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ABSTRACT
Stretchable conductors with intrinsically stretchable materials have grand inherent
advantages, including a high integrity of the stacked layers, simple fabrication processes,
and low cost in comparison with stretchable conductors based on rigid and/or flexible
components. However, developing novel materials or associated technological
innovations to produce entirely stretchable conductors remains challenging when using
existing active materials and assembly approaches.
To address these challenges, this thesis introduces two novel materials and
methodologies to fabricate intrinsically highly stretchable conductors. The first project
investigates the use of an ionic liquids (ILs)-based strategy to produce intrinsically
stretchable sensors. Despite simplicity in fabrication, our sensor exhibited exceptional
features, including high durability, thermally-sensitivity, long-term stablility, high and
tunable sensitivity. These excellent electro-mechanical properties enabled the
construction of highly durable wireless biomedical sensors for applications in monitoring
real-time wrist pulse wave, hand gestures and cervical movements.
Secondly, investigate and demonstrate a new standing nanowire arrays film with
exceptionally high intrinsic stretchability, with a morphology that is unexpected in the
context of the currently-reported nanowire percolation network-based conductors and
evaporated gold films. The outstanding stretchability and durability observed are
attributed to unique hierarchical vertical needle enokitake-like nanowire structures which
lead to an unusual, tiny ‘accordion-fan-like’ V-shaped, self-repairable cracks rather than
large U-shaped non-repairable cracks observed in conventional nanowire percolation
networks and evaporated gold films. We demonstrate specifically here that they can be
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used to fabricate intrinsically stretchable supercapacitors and can be used as “secondskin” facial expression recognition mask sensors.
Furthermore, combining highly aligned gold nanowire arrays with a self-assembled gold
nanowire nanomesh which serves as a growth template structures, it is possible to
construct an entirely solution processing-based strategy to fabricate optically transparent,
electrically conductive, mechanically stretchable electrodes. Nanowire meshes offer high
electrochemical surface areas allowing for fabrication of high-performance skin-thin,
transparent and stretchable supercapacitors.
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Chapter One
Introduction

Chapter One
Stretchable electronics have been intensively studied over the past ten years owing to
their unique advantages over traditional, rigid circuitry electronics1. The advantages
includes more intimate contact with target objects such as clothing, human skins and
human-machine interfaces. Such excellent deformability will help minimise unwanted
electrical signals. Stretchable conductors, being as one of the most important components
in stretchable electronics, have been used in numerous applications in stretchable
transistors2-4, stretchable smart sensors5-8, stretchable energy devices9-13, human-machine
interfaces14-16 and stretchable light-emitting diodes17-19. Generally, there are three
approaches to fabricate stretchable conductors, structures that stretch (STS), materials
that stretch (MTS), and the combination of these two20.
In the first approach, the stretchable conductors are made by using geometric structural
designs for the non-stretchable active materials into shapes such as wavy21-22, net23,
wrinkles24, serpentine25, buckled26 and islands27. These structures will be able to ensure
the stretchable devices work without introducing significant strains in to active materials
themselves. However, the fabrication processes of the above mentioned approach are
complex, time-consuming, expensive, and have a low yield. In addition, stretchable
conductors of metal stiff interconnects and circuits made by these structures require large
surface areas which lead to a low device density. Therefore, there is much demand for
the development of stretchable conductors made from intrinsically stretchable materials
(both active electrical materials and supporting substrates), which possess an intrinsically
large mechanical deformability, where low cost, high stability, easy control, and high
yield can be realized.

35

Chapter One

Figure 1.1 Young’s modulus value for different materials, which range from liquid
metals, gels, brain tissue, muscles, elastomers, polymers, metals, semiconductors, to
carbon-based solids30. © (2012) MRS.
Stretchable conductors with intrinsic strechability have gained extensive attention of late.
Novel materials such as carbon nanotubes (CNT)28, graphene5, metal nanowires6, hybrid
materials3, conductive polymers29, and conductive liquid materials8 have all been used
as active electrical materials for intrinsically stretchable conductors. See Young’s
modulus of different material in Figure 1.1, where most current used active materials are
more ‘rigid’ than their elastomeric counterparts30. Mechanical mismatch (over five
orders difference of Young’s modulus) between them can cause cracking/ materials
delamination, especially under large strain, resulting in poor device durability or
reproductivity. Stretchable conductors made of these materials must address this
fundamental issue. Therefore, it remains a big challenge to obtain intrinsically stretchable
materials for stretchable conductors, regardless of the existing state of art processing
technologies.
The primary aim of this thesis is to address the aforementioned challenges by using ionic
liquids (ILs) and 3D printing (additive manufacturing) to make super stretchable sensors.
We will also report on novel standing enokitake-like gold nanowire films to make
intrinsically stretchable conductors and transparent stretchable energy storage devices.
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Following this introduction, an elaborate review will be presented on the recent advances
of intrinsically stretchable conductors, mainly focusing on materials, fabrication
strategies/configurations and their applications. Chapter 3 introduces highly durable
rubber band biomedical sensor based on ILs and 3D printing. A comprehensive electromechanical study of this device and its applications as biomedical sensors will be
demonstrated. Chapter 4 will present a new material of standing nanowire arrays film,
with exceptionally high intrinsic stretchability, which is unexpected in the context of the
current dominant nanowire percolation network-based and evaporated metal conductors.
The observed outstanding stretchability and durability are attributed to unique
hierarchical vertical enokitake-like nanowire structures which lead to an unusual tiny
‘accordion-fan-like’ V-shaped self-repairable cracks rather than large U-shaped nonrepairable cracks for conventional nanowire percolation networks. We show specifically
here that they can be applied to fabricate intrinsically stretchable supercapacitors and can
be used as “second-skin” facial expression recognition mask sensors. Chapter 5 outlines
the development of a high performance transparent stretchable supercapacitor of selfassembled nanomesh-templated nanowire electrode. Investigations of its transparency,
conductivity, mechanical flexibility, and capacitance performance will be thoroughly
discussed. Finally, Chapter 6 summarizes conclusions and outlines future challenges and
research possibilities for intrinsically stretchable electronics.
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Chapter Two

Literature Review
‘Recent Progress on Stretchable Conductors
from Intrinsically Stretchable Materials’

Chapter two
Stretchable conductors, being the foundation of soft electronic circuits, have been used
in a wide range of applications, such as stretchable smart sensors1-3, stretchable
transistors4-7, stretchable energy devices8-10, touch screen displays11-13, stretchable lightemitting diodes (LEDs)14-15. In the last decade, a number of combinations of materials
and manufacturing techniques have been proposed to engineer stretchable conductors
and related networks, demonstrating a trend for thinner, lighter, more conformable and
multifunctional films (see a milestones summary4, 16-22 in Figure 2.1).

Figure 2.1 (a) SWNT film coating on cotton sheet16. (b) CNTs film in PDMS13. (c) Pt
coated PDMS microfibers17. (d) AgNWs on PDMS18. (e) AuNPs/PI19. (f) Self-healing
conducting polymer20. (g) Single-crystal gold foil21. (h) Metal/PI based multifunctional
sensing22. © (2010) ACS. © (2013) Elsevier. © (2011) (2012) (2014) (2016) (2018)
NPG. © (2017) AAAS.
Stretchable conductors are a technology that either constructs a conductive film on the
top of a stretchable substrate or embeds them in a stretchable matrix. There are two
general principles to design stretchable conductors, one is structures that stretch (STS),
the other is materials that stretch (MTS)23. In addition to conducting polymers24, the use
of novel nanoscale materials such as graphene25-27, carbon nanotubes (CNTs)4, 28-29, metal
nanoparticles (NPs)30-31 and metal nanowires (NWs)1,
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intrinsically stretchable materials34-36. Other new materials such as liquid metals37-38 and
ionic gel39 are also used as active conducting materials for stretchable conductors.
In this thesis, the focus will be on stretchable conductors made from intrinsically
stretchable materials, along with fabrication strategies and their applications in the soft
electronics area. Conclusions and prospects for the development of intrinsically
stretchable conductor are discussed in the final section.
2.1 Materials for stretchable conductors
Materials have been playing an important role in the development of stretchable
conductors in the past two decades. Due to their high stretchability, elastomeric materials
are commonly chosen as the supporting substrate or matrix for stretchable conductors
and integrated device systems. This session will first introduce supporting elastomers
and elaborate typical electrical active materials including carbon based nanomaterials,
metallic NPs, metallic NWs, conducting polymers, metal liquids, carbon grease and
hybrids
2.1.1 Elastomers as the substrates or supporting matrix
Elastomeric polymers are the fundamental support scaffold materials used in stretchable
conductors. They serve either as the matrix for conductive fillers and network40, or the
substrates for the conductive films, tracks, and functional devices41, 42. Elastomers not
only provide the mechanical deformability of the devices, but also protect devices from
external environments (e.g. aqueous, corrosive). Among the all the various elastomers,
PDMS has played a significant role as the substrate of choice in the development of
stretchable conductors. The advantages include easy fabrication, biocompatibility, high
transparency, chemical inertness and mechanical strength (Young’s modulus of 1.8 MPa).
Other elastomers such as Ecoflex2, polyurethane (PU)30 and poly(styrene-b-butadiene-b43
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styrene) (SBS)43, latex41, have also been applied as suitable stretchable substrates. The
adhesion between stretchable substrates and active conducting layers has a great
influence on the device performance overall. Therefore, the choice of supporting
materials should be carefully considered in the fabrication of stretchable conductors.
2.1.2 Carbon-based nanomaterials
The application of the carbon-based nanomaterials in stretchable conductors dates back
to 198244. Carbon nanotubes (CNTs) have been intensively studied as active materials
for stretchable conductors due to their high intrinsic carrier mobility (10,000 cm2V−1s−1),
high chemical stability, and excellent electrical and mechanical properties45. The
simplest way to make CNT-based stretchable conductors is to directly deposit them on
to elastomeric sheets or wrapping aligned CNTs onto elastomers4, 46. They can also be
dispensed into the polymer matrix to make composites47-48. Bao, et al. reported a skinlike transparent conductor with stretchability of 150% strain and conductivity of 2,200
Scm-1 using for pressure mapping4 (Figure 2.2a). While the aligned fiber49/sheet4 can be
stretched up to 350% and 280% strains, respectively (Figure 2.2b-c). Shin et al.
demonstrated a vertically aligned CNTs forest composite with limiting strain of 40%50
(Figure 2.2d), despite their 3D accordion-like structure.
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Figure 2.2 CNTs and the corresponding stretchable conductors. (a) Left: SEM image of
the buckled CNTs. Right: photograph of a transparent conductor fabricated by isotropic
buckled CNTs4. (b) Left: Cross section SEM images of the twisted wire-shaped
supercapacitor. Right: photographs of being stretched from strains of 0 to 370%49. (c)
Left: SEM image of the suspended CNT bundles. Scale bar, 1 mm. CNTs. Right:
Photograph of the SWCNT-film strain sensor under strain51. (d) Left: SEM image of
CNT sheet cross section. Right: Optical photograph showing opposite sides of the
composite sheet50. © (2011) NPG. © (2010) Wiley-VCH.
Graphene is a two-dimensional material with hexagonal honeycomb architecture and
possesses very high conductivity, stretchability, and transmittance, which makes it highly
suitable for stretchable conductors27. Development of transfer printing and solutionbased methods has allowed the incorporation of graphene into large area stretchable
conductors52. Large-scale growth has been achieved and further patterned to desirable
structures (Figure 2.3a). The patterned films can be easily transferred onto elastomers
with number of layers of interest, which exhibits great potential in soft electronic
applications53.
Straightforward deposition is generally used with yarns or elastic sheet to make
stretchable conductors. Part et al made a rubber yarn conductor from graphene
nanoplateles and attained stretchabilities of up to 150% strain (Figure 2.3b). The as45
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received sensor was then woven onto human clothing for motion monitoring54. Further
processed graphene (fragmented) was incorporated with PDMS surface, the 3D
structured graphene foam could achieve high gauge factor of 29 with 70% maximum
strain55 (Figure 2.3c). Yan et al managed to attain higher stretchability (100% strain) by
making graphene-nanocellulose nanopaper composites.

The enhancement effects

primarily originate from the physical binding forces of the 1D nanocellulose fibrils, since
1D nanostructure within an entangled film has been shown to possess strong mechanical
interactions26. Graphene can also be transferred onto prestrained PDMS substrate to
create buckled layouts, where the electro-mechanical performance can be controlled by
the prestrains of substrates and the width and thickness of graphene56.

Figure 2.3 Graphene and the corresponding stretchable conductors. (a) Left: SEM image
of as-grown graphene films on thin (300-nm) nickel layers and thick (1-mm) Ni foils
(inset). Right: Graphene films on the PDMS substrates are transparent and flexible53. (b)
Left: SEM image of nylon-covered rubber incorporation of graphene nanoplatelets. Right:
Photographs showing yarns sensors implanted in a glove for recording the movements
of the index and middle fingers54. (c) Left: SEM image of the rearranged fragmented
graphene. Right: Optical images of the strain sensor before (top) and after (bottom) being
stretched by 70%55. (d) Left: SEM image of flexible nanopaper showing the macroporous
structure based on crumpled graphene and nanocellulose. Right: Images of the free46
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standing flexible and stretchable nanopaper26. © (2016) NPG. © (2015) ACS. © (2015)
(2014) Wiley-VCH.
2.1.3 Metallic NPs
In addition to 1D nanotubes and 2D graphene, 0D metallic NPs have also employed to
develop stretchable conductors, such as silver NPs (AgNPs)57, copper NPs (CuNPs)58,
ZnO NPs59, Ni NPs60 and gold NPs (AuNPs)30. Shen et al. made a conductive ink by
dispersing AgNPs in water. This ink could be successfully printed on paper or PET and
the conductivity reached over 20% of bulk Ag value under ambient conditions57. Another
novel printing approach was reported recently by Someya et al. where Ag nanoparticles
were formed in situ by mixing micrometer-sized Ag flakes, fluorine rubbers and
surfactanst. The printed composite had conductivity of > 4,000 S cm-1, decerasing to 932
S cm-1 at strains of 400%. This enabled them to make full printed sensor networks for
robots for pressure and temperature sensing61 (Figure 2.4a). Another method of
production is to dip polymers in to Ag precursor solution and produce AgNP/polymer
composite mat after chemical reduction. Figure 2.4b shows a SBS fibre coated with
AgNPs, which had 2,200 S cm-1at 100% strain43. Patterned electric circuits can be
prepared by simply printing (nozzle printing, inkjet printing, and spray printing) the
precursor solution onto electrospun fiber. A self-healing stretchable conductor was
achieved by incorporating self-healing polymers with metallic NPs with 40 S cm-1
conductivity60(Figure 2.4c). AuNPs/PU composite were observed to have a high
conductivity and stretchablity either by layer-by-layer assembly or vacuum-assisted
flocculation30. These materials also demonstrate the electronic tunability of mechanical
properties, which arise from the dynamic self-organization of the NPs under stress
(Figure 2.4d). This NP dynamics varied from traditional percolation systems, and may
be extend to other NPs/elastomers systems.
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Figure 2.4 Metallic NPs and the corresponding stretchable conductors. (a) Left: SEM
image of surface-printed elastic conductors. Right: printed sensor networks61. (b) Left:
SEM image of AgNPs generated on each SBS fibre. Right: composite non-woven mat of
elastomer fibres43. (c) Left: SEM of the wetting of oligomers on the preserved nanocorrugated surface of the µNi particles. Right: optical image of compression-moulded,
self-healing electronic composite material60. (d) Left: SEM image of PU/NP film. Right:
Photographs of a free-standing film (PU/NP)50030. © (2012) (2013) (2017) NPG. ©
(2011) ACS.
2.1.4 Metallic NWs
Compared to the relatively low conductivity of CNT-based stretchable conductors, 1D
metallic NWs have demanded much attention due to their good electrical and mechanical
properties32,

37

. Thin metal films62-63 or metal grids64 are promising materials for

stretchable transparent electrodes, while percolating systems are generally used as
stretchable sensors1, 65-66.
Due to Ag demonstrating the highest electrical conductivity amongst all metals, AgNWs
have been widely used as electrically-active materials for stretchable conductors. The
wavy configuration of the Ag NWs is achieved using a facile fabrication process,
whereby the NW networks were floated on water, and susbequently compressed.
Stretchable antennas have been prepared by transferring the compressed AgNW
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networks to elastomeric substrates67. The resulting antennas show excellent performance
under mechanical deformation due to the wavy configuration, which allows the release
of stress applied to the NWs and an increase in the contact area between NWs (Figure
2.5a). Partially embedded AgNWs on PDMS substrate were made by direct vacuum
filtration on PDMS film (Figure 2.5b). Their unique interfacial morphology allowed
STAN heater operates successfully under both elevated temperature (60 °C) and large
strain (60%) with excellent reliability68. Other partially embedded AgNW/polymer
composites can be achieved by annealing66,

69

or coating a layer of aerogel onto to

AgNWs film70. Gao et al. reported a fully embedded AgNWs/polymer composite with
3D architectures assembling71. Compared to disordered 3D NWs structures, their
approach provides more controlled organization, orientation and spacing. High
conductivity and transparency were able to be achieved by using very long metallic
nanowires in a network, combined with a low temperature laser nano-welding process11.
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Figure 2.5 Ag and Cu NWs and the corresponding stretchable conductors. (a) Left:
Photographs of a stretchable, transparent antenna formed using wavy Ag NWs. Right:
SEM image of AgNW elastic conductors67. (b) Left: Digital image of as-prepared
transparent and stretchable AgNW/PDMS electrode, and a bent STAN heater. Right:
SEM image of AgNW/PDMS electrode showing individual Ag NWs. Inset is a
magnified image at NW junction68. (c) Left: SEM images of CuNWs network on surface
of polyester microfiber and welding junction of two contacting CuNWs (inset). Right:
SEM images of the SHF and the cross sections of a hollow-core-structured SHF (top left
inset) and solid core, structured stretchable heating fibres (top right inset)72. (d) Left:
Photographs the patterned CuNW/PU heater. Right: Tilted SEM images of CuNW
networks on PU matrix after photonic sintering73.

