylon bres was more difficult than growing them on PLGA
and required more careful tuning of surface preparation by
plasma treatment of the nylon bres and the obtained sheet
resistance (to be discussed below) was higher compared to the
coated PLGA bres.

To measure the electrical resistance of the NW decorated
bres, single bres were glued at two points along the bre to
an insulating surface using silver paint, which acted also as
electrical contacts, and the resistance of the bre was measured
(Fig. 2). Measurements performed on several single PLGA bres
with a diameter of 10–40 mm and �1 cm in length indicated
© 2022 The Author(s). Published by the Royal Society of Chemistry
a sheet resistance of 30 � 5 U sq�1, calculated from the
dimensions of the coated bres. Similar sheet resistance values
were obtained for the NW-coated nylon bres aer much
thicker silver coating, which apparently reduced the coating
transparency.

The NW coating is not limited to single bres and can be
utilized on fabrics. Fig. 3 presents the growth of silver NWs on
inset shows a zoom-in view of the silver-paint contacted fibre.

Nanoscale Adv., 2022, 4, 1368–1374 | 1371
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Fig. 3 (a–d) SEM images of the silver NW coated PLGA fabric-like substrate formed of thin fibres (1–2 mm). Inset: an image of the silver NW
coated PLGA fabric-like substrate glued to a PET frame.

Fig. 4 (a) A schematic illustration of the fibre-stretching device
together with the loaded PET frame, holding the single nylon fibre
coated with the conductive NW mesh, with glued electrical contacts.
(b) Resistance vs. elongation for repeated stretch-and-release exper-
iments, demonstrating an initial increase of resistance on the first
stretch, and nearly constant resistance during the next cycles, ending
with a steep increase in resistance due to breaking of the NW network
at elongation above 10%.
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nonwoven meshes of thin PLGA bres with bre diameters in
the range of 2–5 mm. As was demonstrated above, the growth of
NWs on single bres with a diameter of 2 mm did not exhibit
a preferential growth direction. In the dense fabric, however,
the proximity of the bres resulted in the growth of NWs around
multiple adjacent bres, with an effective bundle diameter of
�10 mm. Under these conditions, the NWs again exhibited
directional growth transverse to the main axis of the adjacent
bres, coiling around the bundle similar to the behavior
exhibited on thick bres. The continuous growth of the NWs
around the bundles was achieved also in the cases where there
were small gaps between the bres, indicating the relatively
weak interaction of the CTAB template with the bre surface
and the importance of the properties of the CTAB template
itself, supporting the role of the persistence length in deter-
mining the organization of the NWs around the bres.

In addition, bundles of NWs with lengths of tens of micro-
metres were observed to extend between distant bres, indi-
cating that the NWs grow out of the bres' surfaces. This may
occur either because the CTAB template forms a continuous
lm between adjacent bres or due to partial detachment of
weakly bound NWs from the bre surface. Then the oating
NWs could continue to grow in the solution until eventually
reaching and attaching to a distant bre.

A key requisite for utilizing the methodology for producing
exible and stretchable electronics is the ability of the NW-
coated bres and fabrics to maintain their conductance while
being signicantly stretched or deformed. To examine the effect
of pulling on the electrical resistance at the single-bre level, we
used NW-coated commercial nylon 6:6 bres. In a typical
experiment, the NW coated nylon bre was glued over a PET
frame at both edges using silver paint fortied by epoxy glue
coating. The silver paint acted as a contact point for the
measurement of the resistance (Fig. 4a). The frame was clamped
onto a manually operated load device, and then it was cut at
both sides to allow free pulling of the bre only. The resistance
was measured while stretching the bre by turning the
micrometer screw until a strain of�10–15% was reached. Then,
in some of the experiments, the bre was allowed to relax back
to its original length.
1372 | Nanoscale Adv., 2022, 4, 1368–1374
Fig. 4b shows a typical resistance vs. elongation curve
measured during four stretch-and-release cycles. In the rst
stretch cycle, a signicant four-fold increase in the resistance
occurred. We believe that this initial resistance increase is due
to breaking of weak contacts either in the silver paint at the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Resistance vs. elongation curves measured by stretching and
relaxing a thin PLGA fibre fabric coated with the NW film. Again, the
first stretch might result in breaking of weak contacts in the NW
network or in the silver paint contact area already at a few % elonga-
tion, followed by a sharp increase in resistance as the elongation
reaches �25%.
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electrical contacts to the coating, or within the NW coating
itself. We were not able to obtain evidence for structural
changes in the NW network, which may have occurred on
stretching. However, SEM imaging of the contact area of the
nylon bres did show that the pulling resulted in partial
breaking of the contact (see ESI, Fig. S2†). Qualitatively similar
behaviours were observed in stretching experiments of several
coated nylon bres (see ESI, Fig. S3†).