(e) SEM image of different

magnifications of CuNWs/PVA aerogel composite, inset is cut-shaped 1D structure after
PDMS embedding74. © (2014) (2016) ACS. © (2015) Wiley-VCH.

CuNWs has been investigated for use in stretchable conductors because of their many
features. A number of methods have been developed to improve CuNWs film in terms
of conductivity, stability, stretchability, large scale fabrication and transparency. Cheng
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et al. reported a high stretchable CuNWs conductor produced by coating NWs onto
hierarchical fibers72 (Figure 2.5c). The successful combination of CuNWs and yarns and
unique solid-core-structured composite, let to the development of a wearable and smart
personal heating system capable of remote monitoring and control via a cellphone. A fast
photonic sintering technique has been reported to be used to fabricate CuNWs/PU
conductors, where CuNWs were instantaneously deoxidized, welded and simultaneously
embedded into the soft surface of the PU (Figure 2.5d). Due to the strong adhesion
between CuNWs and PU substrates, the conductor retained a low sheet resistance, even
after 1,000 cyclic test73. Tang et al. developed a stretchable rubber ambers from
CuNW/PVA (poly (vinylalcohol)) aerogel monoliths (Figure 2.5e). The CuNW/PVA
aerogels were embedded into PDMS and were able to be manufactured into arbitrary
complex 1D, 2D, and 3D shapes simply by cutting. They further demonstrated a CuNWs
based strain gauge sensor with an improved sensitivity up to 54.38 by using low cost
draw-on technicque75.
AuNWs have received high popularity as for its biocompatibility, chemical inertness and
high conductivity. Two approaches has been used to process AuNWs materials: topdown and bottom-up. The top-down approach precise microfabrication to reach excellent
repeatability and thus high performance stretchable conductors. Ren et al. reported a
highly stretchable and transparent electrode by grain boundary lithography64. The good
resulting stretchability was attributed to the nanomesh out-of-plane defamation and
substrate stabilisation. Larger ratios of mesh size to wire width also resulted in improved
stretchability. They further enhanced the scratch resistance by introducing chemical
bonding of nanomeh/PDMS interface. The Au nanomesh strongly adheres to the
substrate and can withstand scratches of a pressure of several megapascals76. On the other
hand, bottom-up methods avoid complex microfabrication, and are more ammenable for
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large scale fabrication. AuNW-based stretchable conductors were easily able to be
produced by depositing on to various kinds of elastomers, e.g. PET, Ecoflex, PDMS,
nitrile and latex rubber65(Figure 2.6a). The ultrathin sensors could detect strains as small
as 0.01% and as large as 350%, simultaneously with a typical GF (gauge factor, the strain
sensitivity) of 6.9–9.9, a fast response (<22 ms). They observed negligible loading–
unloading signal changes over 5000 cycles. After doping with Polyaniline powder
(PANI), they could further achieve tattoo-like nanopatch sensor41(Figure 2.6b). The 10
times enhancement in conductivity allowed direct integration with wireless circuitry to
remotely control robotic arms. An interesting finding is the AuNWs nanomesh based
transparent stretchable electrode from aged AuNWs solution77. Slow partial ligand
removal during the aging process is the key for the formation of such self-assembled
mesh structures. The resulting mesh film has a typical mesh pore size of 8–52 μm, with
a sheet resistance ~40 times smaller than our previously reported nonmesh AuNWs
electrodes78 under similar optical transmittance (Figure 2.6c). This self-assembled
AuNW membrane has also been used to produce transparent stretchable supercapacitors,
which can be stretched to 30% strain with a transmittance of 79% at wavelength of
550nm63.
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Figure 2.6 AuNWs and the corresponding stretchable conductors. (a) Top: Photographs
of the AuNWs film on various soft substrates (Left to right: polyethylene terephthalate
(PET), Ecoflex, PDMS, nitrile rubber, and latex rubber). Bottom: Photographs of a strain
sensor ring attached on the little finger while being bent (scale bar: 1 cm). The inset is
the top-view, SEM image of the AuNWs film on the latex rubber substrate65. (b) Top:
SEM image of the surface morphology of AuNWs/PANI strain sensors (weight fraction
of PANI: 10%) on latex rubber substrate (scale bar: 5 μm). Bottom: Photographs of the
direct-writing process: Writing of AuNWs/PANI film by using a paint brush, a “rose”
pattern of AuNWs/PANI film and the “rose” pattern under 65% uniaxial strain41. (c) Top:
The fabrication process of AuNWs mesh transparent film and SEM image of the AuNWs
mesh film fabricated by self-assembly of an aged AuNW solution. Bottom left: Optical
microscopy image of the AuNWs mesh film (scale bar: 100 μm). Bottom right: The mesh
film on a PET substrate with words pattern “MONASH” and “AuNW” (scale bar: 1 cm).
c) The mesh film on a PET substrate with four graphic patterns (scale bar: 1 cm)77. ©
(2015) (2016) Wiley-VCH. © (2015) ACS.
2.1.5 Conducting polymers
The solubility and flexibility of polymers enables low-cost solution processing methods
to produce polymer based stretchable conductors79-81. However, these devices generally
have limited stretchability due to the inherent π-conjugation conductors and the resultant
stiffness. Strategies such as intrinsically elastic polymers82, polymer blends83 and
geometrical engineering84 are used to improve electrical and mechanical performance.
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2.1.6 Carbon grease, metal liquids, and ionic gels
Other intrinsically stretchable active fillers such as conductive carbon grease85 and liquid
metal38-39, 86-87are used for highly elastic electronics. An embedded 3D printing method
has been used to fabricate strain sensors within highly conformal and extensible
elastomeric matrices (Figure 2.7a). By controlling the printing path and filament crosssection, stretchable sensors with desired structure and mechanical properties can be
achieved85. Liquid metal is more used liquid active electrical material despite their high
surface tension and significant cost. Figure 2.7b shows a eutectic alloy of Ga and In
(EGaIn) based stretchable interconnector using a novel heterogeneous structure
comprised of substrates with different Young’s modulii88. They are able to achieve
mechanically stable device (e.g. µ-LEDs, SnO2 -NW UV sensors, and SWCNT FETs)
performance after bending, twisting, and uniaxial stretching of these integrated devices.

Figure 2.7 Stretchable conductors from carbon conductive grease, liquid metal and ionic
liquid. (a) Left to right: Schematic illustration of the embedded 3D printing (e-3DP)
process, a conductive ink is printed into an uncured elastomeric reservoir, which is
capped by filler fluid, and a photograph of e-3DP of a planar array of soft strain sensors,
and a photograph of a glove with embedded strain sensors produced by e-3DP 85. (b) Left
to right: Cross-sectional image of the substrate with rigid PDMS islands and a soft thin
fi lm of mixed Ecoflex and PDMS (MEP film); cross-sectional image of embedded
EGaIn interconnects that connect neighboring islands for active devices88. © (2014)
Wiley-VCH.
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2.1.7 Hybrids
Hybrids of the above-mentioned active electrical materials are often used to enhance
electro-mechanical performance, taking advantage of each material to achieve a better
device performance. A combination of 0D/1D systems, 1D/1D systems, and 1D/2D
systems have all been extensively explored for the use of stretchable conductors3, 13, 89-96.
Cheng et al. reported a AgNWs/AuNWs hybrid structure to attain “invisible” wearable
sensors for emotional expression and apexcardiogram monitoring93 (Figure 2.8a).
Percolating networks of soft AuNWs and rigid AgNWs could achieve the maximum GF
of ≈236 at low strain (<5%), the highest stretchability of up to 70% strain, and the
optical transparency up to 66.7%. AgNWs and CNTs were integrated to develop a
hierarchical, multiscale nanocomposite for highly flexible, large twisting (540̊),
stretchable (>460% strain), or transparent (80-93%) conductors97. Note that for efficient
electron transport, this multiscale hierarchical approach can demonstrate novel, highly
stretchable conductors by combining the advantages of small diameter, highly stretchable
but resistive CNT local percolation network (grey colored) and highly conductive but
larger AgNWs backbone mesh (pink colored) (Figure 2.8b). Chun et al. reported a
highly conductive, printable and stretchable hybrid composite composed of micrometresized silver flakes and multiwalled CNTs decorated with self-assembled AgNPs (Figure
2.8c). CNTs were used as a 1D flexible and conductive scaffold among the Ag flakes,
the 3D percolation theory revealing that Poisson’s ratio is a key factor in determining
how the conductivity varies with strain40. A highly stretchable strain conductor of ca.
900% was fabricated by AgNWs and AgNPs being embedded in SBS elastomer matrix91,
exhibiting high initial conductivity of 2450S cm-1 (Figure 2.8d). It is assumed that the
AgNPs inside the composite fibre mainly contribute to the preservation of electrical
property under mechanical strain.
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Figure 2.8 AuNWs and the corresponding stretchable conductors. (a) Left: Top-view
FE-SEM image of the AgNW/AuNW percolation network on elastomeric PDMS
substrate. Right: TEM image of AgNW/AuNW percolation network showing that the
junctions of the AgNW are tightened by soft AuNWs acting as a soldering material93. (b)
Schematic diagram (left) and SEM image (right) of hierarchical multiscale AgNW/CNT
hybrid nanocomposite for highly stretchable conductors or highly transparent/flexible
conductors. Inset scale bar is 300 nm97. (c) SEM image of the hybrid Ag–MWNT film,
composed of MWNTs decorated with silver nanoparticles and varying concentrations of
silver flakes40. (d) Cross-sectional SEM image and EDS mapping images of Ag, and C
obtained from the 0.56 wt% AgNW–AgNP embedded composite fiber. Scale bar:
100μm91. © (2010) (2014) (2017) Wiley-VCH. © (2010) NPG.

2.2 Fabrication strategies/configurations
Stretchability and conductivity remain two crucial parameters for stretchable conductors.
High stretchability and high conductivity can be achieved by using novel intrinsically
stretchable materials, stretchable structures, or combinations of both32.

56

Chapter two
2.2.1 Thin films without structural engineering
A simple method to make stretchable conductors with intrinsically stretchable materials
is to construct conductive films directly on top of elastomeric substrates. This approach
has advantages such as facial fabrication, easy processing, ability to be produced on a
large scale, and low cost. 1D nanomaterials have superior mechanical, electrical, and
optical properties due to their inherent high aspect ratio structural feathers, resulting in
construction of a percolation network with the need for a low consumption of active
materials and yet high stretchability32. A number of methods have been used to deposit
active electrical materials on stretchable substrates, which can be categorized into four
classes: direct coating4,

41, 59, 65, 70, 73, 95, 98-100

, transferrence51,

55, 63, 67, 68, 97, 101, 102

,

printing/painting/drawing3, 75, 103-104, and multi-step deposition97. The active materials
for direct deposition are typically 1D and 2D nanomaterials. One challenge of producing
such films is the insulating ligands used for synthesis and solution dispersion need to be
removed after deposition to ensure high wire-wire junction conductivity. Strategies such
as plasma treatment93, photonic sintering73, 104, heating99, and nanosoldering94 are also
used for the conductivity improvement and the better adhesion between the conductive
layer and elastomeric substrates.
2.2.2 Structural engineering
Films with geometrical design, along with the intrinsic stretchability of the active
materials mentioned above, will increase deformability of the stretchable conductor.
Techniques such as buckling/wavy design33,

46, 70, 90, 105-108

, mesh structure64,

69, 109

,

microstructured/structured substrates71, 72, 108, 110-112, and other patterned films31, 53, 113-114
are used to achieve high mechanical properties. Nanomesh structures are typically
achieved by lithography with PVA template. Another method to render high performance
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stretchable conductors is to design structured supporting substrates/supporting matrix.
Patterned films are typically used to produce high transparency stretchable electrodes.
Buckling/wavy designs have become the most used strategy to enhance stretchability due
to its simple and controllable fabrication process, which is usually achieved by either
thermal induction or mechanical stretching-release-buckling strategies. Periodic, wavy
structures form spontaneously upon releasing strain, with these structures able to
accommodate further strain without producing much strain within the active materials.
By using a continuous and isotropic buckled architecture, Chou et al. was able to realise
a highly omni-directionally, stretchable supercapacitor with the ability to be strained to
200% strain105, this stretchability being twice the maximum strain of biaxially stretchable,
CNT-based supercapacitors. Baughman et al. reported the most deformable conductors
which could be stretched up to 1320% strain, fabricated using sheath-core conducting
fibers created by wrapping CNT sheets, oriented in the fiber direction, on stretched fiber
cores. The resulting structure exhibited distinct short- and long-period sheath buckling
that occurred reversibly out of phase in the axial and belt directions, enabling a resistance
change of less than 5% for a 1000% strain115.
2.2.3 Composites
Dispersing intrinsically-stretchable materials into polymers to achieve conductive matrix
has been widely undertaken to enhance the Young’s modulus, strength, and toughness of
the conductive device31, 40, 50, 66, 71, 74, 91, 92, 102, 116. Techniques such as jet-milling13, hot
pressing40, ultrasonication48, exfoliation agents100, and shear mixing117 have all been
adapted to achieve such composite homogeneity. A delicate balance is required between
conductivity and stretchability in terms of the overall performance. High loadings of
conductive material are required for high conductivity, which will also result in increased
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stiffness and reduced stretchability of the composite. Thus, the quality of the filler
material, the addition of the surfactants, and the processing method will determine the
overall performance (electrical, optical, and mechanical properties) of the resultant
composite.
Besides blending electrical materials with polymers to produce a conductive matrix,
sandwich-structured nanocomposites have been fabricated by a layer of AgNWs in
between half-cured PDMS substrate, exhibiting 70% strain stretchability with linear
sensitivity (Figure 2.9a)66. Another interesting structure was developed by producing
spirally structured CNTs/oxidised natural rubber (ENR) composite118. The process
involved initially spraying the CNTs onto self-adhesive deoxidised naturall rubber, and
rolling the composite film up after drying. The spiral structure produced a trade-off
between stretchability and conductivity of a traditional blended composite. This device
was able to be stretched to 300% strain and used to sense both subtle and large human
activities (Figure 2.9b).

Figure 2.9 Composite stretchable conductors. (a) Top: Schematic diagram for fabrication
process. Bottom: SEM image of the surface of the AgNWs embedded onto PDMS. (b)
Cross-sectional SEM image of the sandwich-structured strain sensor66; (b) Top:
Schematic diagram for preparation of the spirally layered CNT/ENR composites. Bottom:
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SEM images of the spirally layered CNT/ENR composites. Scale bar: 1 mm, 100 μm118.
© (2014) (2017) ACS.

2.3 Applications
Numerous devices have been fabricated from stretchable conductors, using the
aforementioned intrinsically stretchable materials (carbon based nanomaterials, metallic
NPs, metallic NWs, conducting polymers, metal liquids, carbon grease and hybrids),
along with various structural and processing various strategies. Stretchable conductors
can be classified into two types according to their electrical response under mechanical
strain: high conductivity and high piezoresistivity119. Stretchable conductors with high
conductivity can be used for interconnects or electrodes for stretchable devices, while
stretchable conductors with high piezoresistivity are generally fabricated in the form of
a resistor for the development of strain sensors. However, not all stretchable conductors
with high conductivity can be used to develop electrodes and interconnections for
stretchable devices. There are only a few stretchable conductors with high conductivity
that have low roughness and patternability, and that provide facile formation of thin films
for stretchable electrode and interconnection applications. Stretchable conductor devices
based on their applications are summarised below (Table 2.1).
Table 2.1 Summary of performance of stretchable conductors reported in the literature.
Materials

Stretchability

Resistance

Transmittance

Application

Ref.

CNTs/PDMS

150%

328 Ω/□

79%

Sensors

4

Graphene/PDMS

30%

280 Ω/□

80%

Electrodes

53

AuNWs/PDMS

30%

320 Ω/□

79%

Electrodes

63

Au nanomesh/PDMS

160%

21 Ω/□

82.5%

Electrodes

64

AgNWs/PDMS

30%

3.8 Ω/□

80%

Sensors

111

AgNWs/PDMS

60%

30 Ω/□

85%

Sensors

68

Au nanomesh/PDMS

160%

20-30 Ω/□

75%

Electrodes

76
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AgNWs/graphene/PDMS

100%

33 Ω/□

94%

Electrodes

95

AgNWs/AuNWs/PDMS

70%

-

66.7%

Sensors

93

AgNWs/graphene oxide/

100%

14 Ω/□

88%

Electrodes

99

AgNWs/AgNPs/SBS

900%

2450 S cm-1

Nontransparent

Sensors

91

AgNPs/copolymer

150%

2,000 S cm-1

Nontransparent

Sensors/

120

Electrodes
AgNWs/PDMS

80%

15,200 S cm-1

Nontransparent

Sensors

108

AgNWs/CNTs/Ecoflex

200%

6 Ω/□

Nontransparent

Electrodes

92

AuNWs/latex

350%

2.03±0.95MΩ

Nontransparent

Sensors

65

AuNWs/PANI/latex

149.6%

148.1 ± 78.2 kΩ

Nontransparent

Sensors

41

CNTs/fluorinated copolymer

>100%

>100 S cm-1

Nontransparent

Interconnects

121

Ioinc liquid/Ecoflex

500%

-

-

Sensors

2

SCNTs/ionic liquid/

134%

57 S cm-1

Nontransparent

Electrodes

122

CNTs/fluorinated copolymer

134%

57 S cm-1

Nontransparent

Interconnects

13

AgNPs/surfactant/

400%

6168 S cm-1

Nontransparent

Sensors

31

Graphene/PDMS

70%

1.8 kΩ

Nontransparent

Sensors

55

Graphene/nanocellulose/

95%

-

Nontransparent

Sensors

26

Graphene

200%

10-20 S cm-1

Nontransparent

Electrodes

123

CNTs/Ag/ionic liquid/

140%

5710S cm-1

Nontransparent

-

40

CNTs/AgNWs/Ecoflex

460%

120 Ω

Nontransparent

Electrodes

97

Graphene/PAIN/Ecoflex

30%

-

Nontransparent

Electrodes

90

CuNWs/graphit/Ecoflex

600%

-

Nontransparent

Sensors

3

CNTs/PDMS/ionic liquid/

100%

100 S cm-1

Nontransparent

Electrodes

13

AgNPs/polyurethane

480%

6800-510 S cm-1

Nontransparent

-

124

P3HT/SBS

0.7%

60000 S cm-1

Nontransparent

Electrodes

82

fluorine rubber

fluorine copolymer
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2.3.1 Sensors
Stretchable conductors with high piezeresistivity under deformation are most often used
for stretchable sensors. Due to their simple structure and ease of fabrication, there are
many reported piezeresistivity-based stretchable mechanical sensors with high
stretchability, stability, high strain gauge factor (GF), and good conformability. Such
features allow for intimate contact with the human body or integration with clothing for
applications in e-skins, human-motion/expression detection, and human-machine
interface. The intrinsically-stretchable materials summarized in the previous section have
been intensively developed as stretchable mechanical sensors. Suo et al reported a strain
sensor by using a polyacrylamide hydrogel containing NaCl as the ionic conductor, and
an acrylic elastomer (VHB 4905, 3M) as the dielectric39. The capacitance of the ionic
skin was recorded for finger bending. During large deformations, the ionic skin remained
adherent to the finger and highly transparent (Figure 2.10a). The skin-attachable and
cloth-intergratable features allow a wide range of human-motion detection. We envision
that such a liquid-wetting-solid strategy will be promising for the large-scale fabrication
of stretchable electronics, personal health monitoring, and “smart” electrical skins for
soft robots and prosthetics. Moreover, Cheng, et al developed an “invisible” nanopatch
with AgNWs/AuNWs percolation system, this device can be directly attached onto
human skin to sense minor skin strain caused by coughing, swallowing, crying, smiling,
etc93 (Figure 2.10b). It is a promising materials for real-world applications in nextgeneration “invisible” and “unfeelable” wearable technologies.
Stretchable conductors can also be used wirelessly in robotic systems. By using PANI
doped AuNWs based film, we can manipulate a robot arm grip objects vie wireless
signals41 (Figure 2.10c). The sensitivity/conductivity can be tuned by changing the
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conductive filler in the polymer matrix, thus enabling desired application. We
incorporated ILs with AuNWs/PANI in order to increase the conductivity required for
wireless circuitry, this helped us achieve a cervical sensor patch for different movements
monitoring remotely2.

Figure 2.10 (a) Left: the ionic strain senor was attached on human fingers; right: the
capacitance was measured as the finger bent cyclically. ‘B’ denotes bent, and ‘S’ denotes
straight39. (b) Time-dependent relative resistance change of the transparent strain sensors
conformably attached to different parts of human body93. (c) Plot of resistance response
as a function of bending degree for the flexion sensors, schematic diagram of the remote
controlling and the whole process of the remote controlling performance of four flexion
sensors sewed on a textile glove41. © (2016) ACS. © (2014) (2017) Wiley-VCH.
2.3.2 Electrodes
Stretchable conductors with high conductivity can be used as electrodes. One application
of such electrodes involves the development of stretchable supercapacitor23, 90, 102, 112, 125,
where contact resistance, electrical stability, and good adhesion are required for high
device performance. The active materials used for stretchable electrodes are normally
conductive nanoscale materials such as metallic NWs63, carbon based nanomaterials49,
106, 112

, and conducting polymers126. Many efforts have been made to achieve stretchable

electrodes with high electrical performance by adopting structure design such as porous
scaffolds, buckling/wavy structure, and helically coiled spring configurations. A buckled
CNT based macrofilm was develop by Jiang’s group in 2009, where the electrochemical
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performance of the stretchable supercapacitors remains unchanged under 30% strain127.
Cui et al. reported a 3D porous textile structure for supercapacitors by using a highly
conductive CNT ink. The supercapacitors demonstrated a high areal capacity of
0.48Fcm-2 and can be stretched to 140% strain8. Recently, Huang et al. demonstrated an
electrolyte prepared with poly(acrylic acid) dual crosslinked by hydrogen bonding and
vinyl hybrid silica nanoparticles, which endows intrinsic self-healability and high
stretchability. The supercapacitors with this stretchable electrolyte and wavy electrodes
could stretched up to 600% strain and maintain the capacitance even after 20
breaking/healing cycles. The highly stretchable supercapacitors with multifunctionality
of self-healing indicate a significant step toward the potential and wide-scale applications
such as wearable energy-storage devices128.
2.3.3 Interconnects
Stretchable conductors with high conductivity can also be used as interconnects for
stretchable devices. Stretchable interconnects are crucial components in stretchable
electronic device. They are used for ‘wiring’ all the non-stretchable or flexible
components on a stretchable substrates. Therefore, the device can operate functionally
under deformation without affecting the performance of the non-stretchable or flexible
components. Stretchable conductor with high pieresistivity cannot be applied as
interconnections. Further, low roughness and good patternability are also required.
Sekitani et al. used CNTs/fluorinated copolymer gel to fabricate a printable elastic
conductor, which was used as interconnect for stretchable active-matrix organic thin film
transistor (OTFT) arrays13. The conductor can be stretched more than 100% strain, with
a conductance > 100S cm-1. The OTFT arrays demonstrated a stretchability of 30-70%
without any performance decay under strain. Recently, the application of liquid metal as
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interconnects have been demonstrated to be effective due to their intrinsically stretchable
features and high conductivity86-88. Yoon et al. injected a metal alloy of eutectic gallium
indium (EGaIn) into PDMS microchannels to fabricate stretchable conductor
interconnects between active devices on PDMS. The resultant stretchable LED arrays
can be extended between 30–70% strain by using a design based on five major points
(heterogeneous structure, embedded interconnection, double-sided integration, dry
transfer of device array, and use of a AgNW sticker for electrical contact)88.
2.4 Conclusion
This review summarizes recent progresses in various aspects of this fascinating and
challenging area of stretchable conductors, including materials for supporting elastomers
and electrical fillers, structural and processing strategies. The applications are discussed
along with functional devices based on their electrical response under mechanical strain
of these conductors. Finally, the review is concluded with the current limitations,
challenges, and future directions of stretchable conductors.
Stretchable electronics represent a new generation of electronics that utilize soft,
deformable elastomeric polymers as the substrate or supporting matrix instead of the
traditional rigid printed circuit boards. Being as the most essential component of
stretchable electronics, the conductors should meet the requirements for both high
conductivity and the capability to maintain conductive under large deformations such as
bending, stretching, compressing and twisting.
Generally, there are three approaches to fabricate stretchable conductors, structures that
stretch (STS), materials that stretch (MTS), and the combination of these two2. However
the fabrication processes of stretchable conductors made by using geometric structural
designs (wavy, net, wrinkles, serpentine, buckled and islands) are complex, time65
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consuming, expensive, and have a low yield. Novel materials such as CNTs4,

28-29

,

graphene52-53, metallic NWs1, 32-33, metallic NPs30-31, hybrid materials37-38, conductive
polymers79-81, and conductive liquid materials37-38 have been used as active electrical
materials for stretchable conductors in the past two decades. While encouraging progress
in this field has occurred, the issue with a number of these materials is that cracks and/or
delamination from the elastic substrates are frequently observed, particularly under large
strains. This limits device durability and their long-term stability, the fundamental reason
behind this issue being mechanical mismatch. Typically, inorganic filler active materials
mostly have a Young’s moduli of over 100 GPa, and conducting polymer has a Young’s
moduli in the GPa range. In contrast, the elastomeric substrate has a typical Young’s
moduli of 1-100 MPa129. To address the above mentioned problems, further
developments in new novel active materials, optimization of material synthesis,
heterogeneous integration, and stretchable structures are needed. Along with
advancement in technological scale, the underlying science behind the materials,
adhesion, and interface should be deeply investigated.
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Chapter Three
Currently, there is a strong market need for wearable sensors which allow remote health
monitoring, diagnostics and treatment. Wrist bands and smart watches are representative
of such wearable electronic products currently in the market. Strictly speaking, they are
not “wearable” but rather represent miniaturized portable devices because they are
almost entirely based on rigid circuit board technologies such as accelerometers,
altimeters and sensors, limiting their conformal contact with soft human body. Whilst it
is encouraging to see some flexible electronic devices, a true wearable product requires
stretchable electronics which remains challenging to achieve with traditional materials
and the necessary unconventional fabrication strategies. 1-10
As far as stretchable sensors are concerned, there are two unconventional strategies
actively exploited by researchers: to use traditional materials but with new design
layouts8, 11-12 and to use intrinsically stretchable electronic skin materials.13-15 For the
latter strategy, active filler materials are typically integrated with elastomeric polymers
to obtain stretchable sensors. To date, metallic materials,13 carbon-based materials,16
conducting polymers17 have been successfully exploited with various elastic material
including polyethylene terephthalate (PET),18-19 polydimethylsiloxane (PDMS),

3

textiles,20 paper,6,21 and silicone rubber.4 While encouraging progress in this field has
occurred, the issue with a number of these materials is that cracks and/or delamination
from the elastic substrates are frequently observed, particularly under large strains. This
limits sensor durability and their long-term stability, the fundamental reason behind this
issue being mechanical mismatch. Typically, inorganic filler materials mostly have a
Young’s moduli of over 100 GPa,22 and conducting polymer has a Young’s moduli in
the GPa22 range. In contrast, the elastomeric substrate has a typical Young’s moduli of
1-100 MPa.22
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Ideally, active filler materials should have a Young’s moduli lower than elastomeric
supports, since theoretically cracks and delamination should not occur. Previously,
liquid metal was used23-25 but the disadvantages are high surface tension (hundreds of
N·m-1) and high cost, which limite the range of applications. Previous strain or pressure
sensor research based on aqueous electrolytes26 has decreased their further application
in wearable electronics because of their limited electro-mechanical durability and
reliability. In addition, ionic liquids have also used as active sensing materials, based on
their ultra-thermally- sensitive characteristic,27-28 however they have never been
reported for use in human-machine interfaces such as wearable biomedical sensors.
An ideal wearable electronic product requires the integration of outstanding
optoelectronic properties with high mechanical compliance into a single materials
system, which can function while being pressed, bent, twisted and stretched. The
incorporation of inorganic materials into elastomeric polymers represents a promising
strategy but there is often material delamination and/or local fracturing in inorganic
components due to their mechanical mismatch. Here, we describe an entirely ionic
liquid (IL)-based approach to fabricate rubber band-like, stretchable strain sensors
which can circumvent these limitations. Non-volatile and flow properties allow us
simply to ‘fill and seal’ microchannels fabricated by 3D printing to obtain lightweight,
waterproof, thermally-sensitive wearable sensors. Despite simplicity in fabrication,
these sensors show outstanding performance, including tuneable sensitivity, detection
of a wide range of strains, high durability, and excellent long-term stability. Such
advantageous features enable us to monitor real time human body movement, such as
wrist pulse, different hand gestures and cervical movements wirelessly.
To address the above mentioned problems, we introduce ionic liquid (IL)-based strategy
to produce stretchable sensors. Ionic liquids typically have a Young’s moduli of <1Pa,22
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orders of magnitude less than typical elastomeric polymers. As a proof of concept, a
low-modulus elastomeric support and 3D printing was used for the design of rubber
band-like wearable sensors. More importantly, the low surface tension of ILs29 makes
them to able to spread on to, and adhere perfectly to, elastic substrates. Despite
simplicity in fabrication, these sensors exhibited exceptional performance. Typically, a
rubber band-like stretchable strain sensor could be achieved, with tuneable sensitivity,
high durability of > 50,000 cycles under both low (5%) and high (100%) strains,
excellent long-term stability of over half a year, wide strain detectability (0.1% to 500%)
and temperature sensitivity. Washing the device also did not reduce its performance.
These excellent electro-mechanical properties enabled us to monitor real-time wrist
pulse and to detect different hand movements so that IL-based sensor could potentially
be used for wirelessly detecting cervical movements.