In the following stretching and relaxation cycles (Fig. 4b),
there was an additional gradual loss of conductance, down to
�0 at 12–15% strain, where a large resistance jump occurred,
probably due to the breaking of the NW network, which in the
case of the NW coated nylon bres seems to possess a relatively
stiff morphology. Interestingly, in each relaxation step, part of
the conductance was restored, perhaps due to the re-
establishment of some of the physical (and consequent elec-
trical) contacts in the broken NWs. This picture is consistent
with the observation of resilience of such NW lms deposited
on PET substrates in bending tests (ref. 24, ESI).

The potential use of such a system as a strain sensor was
examined by looking at the gauge factor.36 Plotting the loga-
rithm of the normalized resistance vs. strain for the rst stretch
in Fig. 4b roughly shows an exponential strain gauge behaviour
(see ESI, Fig. S4†). The slope was Gexp � 4.8, which is in the
range of the gauge factors of continuous thin metal foils. Silver
or gold nanoparticle based conductive thin lms should have
much higher gauge factor values.37 The nearly bulk metal lm
value of Gexp can be attributed to the weak interaction of the NW
network with the nylon bre and to the robustness of the NW
network. Upon applying stress to the bre, part of the NW
network can probably slide over the substrate at weak adhesion
points and the network morphology can change to accommo-
date the stress. Thus, effectively, part of the NW lm may
experience lower stress than applied to the bre.

It should be noted that similar stretching experiments could
not be performed with individual PLGA bres because they
exhibit a signicantly lower yield strength compared with nylon
and easily tear down at a low strain.

Stretch and release experiments were also performed on
a NW-coated nonwoven mesh of PLGA bres (bre diameter �
800 nm). Unlike the case of a single PLGA bre, the meshes
exhibit signicant robustness to stretching. Similar to the single
nylon bres, a signicant increase in resistance was observed
throughout the rst stretching cycle (Fig. 5), which we again
attribute to the breaking of weak contacts in the NW network, or
in the silver paint contact area. In the subsequent repeated
stretch and relaxation cycles, the resistance remained almost
constant with small reversible changes during each cycle, as
long as the elongation remains below 25%. This is probably due
to the difference in the way a fabric is stretched relative to
a single bre; in the single bres, the whole elastic strain occurs
in the individual polymeric bre, while in the fabric, the stress
is translated mainly to a morphological change in the mesh.
Notably, a signicant strain at the bre level occurs only once
the fabric mesh is fully stretched, i.e. all the bres become
aligned with the stretch direction. Hence, in the present case,
© 2022 The Author(s). Published by the Royal Society of Chemistry
there seems to be only a slight breaking of the NW network as
long as the elongation is <25%.

The NW coating of the bres is ultra-thin (tens of nm
thickness) and fairly transparent. Despite this low amount of
metal mesh coating, both the single bres and non-woven
fabrics exhibit signicant conductance and stretch resilience
of conductivity. Other groups have mainly studied relatively
thick bres of composites of polymers and silver NWs for ex-
ible electronics.18,33–35 In the cases of high metal loading, they
could maintain electrical conductivity even with 100% strain. In
our case, more modest results are achieved with orders of
magnitude lower metal concentration and much thinner bres.
Our typical metal loading values are about 3–6 ng (for �5–10%
area coverage) silver (being the main metal in the coating) per
1 cm length of a 10 mm diameter bre. The metal loading could
be changed over a wider range by changing the silver deposition
duration in the last coating step.38
4. Conclusions

We have presented a new approach for producing conductive
exible polymeric bres and fabrics of different diameters and
materials by the growth of a gold–silver NW conductive layer
directly on their surface. The plasticity of the metallic NW
network enables the retention of the conductivity under strain,
with single bres exhibiting conductance up to a strain level in
the range of 8–20% and fabrics exhibiting signicant conduc-
tance up to a higher elongation level of �25%. The morphology
of the NW network depends on the polymer properties;
however, as demonstrated for PLGA bres it is also affected by
the bre diameter, shiing from a disordered mesh for bres <5
mm diameter, to a highly oriented, transverse wrapping at $10
mm diameter bres. The approach described here is highly
exible and general and can be utilized for forming a conduc-
tive and transparent layer on different polymeric bres (with an
appropriate surface treatment, if needed), both at the single-
Nanoscale Adv., 2022, 4, 1368–1374 | 1373

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00872b


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 6
/1

0/
20

26
 5

:5
0:

54
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
bre level and on preformed fabric. Hence, it offers a scalable
and generic method for the large-scale production of electronic
fabrics with minimal amounts of metal coating for a range of
applications.
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