3.1 Materials and methods
3.1.1 Materials
Gold (III) chloride trihydrate (HAuCl4 -3H2O, Z99.9%), Triisopropylsilane (99%), the ionic
liquid (1-Methy-3-Octylimidazolium Chloride) and OA were purchased from Sigma Aldrich.
Ethanol, Hexane and chloroform were obtained from Merck KGaA. All chemicals were used
as received, unless otherwise indicated. The commercial rubber bands were purchased from
local supermarket. Conductive wires were purchased from Adafruit.
3.1.2 Synthesis of ultrathin AuNWs
44 mg HAuCl4 3H2O was added into 40 ml hexane, followed by addition of 1.5 ml Oleylamine
(OA). Note that the gold salts were not dissolved until the addition of OA, which acted as a
phase-transfer reagent. After completely dissolving the gold salts, 2.1 ml Triisopropylsilane
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was added into the above solution. The resulting solution was left to stand for 2 days without
stirring at room temperature until the colour turned from yellow into dark, indicating the
formation of AuNWs. The residue chemicals were removed by repeated centrifugation and
thorough washing using ethanol/hexane (3/1, v/v) and finally concentrated to a 2 ml stock
solution in hexane. For the entire process, OA molecules played a critical role in dissolving
gold salts in hexane, directing nanowire growth as well as stabilizing AuNWs.
3.1.3 Preparation of the rubber band sensor
The design of the 3D printing mould using 3D Max was undertaken and the resultant mould
printed by a 3D printer (Objet Eden 360). The materials used for printing is Fullcure 720. The
Ecoflex curable silicone fluid was poured into the printed mold and cured for 1 hour under 60℃
after which it was peeled off. The grooves in the silicone were then filled with ILs and
conductive wires attached. Following this, a layer of cured Ecoflex was coated on the surface
to encapsulate the grooves after spreading a liquid layer of Ecoflex. This assembly was trimmed
and cut to make a well-shaped rubber band sensor.
3.1.4 Preparation of the wearable wireless patch
A conductive mixture comprising ILs and the AuNWs was made. 12.7g 1-Methy-3Octylimidazolium Chloride was dropped in to AuNWs solution (made from 176mg HAuCl4).
The mixture was stirred until the there is no volatile substance (hexane), then 35mg of
polyaniline thoroughly mixed in. The design of the 3D printing mould using 3D Max was
undertaken and the resultant mould printed by a 3D printer (Objet Eden 360). The materials
used for printing is Fullcure 720. The Ecoflex curable silicone fluid was poured into the printed
mold and cured for 1 hour under 60℃ after which it was peeled off. The grooves in the silicone
were then filled with as-prepared conductive mixture and conductive wires affixed. Following
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this, a layer of cured Ecoflex was coated on to the surface to encapsulate the grooves after
spreading a liquid Ecoflex layer. This assembly was trimmed and cut to make a well-shaped
wearable patch.
3.1.5 Sensor characterization
To test the electro-mechanical characteristics of the samples, two ends of the samples were
attached to motorized moving stages (THORLABS Model LTS150/M), and then uniform
stretching/releasing cycles were applied to the samples by a computer-based user interface
(Thorlabs APT user), while the current changes were measured by the Parstat 2273
electrochemical system (Princeton Applied Research). Device demonstrations such as
waterproof sensor, thermal sensitivity study, wrist pulse sensing and different finger movement
tests can be readily undertaken this way.
3.1.6 Wireless cervical movements monitoring
A Samsung Galaxy S5 unit was used as a sample information terminal to gather, visualize and
transfer data to the cloud. The wearable patch was integrated with a custom-made data
acquisition (DAQ) system which enabled personal wireless network communication through
Blue-tooth Low Energy (BLE) technology. Moreover, the designed DAQ system is a
multifunctional circuit which acquires data from sensors, calibrates the monitored data, and
transmits all the data to the information terminal. The DAQ system acquires the resistance
changes based on a current between 0.78 μA (Sleep current) to 4.5mA (Awake current), which
provides a long-time operation per battery charge (8.5 h).
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3.2 Results and Discussions
3.2.1 Device fabrication and working mechanism

Figure 3.1 Fabrication of IL based rubber band-like wearable sensors. (a) Schematic of sensor
fabrication process (channel size: 0.5mm*0.5mm*20mm). (b) Photography of a 20 mm rubber
band sensor before stretching. (c) Photograph of the sensor after being stretched to 500%
(120mm). The ionic liquid used is 1-Methy-3-Octylimidazolium Chloride.
Figure 3.1 illustrates the fabrication process of rubber band-like sensors using ionic
liquids (See details in the Experimental Section). A mold was initially fabricated by 3D
printing. The Ecoflex fluid mixture (curable silicone material) was poured into the
printed mold and cured for 1 hour under 60℃. The solidified Ecoflex silicone elastomer
was then peeled off to obtain complementary replica with microchannels. Finally, the
microchannels were filled with ionic liquids and sealed with another layer of Ecoflex to
obtain a rubber band-like stretchable sensor.
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Figure 3.2 Stretching demonstration of IL based rubber band-like wearable sensor. Crystal
violet is dissolved in the ILs to enable easy observation. (a) Before stretching. (b) 100% strain.
(c) 200% strain. (d) 300% strain. Continuous blue flow can be seen during the whole stretching
process, indicating good conductivity of the sensor under large strains. Microchannel
dimensions: 30mm*0.5mm*0.5mm.
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Figure 3.3 Stretching, bending, and twisting demonstration of IL based rubber band-like
wearable sensor. (a) Before stretching. (b) Stretching. (c) Bending. (d) Twisting.
Such-fabricated rubber band sensors were free of cracks or material delamination. To
prove this, a crystal violet was used to mix with ILs. Low-moduli ILs completely
conformed to the deformation of Ecoflex, without any sign of break-up (Figure 3.2 and
Mov. S1, ESI†). The sensor can be arbitrarily stretched, bent or twisted without losing
conductivity (Figure 3.3). Remarkably, the sensor can maintain conductivity even after
being stretched up to 500% (Figure 3.1b). These attributes are due to the fact that
Young’s Modulus of ILs is much lower than that for the elastic Ecoflex substrate, hence
materials crack and delamination are fully avoided.
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Figure 3.4 Comparison of sensing performances of three rubber band sensors. The length and
height of all the three sensors were the same, namely 25mm and 1mm, respectively; the widths
of the sensors are 0.7, 1.2 and 1.7 mm. (a), (b), (c) show the plots of resistance change as the
sensors were stretched from 0.1% to 100 % strains, for the 0.7 mm, 1.2 mm and 1.7 mm,
respectively (input voltage: 3v). (d) Comparison of resistance change for the three different
sensors. (e) Plot of the deformation factor λ as a function of strain. (f) Plot of the gauge factor
as a function of strain.
The sensor resistance can be determined from the equation:
R=ρ⋅

L
A

(1)

where R is the initial resistance, ρ is the electrical resistivity of ILs, L is the length of
the microchannel, and A is the cross-sectional area of the microchannel. When the
rubber band is deformed, the resistance of the sensor will change to a value described
in the following equation,
R′ = ρ ⋅

L ⋅ (1 + ε )
A′

(2)
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where R' is the resistance under deformation, ɛ is the strain, and A' is the cross-sectional
area of the stretched microchannels (assuming the microchannels are uniformly
deformed).
An important difference from solid stretchable sensor is that volume of ILs do not
change after stretching. Hence, we have,

A′L(1 + ε )λ = AL (3)
where λ is the deformation factor accounting for irregular deformation of
microchannels. Note that the Gauge Factor (GF) is defined by,
R′ − R
GF = R

ε

(4)

This leads to
GF =

[λ ⋅ (1 + ε ) − 1]
ε
1

2

(5)

Since the deformation factor λ is dependent on the length and width of rubber band
sensor, this equation predicts that the sensitivity will change as the sensor size varies.
To demosntrate this, three different sensors were fabricated which had the same lengths
but different widths (0.7mm, 1.2mm and 1.7mm). Figure 3.4a-c show that all the three
sensors showed reproducible and reliable electrical responses to the strain from 0.1% to
100%. As expected, the resistance changes differed from sensor to sensor (Figure 3.4d).
If the microchannel is infinitely thin, the change of cross-sectional area will be uniform
spatially upon any strains and the deformation factor λ will be 1 (red line in Figure 3.4e).
However, the deformation factors for the three sensors decreased as the strain increased
(Figure 3.4e). Nevertheless, the thinner the sensor, the closer to 1 the deformation factor
is. For the infinitely thin sensor (λ=1), equation (5) predicts a linear function between
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gauge factor and strain. This means that at the 100% strain, L' is 2L, and A' is ½A. GF
will thus be 3, which is well-predicted in the red line in Figure 2f. In practice, the thinner
the sensor is, the closer to the value for the infinitely thin sensor its GF value is.
3.2.2 Durability and stability
Despite simplicity in fabrication, our IL-based sensors exhibited excellent performance.
Their durability and stability were first examined. The highly reproducible electrical
signals were monitored for the 50,000 stretching/releasing cycle tests for both small
strains (5%, Figure 3.5a) and large strains (100%, Figure 3.5c). In both cases, a high
signal-noise-ratio was achieved (Figure 3.5b, d). Our sensors also exhibited reliable
dynamic responses to a wide range of frequencies (Figure 3.5e). From Figure 3.6, the
peak loss and hysteresis time remained as low as 0.26% and 0.027s respectively even at
high frequency of 7Hz, which demonstrates better electro-mechanical reliability than
organic sensing materials. 13, 20, 30
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Figure 3.5 Durability and stability performance of IL based rubber band-like wearable sensors
(input voltage: 3V). The 50,000 cycling test under 5% (a, b) and 100% (c, d) strains under a
frequency of 1Hz. (e) Plots of resistance change under various frequencies of 1Hz to 7Hz under
the strain of 1%. (f) Comparison of the resistance changes of the sensor before and after being
stored under ambient conditions for 6 months (1 Hz frequency and 5% strain).
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Figure 3.6 Hysteresis time and peak loss of the device. (a-d) Electrical responses at the
dynamic strain of 1%: strain input frequency of (a) 1 Hz, (b) 3 Hz, (c) 5 Hz and (d) 7 Hz. (e)
The peak loss and hysteresis time of the strain sensor under various frequencies. Microchannel
dimensions: 20mm*0.5mm*0.5mm.
Further tests were carried out to evaluate the long-term stability of the rubber band, and
the resistive response under 5% strain before and after storing the device in ambient
conditions for six months, were obtained. Figure 3.5f shows negligible variation
between measurements before and after 6 month storage, demonstrating the remarkable
long-term stability of the rubber band sensor.
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3.2.3 Waterproofness

Figure 3.7 Waterproof nature of IL based rubber band-like wearable sensors. Current-time profiles of
the rubber band sensors in the air (a), in the water (b) and before(c)/after (d) stretching in the water. The
applied voltage in the waterproofness test is 3v.
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Figure 3.8 Waterproofness of IL based rubber band-like wearable sensors under different water
temperature (23.4 0C and 44.9 0C). Current increases can be seen while the device was immersed in
normal and warm water. They recovered to the background current while the device was brought out of
the water. The room temperature was 25 0C. Microchannel dimensions: 20mm*0.5mm*0.5mm.

Our rubber band sensor is also waterproof. To prove this, we immersed the sensor into
water and assessed their electrical responses to strains (Mov. S2, ESI†). The background
current increased slightly upon immersing the sensor into water (Figure 3.7a-b). In
order to investigate the sudden increase of the current, further repetition of the washing
test under different water temperatures, 23.4 0C and 44.9 0C (room temperature 25 0C),
were undertaken. From the different current baseline under 23.4 0C and 44.9 0C bath
process (Figure 3.8), it could been seen that the electrical response to the temperature
was a key reason for the sudden current increase. This could also be due to the fact that
water pressure would lead to deformation of the channel, which would result change in
resistance of the device pverall. Hence, temperature and water pressure caused sudden
increases of the current simultaneously. When manually undertaking stretch/release
cycles, it can be seen that the electrical signals responded promptly and recovered to the
original background current upon strain release (Figure 3.7c-d). These results indicate
the potential of application of our sensors in detecting human motions in a swimming
pool or in the sea.
3.2.4 Thermally-sensitive study
To further study thermal sensitivity of the ILs based sensor (crystal violet stained), the
device was incorporated in a LED circuit to regulate its brightness. The LED became
brighter as the device was heated on hot plate for 45 s, and then became dark due to
natural cooling (Figure 3.9). The current change between 26.5 0C and 51.5 0C can be
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seen from Figure 3.9. The current in the range of human body temperature is around
10.2 μA.

Figure 3.9 Thermal sensitivity study of ILs based sensor. (a-e) Optical images of ILs rubber band
sensor in a yellow light LED circuit under voltage of 9 V. First heated for 45 s on hot plate (100 0C) (b),
then naturally cooled down for 1 min (c), 2 min (d) and 5 mins (e). (f) Current change when temperature
is varied from 26.5 0C to 51.5 0C (applied voltage: 3 V), the current in the range of human body
temperature is around 10.2 μA. Microchannel dimensions: 30mm*0.5mm*0.5mm. The room
temperature was 25 0C.
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3.2.5 Detection of human wrist pulses

Figure 3.10 Real-time monitoring of wrist pulses, hand gestures and cervical movements. (a) Wrist
pulse monitoring. Plots of resistance change of the sensor as a function of time (input voltage: 3v) (b)
Monitoring different hand gestures by the bracelet weaved with ILs-based rubber band sensor.
Characteristic current changes to respective hand motions (input voltage: 3v): (I) Clenching, (II) Thumb
bending, (III) Forefinger bending, (IV) Little finger bending, (V) Palm bending. (c-f) IL-based sensor
patches for cervical movements monitoring. (c) Schematic of sensor design for cervical spondylosis
according to the strain directions of the skin during different neck movements. (d-f) Monitoring process
of the movement of looking left. The number of the middle bubble which indicated the movement of
looking left changed obviously from 80 to 68, and then back to 80 when the volunteer turned back his
head.
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Our rubber band sensor was able to be directly attached to human wrist, identifying wrist
pulses (Figure 3.10), where waveforms can be detected with high fidelity. Two
distinguishable peaks (P1 and P3) and a late systolic augmentation shoulder (P2) can be
clearly seen, which are due to the blood pressure from the left ventricle contractions and
the reflective wave from the lower body.31 It is known that the arterial stiffness, AIr, is
related to the ratio of shoulder peak (P2) over primary peak (P1), which is highly related
to the human age.31 Inset image in Figure 5a is an enlarge one pulse signal. Our
experimentally derived AIr is 0.43, matching the reported value for a healthy 25-yearold female.

31

Note that the electrical signals is dominated by the human movements

because of low thermally-sensitivity and temperature stability.
3.2.6 Detection of different hand gestures
The rubber band sensors could be stretched, bent and twisted arbitrarily (Figure 3.2),
allowing them to be incorporated with commercial rubber bands by a weaving process.
We made a colourful bracelet prototype which was worn on the human wrist. This
sensing bracelet could detect the stretching and contracting of the muscle caused by
different hand movements. As shown as in Figure 2.10b, we could identify
characteristic electrical responses specific to clenching, thumb bending, forefinger
bending, little finger bending and palm bending. In particular, the current change
variability changed from 0 to -6% during clenching; it increased to 2.8% when the
thumb was bent; it decreased to -3.7% and -2% during forefinger bending and little
finger bending, respectively. Palm bending led to the biggest change in current (7.5%).
These encouraging results indicate the potential of the device to be a low-cost hand
gesture sensors, for monitoring and assisting elderly, disabled or young people and
allowing their supervision.
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3.2.7 Remote monitoring of cervical movements

Figure 3.11 Fabrication of IL based wearable nanopatch. (a) 3D printing mould designed by 3D Max.
(b) The Ecoflex mixture solution is poured into the recessed printed structure, cured for 1 hour under
60 0C. (c) The cured Ecoflex is removed. (d) The grooves are filled with conductive composite and the
conductive wires affixed. (e) A layer of Ecoflex mixture solution is spread over the surface of ‘d’, and
encapsulated with another layer of cured Ecoflex. (f) It is then trimmed and cut to make well-structured,
wearable wireless patch. Groove dimensions: 20mm*10mm*0.5mm, 30mm*10mm*0.5mm.

Our IL-based technology could be also combined with our previous gold nanopatch
technologies,6,13,32 to enable monitoring cervical movements wirelessly via any portable
information terminal (e.g. a smartphone , Figure 3.10c-f). The cervical sensors were
based on the directions of skin strain during different neck movements. Both gold
nanowires and polyaniline were added to improve the conductivity of ILs to meet the
required conductivity in interfacing wireless circuitry (see detailed fabrication process
in Figure 3.11). After mounting the wearable patch on the volunteer necks, electrical
responses were recorded for the four different neck movements, namely heading up,
nodding, looking left and looking right. Figure 3.10d-f shows the monitoring process

96

Chapter Three
of looking left. The number of the lowest bubble which indicates the movement of
looking left changes obviously from 80 to 68, and then back to 80 when the volunteer
turns back his head. This system thus shows great potential, for example, in health care
monitoring of office workers, who have the largest chance to suffer from cervical
spondylosis while sitting at computers for a long time without any self-awareness of
potential health issues.

3.3 Chapter Summary
In summary, we report on a simple yet efficient ‘fill and seal’ approach to fabricate
rubber band like stretchable strain sensors using ILs and 3D printing. The entire
fabrication process is scalable and low cost. Our sensor could detect finely and widely
the strains as small as 0.1% and as high as 500%. The sensor is highly durable,
thermally-sensitive, exhibiting excellent performance in cycling, aging and water tests.
It was also demonstrated that the sensitivity of the sensors could be tuned simply by
adjusting the microchannel widths. These attributes enabled the real-time detectability
of subtle strains from artery wrist pulse, and large strains from various different hand
gestures. Furthermore, wireless sensing system for the cervical movement monitoring
was demonstrated. We believe this IL-based strategy opens a new powerful
methodology in the design of low-cost wearable sensors.
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Chapter Four
Soft electronics requires a seamless combination of stretchability and electrical conductivity,
which can be achieved extrinsically or intrinsically1. The former is achieved by designing
structures that stretch2-8, whilst the latter is realized by producing novel materials that are
deformable9-14. It should be noted that either method ultimately leads to the presence of
soft/hard materials interfaces, which under repeated deformation tends to lead to failure by the
mechanisms of delamination and/or crack growth15. This arises because of mechanical
mismatch, with the Young’s moduli of active materials including metals, semiconductors,
carbons, and conducting polymers, being some orders of magnitude higher than those of
elastomeric polymers or the underlying skin scaffolds16. The aforementioned issues may be
circumvented by using liquid-based active materials, such as gallium-indium alloys17 or ionic
liquids18-19. However, liquid-based systems typically require encapsulation in a channel,
complicating the realization of a “second-skin” type of thin, wearable and implantable device.
Contemporary one dimensional nanomaterials are also being actively used to construct
percolation networks which are deposited onto, or embedded in, elastomeric matrices10, 12, 2022

. Despite encouraging progress, delamination/crack issues still dominate and high

stretchability cannot be achieved until extrinsic structural design (e.g. bulking or prestrain
techniques) are combined1.
In Chapter 4, we report an exceptionally high intrinsic stretchability of standing nanowire
arrays (SNAs) grown on to elastomeric materials, without the need for extrinsic structural
design. This can be achieved because that mechanisms by which electrons conduct and the film
stretches are distinct from previous nanowire-based random percolation systems23. The results
show that the electrons mainly flow on top of SNAs-based film surfaces in a lateral fashion,
where the elongated nanowires are closely packed in a vertical fashion. Unlike conventional
metal films (by vacuum evaporation/sputtering or previous nanomaterials films) which
typically exhibit large ‘cliff-like’ U-shaped cracks which cannot recover upon releasing the
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strain, the SNAs-based gold films show tiny V-shaped cracks under the same level of strains
(<300%) which are able to recover the conductivity when stress is removed. Even large cracks
appearing due to exceptionally large strains (200-800%), percolation conductive pathways
remain and the cracks are still able to repair by themselves upon strain release. This
demonstrates the superior elasticity of these SNAs-based gold films which are almost crackfree under low level of strains and delamination-free up to super large strains (>800%). This
unique property enables their uses as highly durable elastic conductors which could retain the
>93% conductance even after 2,000 stretching/releasing cycles to 800% strain. We
demonstrate specifically here that they can be applied to making intrinsically stretchable
supercapacitors and can be used as “second-skin” facial expression recognition mask sensors.
4.1 Materials and methods
4.1.1 Materials
Gold

(III)

chloride

trihydrate

(HAuCl4·3H2O,

99.9%),

Triisopropylsilane

(99%),

4-

Mercaptobenzoic acid (MBA, 90%), (3-Aminopropyl)trimethoxysilane (APTMS), sodium citrate
tribasic dihydrate (99.0%), L-ascorbic acid and ethanol (analytical grade) were purchased from
Sigma Aldrich. All solutions were prepared using deionized water (resistivity >18 MΩ∙cm-1). All
chemicals were used as received unless otherwise indicated. Conductive wires were purchased from
Adafruit.
4.1.2 Synthesis of standing AuNWs
A modified seed-mediated approach was used, as described in the literature8. Firstly, 2 nm seed
gold nanoparticles were synthesized. Briefly, 0.147 mL 34 mM sodium citrate was added into
conical flask with 20 mL H2O under vigorous stirring. After 1 min, 600 μL of ice-cold, fleshing
prepared 0.1M NaBH4 solution was added with stirring. The solution turned brown immediately.
The solution was then stirred for 5 min and stored at 4 ̊C until needed.
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To grow standing nanowires on substrates (e.g. Si wafer, Ecoflex), O2 plasma was applied to render
the surfaces hydrophilic. Depending on the types of substrates, the plasma treatment time varied
from 2 to 17 minutes. The substrates were functionalized with an amino group by silanisation
reaction with 5mM APTMS solution for 1 h. APTMS-modified substrates were immersed into
excess citrate-stabilized Au seeds (3-5 nm) solution for 2 hours to ensure the saturated adsorption
of gold seeds, followed by rinsing with water four times to remove the weakly-bound seed particles.
Finally, seed particle-anchored substrates were in contact with a growth solution containing 980
μM MBA, 12 mM HAuCl4, 29 mM L-ascorbic acid, leading to the formation of standing nanowire
films. The length of nanowires depended on the growth reaction time. Typical nanowire heights of
~1.5 µm, ~3.5 µm, ~5 µm, ~7 µm and ~14 µm, were obtained by adjusting the growth time to 2, 4,
5, 8 to 15 minutes, respectively.
4.1.3 Lying-down gold nanowire films
44 mg HAuCl4.3H2O was added into 40 ml hexane, followed by addition of 1.5 ml oleylamine
(OA). After completely dissolving the gold salts, 2.1 ml triisopropylsilane was added into the above
solution. The resulting solution was left to stand for 2 days without stirring at room temperature
until the colour turned from yellow into dark, indicative of the formation of gold nanowires. The
residue chemicals were removed by repeated centrifugation and thorough washing using
ethanol/hexane (3/1, v/v), and finally concentrated to a 2-ml stock solution in hexane. The lyingdown gold nanowire films could then be obtained by a simple drop-casting approach.
4.1.4 Vacuum-evaporated gold film:
About 100 nm gold film could be obtained using an e-beam evaporator (Intlvac Nanochrome II, 10
kV).
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4.1.5 Elastic supercapacitors
The standing enokitake nanowire-based Janus film was cut into small pieces with suitable
shapes and sizes. A gel solution which contained PVA powder (1.0 g) and H3PO4 (1.0 g) in
water (10.0 ml) was coated on top of the prepared films and dried them in air for 5 hours. Two
such prepared standing enokitake nanowire-based Janus film electrodes were assembled with
sandwiched electrolytes to form a symmetrical electrochemical capacitor.
4.1.6 Wireless facial expressions monitoring
The circuit was composed of 9 standing enokitake nanowire-based Janus film sensors for
measuring 11 facial muscle groups, and the supporting circuit was constructed with 3.3V power
supply and 13,330ohm resistors. After mounting the standing enokitake nanowire-based Janus
film sensors on the particularly targeted muscle groups on the subject’s face, electrical
responses of each sensor were recorded. A Bluetooth Low Energy (BLE) technology was used
to transfer the analogue reading data of each sensor to an Android OS equipped mobile device
(e.g. phone or pad style device). A uniquely designed application which was already installed
on the mobile device went through a machine learning session, which was referenced to the
Facial Action Coding System (FACS) library from Paul Ekman group. The FACS contributes
as the reference blue-print for pattern recognitions to detect various facial expressions. This
system was able to process electrical responses from facial muscle groups in real-time,
provided the baseline for measuring subject's detailed facial movement, and eventually allow
it to be translated it to different emotional expressions. The system was also able to create a
data dictionary to store the data based on the 9 sensors readings to specific muscle groups.
4.1.7 Characterization
SEM imaging was carried out using FEI Helios Nanolab 600 FIB-SEM operating at a voltage of 5
kV. The sheet resistances of the standing enokitake nanowire-based Janus films were carried out
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on a Jandel four-point conductivity probe by using a linear arrayed four-point head. To test the
electro-mechanical responses for strain and bending sensing, the two ends of the samples were
attached

to

motorized

moving

stages

(THORLABS

Model

LTS150/M).

Uniform

stretching/bending cycles were applied by a computer-based user interface (Thorlabs APT user),
while the current changes were measured by the Parstat 2273 electrochemical system (Princeton
Applied Research). For the analysis of detailed point load or pressure responses, a computer-based
user interface and a force sensor (ATI Nano17 Force/Torque Sensor) and a Maxon Brushless DC
motor using a high-resolution quadrature encoder (15 μm of linear resolution) were used to apply
an external point load or pressure. Eco-flex with thickness of 500 µm was chosen as the substrate
of standing Janus film in strain test. PET with thickness of 125 µm was chosen as the substrate of
standing Janus film in strain test. PDMS with thickness of 1 mm was chosen as the substrate of
standing Janus film in the point load/pressure test. The reflectance (R) data was collected from
Perkin Elmer UV-VIS-NIR spectrophotometer Lambda 1050 with an integrating sphere setup.
4.2 Results and Discussions
4.2.1 Synthesis and characterization of standing enokitake-like gold nanowire Film
Using a seed-mediated approach 24, SNAs-based gold films were found able to be grown on a
number

of

polymer

substrates

including

polyethylene

terephthalate

(PET),

polydimethylsiloxane (PDMS), Ecoflex (super stretchy silicone rubber) and polyurethane.
Figure 4.1 illustrates the fabrication process of SNAs-based gold films. In brief, an elastomeric
substrate is first treated using an O2 plasma to render its surface hydrophilic by the formation
of hydroxyl groups, followed by silanisation with (3-aminopropyl)trimethoxysilane (APTMS)
which is used to immobilise seed particles via electrostatic interaction. The chemically
modified elastomer is immersed into a nanowire growth solution, leading to the formation of
densely-aligned SNAs-based films. In the work, the unconventional anisotropic nanowire
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growth is enabled by a strong binding ligand (4-Mercaptobenzoic acid). Top-down and crosssectional views demonstrate the presence of highly-aligned nanowires with closely-packed
nanoparticles on the top using this synthetic process (Figure 4.2). The typical number density
is ~1.31×104 μm-2, with a nanowire diameter of 7.8 ± 1.5 nm and top-nanoparticle size of 9.3
± 2.1 nm.

Figure 4.1 Schematic illustration of the fabrication process of standing gold nanowire-based
films on an elastomeric surface. (a) An elastomeric substrate; (b) surface modification with
amine moieties; (c) attachment of citrate-stabilized colloidal gold particle seeds based on
electrostatic attractions; (d) seed-mediated growth of standing gold nanowire films.

Figure 4.2 Scanning electron microscopy (SEM) images of prepared film for top view and side
view respectively.
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Macroscopically, the SNAs-based gold films appear uniformly colured, with a shiny gold
reflective surface if the underlying elastomeric substrates are flat (Figure 4.3a-c). The growth
process is scalable to any polymer substrate size and shapes (Figure 4.4a-d), and even to
textured skin replicas (Figure 4.4e). The SNA films bound to thin Ecoflex sheets can naturally
attach to human skin wrinkles before and after stretching (Figure 4.4d-e).

Figure 4.3 SNR-based gold film and its superior stretch capacity. Standing nanowires grown
on flat elastomers: (a) PET, (b) PDMS, (c) Ecoflex. (d-e) Photographs of the thin SNR-based
film with skin-textured Ecoflex substrate on human thumb knuckle while bending and releasing,
respectively. (f) Stretch capacity comparison between e-evaporated Au film, lying-down
nanowire gold film and SNR-based gold film. (g) A comparison of this work to recent work in
elastic conductors. Data points are extracted from the following papers: blue open triangle, Au
nanoparticles (Au NP) — the study by Kotov et al. (3); pink open circle, Ag nanowires (Ag
NW) — the study by Vörös and Tybrandt. (29); black open square, Ag nanowires (Ag NW) —
the study by Xu and Zhu. (21); lime open diamond, carbon nanotube (CNT) — the study by
Bao et al. (10); orange open pentagon, Ag nanoparticles (Ag NP) — the study by Kim et al
(25); pistachio open inverted triangle, Au nanosheets (Au NS) — the study by Jeong et al. (28);
green open pantagon, Ag flakes — the study by Someya et al. (27); siena left open triangle,
Ag-CNT — the study by Someya et al. (14); purple open right triangle, Ag carbon nanotubes
(Ag-CNT) — the study by Baik et al. (26); red filled star, this study (corresponds to f). (h)
Conductance change of SNAs-based gold films during 2000 cycles stretching/ releasing to 800%
strain.
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Figure 4.4 (a) A photograph showing standing nanowires grown on polyurethane. SEM images
of for (b) low and (c) high resolution, respectively. (d) A photograph showing standing gold
nanowires grown on flexible PDMS substrate. Patternable properties of SNS-based films. (e)
Optical microscope image the SNAs on skin-textured Ecoflex substrate.
4.2.2 Outstanding Stretchability and mechanism
It was found that SNA films grown from Ecoflex exhibited exceptional stretchability up to
800%, without any loss of conductivity (Figure 4.3f, red solid line). With additional Ecoflex
encapsulation, conductivity was observed even at the 900% strain, which is almost the physical
limit of Ecoflex elastomer (Figure 4.5a). Remarkably, the original conductivity can be fully
recovered upon stress release (Fig. 1F, red dash line). In control experiments as a comparison,
bulk gold films were prepared by vacuum evaporation (thickness: 0.1 μm) and gold nanowire
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films from solution cast on to the surface (thickness: 0.75 μm) and thus parallel to it. The
evaporated gold was able to survive only ~10% strain (black solid line in Fig. 1F) before
conductivity was lost and the nanowire films only able to tolerate a ca. 150% strain extension
(blue solid line in Figure 4.3f). Importantly, both films showed no conductivity recovery upon
stress release (black and blue dash lines in Figure 4.3f).

Figure 4.5 (a) Electrical responses of encapsulated SNAs-based gold films and no encapsulated
SNAs-based gold films. Nanowire height: 1.5 µm. (b) Strain sensitivity during 0-800% strain.
(c) Electrical response of gold films with different nanowire heights. (d-e) electrical hysteresis
of SNAs-based gold films during 0%-800% strain. Nanowire height: 1.5 µm.
Figure 4.3g shows the comparison of intrinsic conductivities at the maximum sustainable
strains for current, state-of-the-art inorganic stretchable conductors (10, 14, 20, 21, 25-29). Our
SNAs-based gold conductors can maintain a high intrinsic conductivity over a wide strain range
up to 800% without encapsulation, which is a record for such inorganic stretchable conductors
reported to date. Remarkably, our films could retain >93% of the initial conductance after
stretching/releasing to 800% strain for 2,000 cycles (Figure 4.3h), which cannot be achieved
by any of existing intrinsic stretchable conductors without combining an extrinsic structural
design. Note the gauge factor in 0%-500% strain is less than 10, indicating great potential as
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supercapacitor electrode (Figure 4.5b). The device also showed low electrical hysteresis
(Figure 4.5c-e).

Figure 4.6 Optical microscopic and AFM characteristics of three different gold films
(evaporated gold film, lying-down nanowire gold film and standing enokitake nanowire-based
Janus gold film). Microscopic behavior of (a-c) e-evaporated Au film, (f-h) lying-down
nanowire gold film and (k-m) standing enokitake nanowire-based Janus gold film by optical
microscope imaging at various strain (from 0%, 300 % and back to 0%), respectively. AFM
images and height plots of (d-e) evaporated gold film, (i-j) lying-down nanowire gold film and
(n-o) standing enokitake nanowire-based Janus gold film under 300% strain, respectively.
Nanowire height for standing enokitake nanowire-based Janus gold film is 1.5 µm. Scale bar:
200 𝝁𝝁m, all optical images have the same resolution.

Evaporated gold films and lying down nanowire gold films in which the nanowires are planar
(parallel) to the surface exhibited large cracks for the same level of strains (Figure 4.6a-c, f-h)
and the original morphology was not recoverable upon strain removal, as can be seen in Fig.
1F. In contrast, the exceptional stretchability of the SNAs-based gold films originates from
their unique structure. Under low level of strains (<300%), only small cracks were observed
(Figure 4.6i), which could recover fully upon returning 0% strain. Under high level of strains,
large cracks were observed for our SNAs-based films (Figure 4.7), however the islands that
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were formed by such cracks were not isolated, but remained interconnected through the top,
entangled nanowire canopy, enabling the electron transport through the entangled, percolated
network to remain. Surprisingly, upon releasing strain, the large observed cracks could be
repaired, leading to full recovery of conductivity from ~98.9 % lost at 800% strain (Figure
4.3f-g, Figure 4.7). Such consistent results were also apparent from more detailed, higher
magnification SEM characterisation. By inspecting the same spot in a particular sample,
negligible morphological changes were observed before and after 60,000 cycles of stretching/
releasing to 182% strain (Figure 4.8).

Figure 4.7 Optical images of Janus gold film-bonded to Ecoflex under various strains (a-l):
0%→100%→150%→200%→250%→300%→400%→500%→600%→700%→800% →0%).
Scale bar: 10 µm.
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Figure 4.8 Durability and stability performance of standing enokitake nanowire-based Janus
film. (a) 60,000 cycling test under 185% strain with a frequency of 1Hz. (b) Plots of resistance
changes of 1-10 cycles and 59.990-60.000 cycles. Nanowire height: 1.5 𝝁𝝁m. SEM images of
standing enokitake nanowire-based Janus film (c, e) before and (d, f) after 60.000 cycles of
stretching and releasing under strain of 185 %, respectively, demonstrating full recovery of
surface morphology. Nanowire height: 1.5 µm.
The stretched film morphologies were further characterised using atomic force microscopy
(AFM). Figure 4.6d shows a typical AFM image of evaporated gold films under 300% strain.
The line scan result shows that the cracked gold flake shows a height of ~0.8 μm, well above
the evaporated gold thickness of ~ 0.1 μm. This clearly demonstrates the delamination/cracking
of rigid gold films from soft Ecoflex elastomers under strains, consistent with optical
characterisation (Figure 4.6a-c). Similar phenomena were observed for films in which the gold
nanowires were laid parallel to the elastomer surface, but had the same strain applied where
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crumpled and debonded films were evident (Figure 4.6f-j). In contrast, SNAs-based gold films
featured tiny V-shaped cracks under 300% strains with a cracking depth of ~ 0.15 μm, much
less than the nanowires height of 1.5 μm. Taller nanowires (7 μm) SNAs-based gold films also
showed these tiny V-shaped cracks, with a cracking depth of ~ 1.5 μm when deformed to 200%
strain (Figure 4.9).

Figure 4.9 AFM featuring and height plots of (a-b) 1.5 μm nanowire height standing enokitake
nanowire-based Janus film and (c-d) 7 μm nanowire height standing enokitake nanowire-based
Janus film under 200% strain, respectively.
4.2.3 Distinct conductivity mechanisms
Unlike bulk gold film or percolation nanowire network, SNAs-based gold films follow a
distinct electron transport pathway. It appears that electrons transport predominantly via top
surfaces where closely-packed nanoparticle arrays are present. This has been proven by
comparison of conductivities of SNAs-based films with different nanowire heights. By
controlling growth time between 2 to 15 minutes, five different SNA films with thickness of
1.5 µm, 3.5 µm, 5 µm, 7 µm and 14 µm could be obtained (Figure 4.10a-j). Interestingly, their
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sheet resistance was almost the same (~3.5 Ω sq-1), which indicates that the height of nanowires
plays only a minor role in determining the overall film conductivity (Figure 4.10k).

Figure 4.10 SNAs-based gold films with different nanowire height (1.5 µm, 3.5 µm, 5 µm, 7
µm and 14 µm). SEM images from top view of (a) 1.5 µm, (b) 3.5 µm, (c) 5 µm, (d) 7 µm and
(e) 14 µm nanowire height SNAs-based gold films. Scale bar: 200 nm. SEM images from cross
section of (f) 1.5 µm, (g) 3.5 µm, (h) 5 µm, (i) 7 µm and (j) 14 µm nanowire height SNAsbased gold films. Scale bar: 1 µm. (k) Nanowire height versus sheet resistance under different
growth time from 2 mins to 2 hours. (l) Corresponding electrical responses of different SNAsbased gold films towards pressure. (m) Durability performance under a pressure of 600 Pa at a
pressure input frequency of 2Hz for 20,000 cycles. Nanowire height: 5 µm.
The film conductivity also increased slightly as external normal pressures were applied. This
may be due to normal force-induced bending and crossing of vertical aligned gold nanowires,
adding more electron transport pathways. For investigation, electrical responses of SNAsbased gold films with different nanowires heights under pressure range from 550 Pa -1200 Pa
were compared. As the nanowires get longer, the increase with normal pressures became more
evident, indicating that longer nanowires may be more receptive as a sensor to such
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deformation, compared with their shorter counterparts (Figure 4.10l). Significantly, such
conductivity enhancement is reversible after the pressure is removed. The changes in resistance
under repeated pressure of 600 Pa at a frequency of 2 Hz were measured, and it was found that
high signal-to-noise ratios were maintained and the current amplitude exhibited negligible
changes with 20,000 loading-unloading cycles (Figure 4.10m). This demonstrated the soft
nature of standing gold nanowire layers reflect a reversible, spring-like elastic deformation
behavior.
The above results indicate the distinct conductivity mechanisms of SNAs-based gold films
during stretching (Figure 4.11a). In evaporated gold film, electrons can transport throughout
its surface and interior uniformly, without strain. However, the smooth electron transport
pathways are easily blocked upon stretching, due to cracking of the rigid gold film which has
a Young’s moduli five orders of magnitude higher than that of underlying elastomeric substrate.
Simultaneously, cracked gold flakes may delaminate from the underlying elastomers due to the
poor adhesion, rending it impossible to recover the conductivity upon full stress release (Figure
4.11b). Gold films in which nanowires are laid down on the elastomer surface follow the
similar mechanism upon deformation, and percolation conductivity pathways are blocked
under strains which lead to delamination and cracking (Figure 4.11c). The difference for such
films is that their apparent Young’s modulus is much closer to that of supporting elastomeric
substrate, and thus percolation can survive up to higher strain level although at very high strains
this is pulled apart.
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Figure 4.11 Schematic of structural deformation in three types of gold films during a
stretching-releasing cycle. (a) Vacuum-evaporated bulk gold film, (b) lying-down mode
percolation gold nanowire film and (c) Standing enokitake nanowire-based Janus gold film.
Unlike bulk gold film or percolation nanowire films, SNA films possess hierarchical
mechanical properties. The top layer consists of closely-packed nanoparticle arrays, which may
have a higher apparent stiffness than that of underlying nanowire arrays closer to the elastomer
surface. Upon applying stress, nanowire arrays may experience ‘accordion-fan-like’ V-shaped
“unzipping” process. The unzipped structures can re-zip (recover) again once the stretching
forces are fully released. This explains well the tiny cracks observed under low strains (<300%)
(Figure 4.6k-o). Since top nanoparticle layers are stiffer than nanowire layers, they tend to
crack more easily, hence, leading to V-shaped tiny cracks observed in AFM imaging (Figure
4.6n). Under very high strains, the whole SNA films will crack, but they still strongly adhere
to supporting elastomer substrate without delamination due to strong chemical bonding
interactions where APTMS may serve as a nanoscale adhesive and explains the full crack repair
and fully regained conductivity recovery upon releasing large strains.
Our SNAs-based elastic gold conductors are highly durable. Their outstanding mechanical and
electrical properties did not show obvious deterioration after storage for 40 weeks in the
ambient conditions without encapsulation (Figure 4.12), indicating their suitability for soft
electronics applications.
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Figure 4.12 Long term stable electrical responses for SNAs-based gold films after storage at
the temperature without encapsulation for 1, 7, 25 and 40 weeks, respectively. Nanowire height:
1.5 µm.
4.2.4 Application as supercapacitor
As the first proof of concept, we demonstrate their use in soft, stretchable supercapacitors. In
a typical symmetrical layout, we were able to achieve excellent capacitive behavior (Figure
4.13), which shows negligible changes over a wide range of applied tensile strain from 0% to
250%. The slight capacitance increase from 0 to 100% strain may be due to increased surface
area over nanowire unzipping process under strain. Further stretching beyond the 100 % strain
caused a very small decrease in the capacitance, retaining 84% of original capacitance at strain
of 250% (Figure 4.14a-b). This slight degradation of capacitance was possibly due to the
conductivity decreases of SNAs-based nanowire electrodes and/or deformation of the
electrolyte layers over stretching. Nevertheless, specific capacitance could be maintained by
99% after 200 stretch/release cycles at the strain of 200%, suitable for wearable on-body energy
storage devices (Figure 4.14c-d).
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Figure 4.13 (a) Cyclic voltammetry (CV) curves of the supercapacitors from SNAs-based gold
films at different scan rate. (b) Galvanostatic charging-discharging curves of the
supercapacitors at a constant current of 0.1 mA, 0.2 mA and 0.5mA, respectively. (c) The
calculated areal capacitances of the supercapacitor using CV curves. (d) The calculated areal
capacitances of the supercapacitor using galvanostatic charge/discharge (GCD) curves.
Nanowire height: 1.5 µm.
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Figure 4.14 (a) CV curves of the supercapacitor from SNAs-based gold film for applied strains
up to 250% and a scan rate of 100 mV s-1.(b) Normalized surface-specific capacitance of the
supercapacitors as a function of tensile strains. (c) CV curves of the supercapacitor with
different stretching cycles at a scan rate of 100 mV s-1. (d) Normalized surface-specific
capacitance as a function of stretching cycles. Nanowire height: 1.5 µm.
4.2.5 Application as facial expression recognition smart mask
Such excellent skin attachability also motivated the use of SNAs-based film as electronic skin
(e-skin) patches for detecting childhood Autism spectrum disorder. Instead of an optical
approach used by NODA diagnostic tool available on Apple store, nine e-skin patches to
monitor particular pieces of muscle/skin stretching related to facial expression (Fig. S11) were
used. Based on the information from database of Facial Action Coding System (FACS) library
from Paul Ekman group (30), the pattern of electrical signals could be correlated to the five
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different emotional expressions (happy, sad, angry, surprise and fear) using a wireless
technology.

Figure 4.15 Real-time facial expressions monitoring. (a) Schematic illustration of the detection
system setup. (b) Schematic of SNAs-based gold film smart mask design according to nine
facial muscle groups movements caused by various emotions. (c) Mobile device interface for
result reading. (d-h) Real-time monitoring of five different facial expressions of happy, sad,
angry, surprise and fear.
4.3 Chapter Summary
The present study reveals the exceptional high intrinsic stretchability of standing nanowire
arrays, which are unexpected in the context of the currently reported nanowire percolation
network-based conductors. The vertical enokitake-like nanowire bundling structures lead to an
unusual ‘accordion-fan-like’ V-shaped unzipping mechanical deformation process, which
explains well their outstanding stretchability and durability. Beyond the demonstration of
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intrinsically stretchable supercapacitors and wearable e-skin sensors, the standing gold
nanowire-based elastic conductors may find a myriad of additional applications in future soft
electronics.
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and stretchable supercapacitor”
Due to recent, great advances in photolithography, electronics has successfully evolved from
early-generation

energy-costly

bulky

computing

system

to

current-generation

personal/portable computing system. It is expected that future-generation electronics will be
elastic with Young’s moduli matching human skins or muscles so that it can become parts of
human body to realize the ultimate dream of ‘unseeable’ and ‘unfeelable’ wearable/implantable
biodiagnostics anytime and anywhere. Importantly, energy devices will be part of such a
biodiagnostic system, which ideally should be thin, lightweight yet mechanically soft and
optically transparent.
In this context, there are two viable design principles: structures that stretch (STS) and
materials that stretch (MTS)1. With either STS or MTS or both, a number of stretchable energy
generation and storage devices2, including batteries3, supercapacitors4, 5, photovoltaics6,
triboelectricity7, thermoelectrics8, have been reported. However, it has to be noted that it is rare
to achieve three important features, ultrathin, stretchable and transparent simultaneously. This
is because high conductivity usually requires large amount of active materials, which typically
leads to thick film with reduced optical transparency and mechanical stretchability. As far as
electrochemical capacitors (namely, supercapacitors) are concerned, active materials including
CNT9,

10

, graphene11, metal nanowires12, conducting polymers13, etc. have been used for

constructing supercapacitor electrodes. However, it remains challenging to combine high
mechanical stretchability, optical transparency with high capacitance performance in a skinthin format14, 15, 16, 17, 18.
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In Chapter 5, we present an entirely solution-based, two-step self-assembly strategy to generate
nanomesh templated electrode for skin-thin, stretchable and transparent supercapacitors. In the
first step, ultrathin 2 nm gold nanowires were used to form self-assembled mesh structures
following our previous publication19; in the second step, the mesh was used as template to grow
standing nanowires using mediated approach. Such prepared mesh electrode can reach an
electrical conductivity of 1.7 ± 0.8 Ω sq-1 and an optical transparency of 90.3% at 550 nm
wavelength. This allows for fabrication of symmetrical supercapacitors with overall thickness
of ca. 100 µm yet stretchable up to 100% strain with capacitance retention of 75.7%. In
addition, the as-received supercapacitor exhibits both superior mechanical flexibility under
repeated stretching (0-100% strain) and bending (0-180 degree) cycling.

5.1 Materials and methods
5.1.1 Materials
Gold (III) chloride trihydrate (HAuCl4·3H2O, 99.9%), Triisopropylsilane (99%), 4Mercaptobenzoic acid (MBA, 90%), L-ascorbic acid, Poly (vinyl alcohol) (PVA) powder,
H3PO4, and ethanol (analytical grade) were purchased from Sigma Aldrich. All solutions were
prepared using deionized water (resistivity >18 MΩ∙cm-1). All chemicals were used as received
unless otherwise indicated. Conductive wires were purchased from Adafruit.
5.1.2 Elastomeric substrates
Polydimethylsiloxane (PDMS) substrates were made by the mixing the Sylgard 184 Silicone
Elastomer Base and the Curing Agent at the weight ratio of 10:1. The mixture was poured on
a 6" flat-plate petri dish using 0.5 mm-height shims as spacers and cured at 65 ̊C for 2 h in an
oven. Polyethylene terephthalate (PET) films were used as received.
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5.1.3 Au nanowire solution
44 mg HAuCl4·3H2O was added into 40 ml hexane, followed by addition of 1.5 ml Oleylamine
(OA). 2.1 ml Triisopropylsilane was added into the above solution after completely dissolving
the gold salts. The resulting solution was left to stand for 2 days undisturbed at room
temperature until the colour turned from yellow into dark, indicating the formation of gold
nanowires. The residue chemicals were removed by repeated centrifugation and thorough
washing using ethanol/hexane (3/1, v/v). Finally, the nanowire solution was concentrated to a
2 ml stock in hexane. Then storage the as prepared Au nanowire solution at room temperature
for the period of time of interest.
5.1.4 Preparation of self-assembled nanowire mesh templated transparent electrode
The assembly of well-defined monolayer of Au nanowire mesh structure was achieved using a
modified Langmuir–Blodgett technique described previously. The nanowire assemblies were
prepared at room temperature in petri dish (3.5 inches) using Millipore Milli-Q water. A 20 ml
syringe was used to dispense as-prepared aged Au nanowire solution onto the water subphase
drop by drop. The droplet quickly spread over the water surface and evaporated to leave an Au
nanowire mesh membrane fully covered the water surface. After 30 minutes of equilibration,
the Au nanowire mesh membranes were transferred onto PDMS substrates by slowly pulling
the substrates out of the aqueous subphase. The as-prepared Au nanowire mesh structure on
PDMS substrates was exposed to an argon plasma treatment for 20 minutes to enable effective
standing nanowire growth on mesh structure. Finally, immerse the as prepared films into into
a growth solution containing 978.6 μM MBA, 12 mM HAuCl4, 2.9 mM L-ascorbic acid,
leading to the formation of densely aligned standing nanowire arrays. Different nanowire
length can be achieved by controlling the growth time.
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5.1.5 Preparation of AuNWs Supercapacitor
The as-prepared transparent electrodes were cut into small pieces with suitable shapes and sizes.
A gel solution which contained PVA powder (1.0 g) and H3PO4 (1.0 g) in water (10.0 ml) was
coated on top of the prepared films and dried them in air for 5 hours. Then two such-prepared
electrodes were assembled with sandwiched electrolytes to form a symmetrical electrochemical
capacitor. The active size for supercapacitors is 2 cm by 3 cm.
5.1.6 Characterization
Optical and digital images were recorded by the Nikon ECLIPSE LV150 microscope and
Samsung Galaxy S3 smart phone. Optical transmittance was measured by the Agilent 8453
UV–vis spectrophotometer. Scanning Electron Microscopy imaging was carried out using FEI
Helios Nanolab 600 FIB-SEM operating at a voltage of 5 kV. The sheet resistances were
determined using a Jandel four point conductivity probe by using a linear arrayed four point
head. To test the electro-mechanical responses, the two ends of the samples were attached to
motorized moving stages (THORLABS Model LTS150/M). Uniform stretching/releasing
cycles were applied by a computer-based user interface (Thorlabs APT user), while the current
changes were measured by the Parstat 2273 electrochemical system (Princeton Applied
Research).
5.2 Results and Discussion
5.2.1 Transparent electrode fabricated by self-assembled nanomesh-templated gold
nanowires.
Figure 5.1a-d illustrates the fabrication process of self-assembled nanomesh-templated
transparent highly aligned nanowire arrays electrodes. Previously, we had found that the aged
2 nm-thin gold nanowires could self-assemble into mesh-like structures at the air/water
interface20 (Figure 5.1a), which could be transferred onto elastomeric substrates to obtain
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transparent conductors (Figure 5.1b). However, electrodes so-obtained only possessed a sheet
resistance of 130.1 Ω sq-1 and limited electroactive surface areas. This limitation could be
overcome by using nanomesh-templated, seed-mediated nanowire growth (Figure 5.1c-d). An
O2 plasma was able to remove surface-bonding oleylamine ligands, leading to
fusion/fragmentation of nanowires into particle-like structures (Figure 5.1c). More importantly,
it assisted the selective growth of nanowires only on mesh structures, to be discussed in detail
later. These particles can serve as seeds to enable growth of highly aligned nanowire arrays
simply by immersing nanomesh templates into nanowire growth solution containing gold
precursors, surfactants and reducing agents (Figure 5.1d).

Figure 5.1 Transparent electrode fabricated by self-assembled nanomesh-templated gold
nanowires. Schematic fabrication process: (a) self-assembled nanomesh at air-water interface
by drop casting aged nanowire solution onto water surface; (b) Nanomesh on PDMS substrate;
(c) Nanomesh after O2 plasma treatment; (d) Nanomesh-templated aligned nanowire arrays
growth. (e) Photograph of a prepared transparent electrode 10 cm x 10 cm. (f-g) SEM images
of nanomesh before (f) and after (g) plasma treatment, and nanomesh-templated aligned gold
nanowires (h). Scale bar: 200 nm. (i-j) Optical micrographs of nanomeshes before (i) and after
(j) nanowire arrays growth. Scale bar: 20 µm. (k-l) Atomic force microscopy (AFM)
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nanomeshes before (k) and after (l) nanowire arrays growth. Red lines correspond to line scan
profile of white dashed lines. tP= 20 mins, tA= 3 hrs and tG= 9 mins.
This process is entirely wet chemistry-based, without the need of any additional expensive
equipment, yet is able to achieve large-scale, uniform and transparent conductors (Figure 5.1e).
Scanning electron microscopy (SEM) characterisations demonstrate the transition of nanomesh
from nanowire bundles (Figure 5.1f) to fragmented particles (Figure 5.1g) to highly aligned
nanowire arrays (Figure 5.1h). A detailed schema is shown in the Figure 5.2. In the entire
process, mesh-like structures could be well-maintained, as shown in the optical characterization
(Figure 5.1i, j) and atomic force microscopy (AFM) characterization (Figure 5.1k, l). The
AFM line scan analysis shows that the height of nanomesh increased from 110 nm ± 45 nm to
1008 nm ± 114 nm before and after seed-mediated nanowire growth.

Figure 5.2 Schema of self-assembled nanomesh-templated gold nanowire electrodes. (a) Selfassembled nanowire bundles. (b) Fragmented nanowires after O2 plasma treatment. (c) Highlyaligned nanowire arrays growth on mesh structure.
5.2.2 Optical and electrical properties of self-assembled nanomesh-templated nanowire
electrodes.
The three key parameters were examined, namely ultrathin nanowire ageing time (tA), plasma
treatment time (tP) and seed-mediated nanowire growth time (tG), influenced conductivity and
transparency of nanomesh-templated nanowire electrodes. Generally it was found that long,
initial plasma treatment time enhanced the optical transparency but with increased sheet
resistance, as shown for the particular sample with tA = 9 hrs, tG = 6 mins (Figure 5.3a-b).
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Without plasma treatment, gold nanostructures grew both in the mesh and vacant areas (SEM
and microscopic characteristics in Figure 5.3c, e, g), leading to an almost optically-opaque
film (transmittance < 2%) with a very low sheet resistance of 1.78 ± 0.9 Ω sq-1. With plasma
treatment, seed-mediated nanowire growth was site-selective to nanomesh areas, as can been
seen in SEM and microscopic images in Figure 5.3d, f, h. This substantially enhanced optical
transparency (68% transmittance), albeit with increased sheet resistance (12.5 ± 1.5 Ω sq-1).
We will then choose tP=20 mins for transparent electrode fabrication in this work.
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Figure 5.3 (a) Effects of plasma treatment time (tP) on the optical transmittance. The insets are
photographs of film with different plasma treatment time; (b) Effects of plasma treatment time
on sheet resistance. Optical micrographs of nanowire film without (c) and with (d) with 20
mins O2 plasma treatment. Scale bar: 10 µm. (e, g) SEM images of nanowire films without
plasma treatment. (f, h) SEM images of nanowire films with 20 minutes plasma treatment.
Scale bar for (e-f): 20 µm; Scale bar for (g-h): 100 nm. The samples were prepared with
ultrathin gold nanowires solution ageing time tA=9 hrs; and nanomesh-templated nanowire
growth time tG=6 mins.

Figure 5.4 Optical and electrical properties of self-assembled nanomesh-templated nanowire
electrodes. (a) Optical transmittance (λ = 550 nm) as a function of templated nanowire growth
time tG and for different nanomeshes obtained with different ageing time tA. (b) Sheet resistance
as a function of templated nanowire growth time tG for different nanomeshes obtained with
different ageing time tA. (c) Nanowire film surface voids as a function of different ageing time
tA. (d) the change of nanowire height measured by AFM as a function of templated nanowire
growth time tG. (e) Experimentally measured optical transmittance (λ = 550 nm) as a function
of sheet resistance (scattered plot). Red dashed line is the numerical fitting. (f) Comparison
between this work and literature reports. Data points were extracted from the following papers:
Green down triangle, self-assembled superlattice nanomembrane NWs — the study by Cheng
et al. (22); Dark right triangle, self-aligned NW monolayers — the study by Correa-Duarte et
al. (21); Magenta circle, mesostructure templated thin Ag-AuNWs — the study by Markovich
et al. (24); Blue up triangle, self-assembled nanomesh NWs — the study by Cheng et al. (20);
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Olive diamond, templated mesh NWs by nanoimprinting— the study by Kraus et al. (23); red
filled star, this study.
tA was varied from 1 to 24 hrs, and tG from 1 to 9 minutes to observe how they affect optical
transparency (Figure 5.4a) and electrical conductivity (Figure 5.4b). Consistent with our
previous report, the increased ageing time would lead to larger pore sizes and thicker bundles
(microscopic images in Figure 5.5a-g for tG from 1 to 24 hrs). As a result, vacant surface areas
increased up to about 80% after 24 hrs ageing (Figure 5.4c). Since large pores favour light
transmittance and thick nanobundles promote electrical conductivity, increased ageing time tG
will lead to higher transparency and lower conductivity. The seed-mediated nanowire growth
reduced further in optical transmittance as a result of nanowire deposition (Figure 5.5 h-n).
This can be demonstrated by AFM studies featuring surface morphology before and after
densely-aligned nanowire arrays growth, for different periods of time (1, 4, 6 and 9 mins) at
tG=3 hrs (Figure 5.6), the scan line in Figure 5.4d shows gradually increased bundle thickness,
whilst increasing nanowire growth time. In particular, with a 24 hr ageing time, the nanowire
mesh electrode has a transparency of >84.2% over a wide range of spectral window from 300
to 800 nm even for long seed-mediated nanowire growth time, tG = 9 minutes (Figure 5.7).
With shortest ageing time (tA = 1 hr) in this study and longest seed-mediated growth time (tG =
9 minutes), we could reach a sheet resistance as low as 1.7 ± 0.8 Ω sq-1 could be reached.
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Figure 5.5 Optical micrographs of nanomesh films with the ageing time tA from 1 hr to 24 hrs
before (a-g) and after (h-n) nanowire arrays growth. Scale bar: 10 µm. tG=6 mins. tP=20 mins.
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Figure 5.6 (a-e) AFM characterizations of mesh-templated nanowire electrodes with different
nanowire growth time (tG=1, 4, 6 and 9 mins). All the sample were made from Au nanowire
solution with tA=3 hrs ageing time. Scale bar: 10 µm. tP=20 mins

Figure 5.7 Optical transmittance of the as-prepared nanomesh-templated nanowire electrodes
(tA=24 hrs) with different nanowire arrays growth time, tG. tP=20 mins.
Figure of merit (FOM) is usually a measure of performance of transparent conductor, which is
the ratio of optical conductivity, σop (𝜆𝜆) and direct current conductivity, σdc. FOM can be
determined by fitting the following equation:
−2

188.5 𝜎𝜎𝑜𝑜𝑜𝑜 (𝜆𝜆)
T(λ) = �1 +
�
𝑅𝑅𝑠𝑠ℎ 𝜎𝜎𝑑𝑑𝑑𝑑

where Rsh (𝜆𝜆) is sheet resistance of transparent conductor. By numerically fitting the
experimental data, FOM values can be estimated (Figure 5.4e, Figure 5.8). At the wavelength
of 550 nm, we obtained a FOM of 95 for tA = 1 hr, which is more than three times greater than
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the previous mesh nanowire membrane-based transparent electrode20. This novel nanomeshtemplated electrode stands out when compared to other Au nanowire based transparent
electrodes20-24 (Figure 5.4f).

Figure 5.8 Figure of merit of transparent electrodes as a function of ageing time, tA = 1, 3, 4,
6, 9, 12 and 24 hrs. tP=20 mins; tG=9 mins.
For further investigation, the stability of the nanomesh-templated electrode to the nanomeshonly electrode was compared. For the mesh-only transparent electrodes, the conductivity was
permanently lost because of partially-fusioned nanowire bundles after 65 days storage at room
temperature (Figure 5.9a-c). In contrast, the nanomesh-templated transparent electrode did not
show any obvious morphological change, with negligible resistance variation during the same
storage conductions (Figure 5.9d-f).
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Figure 5.9 Temporal stability of nanomesh-templated nanowire electrodes. Optical
micrographs of self-assembled gold nanowire bundle mesh (a-b) and nanomesh-templated (de) nanowire electrodes film before and after 65 days storage under room temperature. Scale
bar: 10 µm. (c, f) Sheet resistance change as a function of ageing time. tP=20 mins; tA=12 hrs;
tG=9 mins.
5.2.3 Mechanical robustness of the transparent nanowire-based electrode.
To study the electromechanical properties of the nanomesh-templated transparent nanowire
electrode, the stretchability of the electrodes with different ageing times were varied (Figure
5.10a, tP, 20 mins tG, 9 mins). For tA =1 hr, the conductivity was lost when the film was stretched
to 127% strain; however, for tA =24 hrs, the stretchability limit reduced to 51% strain. This
result was expected due to the shorter ageing time giving rise to thinner nanowire bundles,
which lead to better stretchability, as bending stiffness predicts25.
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Figure 5.10 Electromechanical properties nanomesh-templated gold nanowire electrodes. (a)
Stretchabilities of nanowire electrodes prepared from variour ageing time tA=1, 9, 12 and 24
hrs. (b) Resistance change as a function of strain. tP=20 mins; tA=9 hrs; tG=9 mins. (c) Cycling
test of nanomesh-templated nanowire electrodes under 100% strain. tP=20 mins; tA=9 hrs; tG=9
mins.
For the sample with tP=20 mins, tA = 9 hrs and tG = 9 mins, a good compromise was achieved
among stretchability (100%), conductivity (Rsh = 6.4 ± 0.5 Ω sq-1) and transparency (66.7%).
A small conductivity reduction was observed, even under large strains (e.g. about 42%
reduction under 80% stain, Figure 5.10b). In addition, the electrodes also exhibited excellent
durability with stable electrical responses to 50 stretching/releasing cycles under 100% strain
(Figure 5.10c).
By simply transferring and immersing, they could also be fabricated the transparent electrodes
on the conventional scotch tape to achieve ‘invisible’ conductive tape. The brightness of the
LED light maintained the same when the tape was under large, repeated deformation (Figure
5.11, and Supplementary Mov. 1). This demonstration indicated the prospect of this electrode
for versatile transparent and stretchable wearable energy devices, such as supercapacitors.

Figure 5.11 Growth of nanomesh-templated nanowire electrode on transparent scotch tape.
The sample was prepared by transferring self-assembled nanowire mesh onto crystal tape
followed by templated nanowire growth. LED lights remain on in nature state (a), bending (b),
folding (c) and twisting (d). tP=20 mins; tA=9 hrs; tG=3 mins.
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5.2.4 Symmetrical transparent supercapacitor from nanomesh-templated electrodes
Based on the previous study above, films of tA, 9 hrs; tG, 9 mins and tP, 20 mins were chosen as
the ideal electrodes to fabricate stretchable and transparent supercapacitors. The proposed
stretchable supercapacitor was made by simply producing two layers of such film, sandwiched
with a layer of H2SO4_PVA gel electrolyte serving as both separator and electrolyte. The asreceived supercapacitors exhibited good transparency during a wide wavelength range from
300 nm to 800 nm, which is 55% at wavelength of 550 nm (Figure 5.12a). The second layer
of nanowire film contributed mainly the transparency reduction, where electrolyte had
negligible influence on transparency. Besides being optically transparent, the supercapacitor
prepared is also mechanically flexible which is demonstrated in the inset pictures of Figure
5.12a.

Figure 5.12 Symmetrical transparent supercapacitor from nanomesh-templated electrodes. tP=
20 mins, tA=9 hrs and tG= 9 mins. (a) Optical transmittance of the nanowire electrode and asassembled symetrical supercapacitor. The inset images show flexibility of as prepared
transparent supercapacitor. (b) Cyclic voltammetry (CV) curves of the supercapacitors at
various scan rates from 10 mV/s to 500 mV/s. (c) Galvanostatic charging-discharging (GCD)
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curves of the supercapacitors at a constant current of 3.3 mA, 10 mA, 20 mA, 26.7 mA, 33.3
mA and 50mA. (d) The calculated areal capacitances of the supercapacitor using CV curves in
(b). (e) The calculated areal capacitances of the supercapacitor using GCD curves in (c). (f)
Areal power density/energy density of the supercapacitor.
Figure 5.12b depicts the cyclic voltammetry (CV) curves of a supercapacitor in a wide range
of scan rates (10-500 mV/s). The CV curves maintained an ideal, rectangular shape at scan
rates of up to 500 mV/s, demonstrating the good electrical double layer capacitive behavior
and rate capability of the device. Figure 5.12c demonstrates galvanostatic charge-discharge
(GCD) test at current density from 3.3-50 mA/cm-2 in the potential range of 0-0.8 V, indicating
once again nearly ideal capacitive behaviors. Figure 5.12d-e show the corresponding areaspecific capacitances of 176.1, 145.8, 144.2, 142.4, 134.7 and 120.1 μF/cm-2 and 165.4, 143.8,
141.8, 140.0, 136.7 and 129.4 μF/cm-2 calculated from CV and GCD curves from Fig. 3b-c. In
addition, the supercapacitors were able to deliver a maximum energy density of 2.3 and 3.8
mWh cm-3, at a high power density of 334.6 and 4043 mW cm-3, respectively (Figure 5.12f).
5.2.5 Mechanical flexibility of the transparent stretchable supercapacitor.
Bending tests were firstly undertaken to investigate the mechanical flexibility of the
supercapacitor. Remarkably, no capacitance reduction can be seen while bending the
supercapacitor to as large as 180 degree, which is well proved by both CV and GCD curves
(Figure 5.13a-b). Capacitance retention stayed at 100% during the whole bending test from 0180 degree (Figure 5.14a). Figure 5.14b illustrates the excellent stability for 5,000 bending
cycles to 180 degree.
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Figure 5.13 Mechanical flexibility of the transparent stretchable supercapacitor. (a) CV curves
of the supercapacitor under different bending angle from 0 to 180 degrees. Scan rate is 20 mV/s.
(b) GCD curves of the supercapacitor at a constant current of 20 mA, under different bending
angle from 0 to 180 degrees. (c) CV curves of the supercapacitor under different strains from
0% to 100%. Scan rate: 600 mV/s. (d) Capacitance retention (%) under different strains from
0% to 100%. (e) GCD curves of the supercapacitor at a constant current of 26.7 mA under
different strains from 0% to 100%. (f) A comparison of this work to recent literature in
transparent stretchable supercapacitors. Data points are extracted from the following papers:
Navy left triangle, silver nanowires (Ag NWs) — the study by Park et al. (27); Dark circle,
silver-gold core shell nanowires network (Ag-Au NWs) — the study by Lee et al. (26); Purple
circle, gold nanowires (Au NWs) — the study by Cheng et al. (28); Magenta inverted triangle,
Single wall carbon nanotubes (SWCNTs) — the study by Gilshteyn et al. (29); Olive diamond,
Carbon nanotube sheets (CNT sheets) — the study by Chen et al. (30); Violet right triangle,
Graphene — the study by Chen et al. (31); red filled star, this study.
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Figure 5.14 (a) Capacitance retention during bending from 0 to 180 degrees. (b) Capacitance
retention at the bending angle of 180 degree for 5,000 cycles.
These transparent supercapacitors also show excellent stretchability up to 100% strain (see
optical images in Figure 5.15). Figure. 4c depicts the CV curves of a supercapacitor at tensile
strains of 0% to 100% under a scan rate of 600 mV/s. The reduced areas enclosed by the CV
curves at tensile strains from 0% to 100% corresponded to the decreased area-specific
capacitances of 106.6, 102.2, 95.4, 92.9, 86.2, and 80.7μF/cm-2 (Figure 5.16a). The good
capacitance can still be maintained ~76% under 100% strain (Figure 5.13d). This may be
attributed to the mesh-like structures which can accommodate deformation without cracks. The
superior electrochemical performance of nanomesh based supercapacitor is further
demonstrated by conducting GCD measurements in the potential range 0-0.8 V at current
density of 26.7 mA/cm-2 under stretching range of 0-100% strain (Figure 5.13e). It has to be
noted that without any further extrinsic structural design, capacitive behavior outperforms
those state-of-the-art transparent stretchable supercapacitors such as those based on metal
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nanowires26-28, carbon-nanotube films29-30 and graphene31 (Figure 5.13f). It is postulated that
good capacitive behaviour is mostly attributed to the novel hierarchical lying down mesh and
aligned nanowire arrays structure, thereby providing more contact area in accessing the
nanowire film electrodes.
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Figure 5.16 (a) The calculated areal capacitances of nanomesh-based supercapacitor as a
function of strain (0-100%). (b) CV curves of the supercapacitor after different stretching
cycles under strain of 100%. The scan rate is 500 mV/s. (c) Capacitance retention during 2,000
cycles of stretching/ releasing under 100% strain.
The electrochemical stability of the transparent stretchable supercapacitor was also examined,
at a tensile strain of 100% using CV measurement at a scan rate of 500 mV/s for 2,000 cycles
of stretching/releasing (Figure 5.16b). The CV curves stayed almost the same during the strain
cycling, indicating an excellent electrochemical stability as the cycle number increased. The
capacitance exhibited negligible changes after 2,000 cycles (Figure 5.16c). Sometimes, the
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slightly increased capacitance was observed, which is probably caused by the enhanced contact
area after multiple cycling under large strain.
5.3 Chapter Summary
In summary, an entirely solution-based strategy to fabricate optically transparent, electrically
conductive, mechanically stretchable electrode using self-assembled gold nanomesh-templated
aligned gold nanowire arrays was presented. This simple yet efficient approach enables us to
achieve a high transparency up to 90.3%, a sheet resistance as low as 1.7 ± 0.8 Ω sq-1, and a
mechanical stretchability of >100% strain without extrinsic structural design. This outstanding
performance originates from unique hierarchical nanowire-based nanomesh structures.
Nanowire meshes offer high electrochemical surface areas allowing for fabrication of high
performance, transparent and stretchable supercapacitors. ~76% capacitance can be maintained
at 100% strain and negligible capacitance changes are observed after thousands of bending
cycles at 180o. It is likely these high-performance skin-thin, transparent stretchable
supercapacitors may become an important component in future “unseeable” and “unfeelable”
electronics.
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Chapter Six
6.1 Conclusions
Collectively, the work in this thesis has focused on the development and application of highly
stretchable conductors based on two novel intrinsically stretchable materials: ILs and standing
AuNWs. Strategies such as ‘fill and seal’, directly grow, and self-assembling were used for this
purpose. A variety of investigations on materials properties, device performances via
morphological, mechanical and optical characterization, as well as theoretical and FEA
modelling. Although a specific summary has been presented at the end of each chapter, the
most relevant, and overall conclusions of the thesis research work are presented below.
1. An ionic liquids (ILs)-based strategy was used to fabricate intrinsically stretchable
sensors. As a proof of concept, a low-modulus elastomeric support and 3D printing was
used for the design of rubber band-like wearable sensors. Despite simplicity in the ‘fill
and seal’ fabrication, the sensor exhibited exceptional features, including high
durability, thermal-sensitivity, long-term stablity, highly sensitive and tunable
sensitivity. These excellent electro-mechanical properties enabled us to monitor realtime wrist pulse wave and to detect different hand gestures after being woven into a
bracelet. Furthermore, it is demonstrated that such IL-based sensor could be used for
wirelessly detecting cervical movements.
2. An exceptionally stretchable standing nanowire arrays (SNAs) film was grown on to
elastomeric materials, without any extrinsic structural design. This can be achieved
because the mechanisms by which electrons conduct and the film stretches are distinct
from previous nanowire-based random percolation systems23. These results show that
the electrons mainly flow on top of SNAs-based film surfaces (in the nanowire canopy)
in a lateral fashion, where the elongated nanowires are closely packed in a vertical
fashion. Unlike conventional metal films (produced by vacuum evaporation/sputtering
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or previous nanomaterials films) which typically exhibit large ‘cliff-like’ U-shaped
cracks which cannot recover upon releasing the strain, our SNAs-based gold films show
tiny V-shaped cracks under the same level of strains (<300%) which are able to recover
the conductivity when stress is removed. Even large cracks appear under exceptionally
large strains (200-800%), percolation conductive pathways remain and the cracks are
still able to repair by themselves upon strain release. This demonstrates the great
elasticity of these SNAs-based gold films which are almost crack-free under low level
of strains, and delamination-free up to super large strains (>800%). This unique
property enables their use as highly durable elastic conductors which could retain more
than 93% conductance even after 2,000 stretching/releasing cycles to 800% strains. It
is demonstrated that they can be applied to making intrinsically stretchable
supercapacitors and be used as “second-skin” facial expression recognition mask
sensors.
3. A high performance transparent stretchable supercapacitor with standing nanowire
structures was developed by integrating with self-assembled nanomesh structures.
Fabricated optically transparent, electrically conductive, mechanically stretchable
electrode using self-assembled gold nanomesh-templated aligned gold nanowire arrays
were successfully made. This simple yet efficient approach allows the achievement of
a high transparency up to 90.3%, a sheet resistance as low as 1.7 ± 0.8 Ω sq-1, and a
mechanical stretchability of >100% strain without extrinsic structural design. This
outstanding performance originates from unique, hierarchical nanowire-based
nanomesh structures. Nanowire meshes offer high electrochemical surface areas
allowing for fabrication of transparent and stretchable supercapacitors. ~76%
capacitance can be maintained at 100% strain and negligible capacitance changes are
observed after thousands of bending cycles at 180o. It is envisaged that our high151
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performance skin-thin, transparent stretchable supercapacitor may become an
important component in future unseeable and unfeelable electronics.
6.2 Future Work
To supplement the exciting work presented here in this thesis, possible avenues of exploration
lie in the following aspects:
6.2.1 Development of an invisible self-powered sensing system
Though highly durable sensors and supercapacitors has been developed in this thesis, external
power supply or battery usage is inevitable, thus increasing device cost. An ideal healthcare
monitoring device should have its own power supply which can work functionally under large
deformation. With the good electrical and optical properties of standing AuNWs, it is likely
that an integrated transparent and stretchable self-powered electronic device can be produced
by combining with signal processing and data transmission.
6.2.2 Construction of skin-thin integrated platform with intrinsic stretchability
Large area array structures are needed for widen application in e-skins and human machine
interfaces. It required an integrated platform system which can seamlessly incorporate with
human body with intrinsically stretchable components (e.g. stretchable sensors, generators, and
energy-storage devices).
6.2.3 Transition from lab-scale to production scale
While highly durable sensors, highly stretchable conductors and supercapacitors were reported
in this thesis, the transition from lab-scale prototype to real world engineering and processing
is constrained due to scalability, durability, and environmental stability. Effective methods to
large scale fabrication, enhancement of both durability and stability are necessary for
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technological applications for daily life use such as wearable energy storage devices and
wearable optoelectronic devices.
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Most current wearable electronic products are often based on rigid
circuit board technologies, limiting their ‘true wearability’ on the

Conceptual insights

soft human body due to the mechanical mismatch between electronic

An ideal wearable electronic product requires the integration of outstanding
optoelectronic properties with high mechanical compliance into a single
material system, which can function while being pressed, bent, twisted
and stretched. The incorporation of inorganic materials into elastomeric
polymers represents a promising strategy but often experiences material
delamination and/or local fracturing in inorganic components due to their
mechanical mismatch. Here, we describe an entirely ionic liquid (IL)-based
approach for the fabrication of rubber band-like, stretchable strain sensors,
which can circumvent these limitations. Non-volatile and flow properties
allow us to simply to ‘fill and seal’ microchannels fabricated using 3D
printing to obtain lightweight, waterproof, and thermally sensitive wearable
sensors. Despite the simplicity of their fabrication, the sensors show
outstanding performance, including tuneable sensitivity, detection of a
wide range of strains (0.1–500%), high durability (little change in signal-tonoise ratios after 6 month storage under ambient conditions), an excellent
long-term stability of 50 000 life cycles under both low (5%) and high (100%)
strains. We further show that our IL-based sensor can accurately identify
wrist pulses, and can be woven with commercial rubber bands into colourful
bracelets for hand gesture detection, and seamlessly interface with wireless
circuitry for detecting cervical movements.

and biological materials. ‘True wearability’, which means intimate
contact with the soft human body, can only really be achieved by
stretchable electronics that can mimic the mechanical features of the
human skin. The use of nanomaterials or wavy metal/semiconductor
materials represents a promising strategy to achieve stretchable
electronic devices, but such devices often experience local material
delamination or cracking. In this work, we describe an ionic liquid
(IL)-based approach for the fabrication of rubber band-like, stretchable
strain sensors, which can circumvent these limitations. Non-volatile
and flow properties allow us simply to ‘fill and seal’ microchannels
fabricated by 3D printing to obtain lightweight, waterproof and
thermally sensitive wearable sensors. Despite the simplicity of their
fabrication, the sensors show excellent performance, including
tunable sensitivity, detection of a wide range of strains (0.1–500%),
high durability (little change in signal-to-noise ratios after 6 month
storage under ambient conditions), an excellent long-term stability of
50 000 life cycles under both low (5%) and high (100%) strains. We
further show that our IL-based sensor can accurately identify wrist
pulses, and can be woven with commercial rubber bands into colourful bracelets for hand gesture detection, and seamlessly interface with
wireless circuitry to allow the detection of cervical movements.
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Introduction
Currently, there is a strong market need in wearable sensors
to allow remote health monitoring, diagnostics and treatment.
Wrist bands and smart watches are representative of such
wearable electronic products currently in the market. Strictly
speaking, they are not ‘‘wearable’’ but rather represent miniaturized portable devices because they are almost entirely based
on rigid circuit board technologies such as accelerometers,
altimeters and sensors, limiting their conformal contact with
soft human body. Whilst it is encouraging to see some flexible
electronic devices, a true wearable product requires stretchable
electronics which remains challenging to achieve with traditional materials and the necessary unconventional fabrication
strategies.1–10
As far as stretchable sensors are concerned, there are two
unconventional strategies actively exploited by researchers: to
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use traditional materials but with new design layouts8,11,12 and
to use intrinsically stretchable electronic skin materials.13–15 For
the latter strategy, active filler materials are typically integrated
with elastomeric polymers to obtain stretchable sensors. To date,
metal materials,13 carbon-based materials,16 and conducting
polymers17 have been successfully exploited with various elastic
materials including polyethylene terephthalate (PET),18,19 polydimethylsiloxane (PDMS),3 textiles,20 papers,6,21 and silicone
rubbers.4 While seeing the encouraging progress in this field,
the issue with a number of these materials is that cracks and/or
delamination from the elastic substrates are frequently observed,
particularly under large strains. This limits sensor durability and
their long-term stability, the fundamental reason behind this
issue being mechanical mismatch. Typically, inorganic filler
materials mostly have a Young’s modulus of over 100 GPa,22
and the conducting polymer has a Young’s modulus in the
GPa22 range. In contrast, the elastomeric substrate has a typical
Young’s modulus of 1–100 MPa.22
Ideally, active filler materials should have a Young’s modulus
lower than elastomeric supports, since theoretically cracks and
delamination should not occur. In the past, the liquid metal23–25
was used but its disadvantages such as surface tension (hundreds
of N m1) and high cost limit its wide range of applications.
Previous research studies showed that strain or pressure sensors
based on aqueous electrolytes26 inhibit their further application in
wearable electronics because of their limited electro-mechanical
durability and reliability. In addition, ionic liquids were also used
as active sensing materials owing to their ultra-thermally-sensitive
characteristic,27,28 however, they have never been reported for
use in human–machine interfaces such as wearable biomedical
sensors.
Herein we present results that demonstrate the use of an ionic
liquid (IL)-based strategy to produce stretchable sensors. Ionic
liquids typically have a Young’s modulus of o1 Pa,22 orders of
magnitude less than typical elastomeric polymers. As a proof of
concept, a low-modulus elastomeric support and 3D printing were
used for the design of rubber band-like wearable sensors. More
importantly, the low surface tension of ILs29 makes them spread
and adhere well to elastic substrates. Despite the simplicity in
their fabrication, our sensor exhibited exceptional performance.
Typically, we achieved a rubber band-like stretchable strain sensor
with tuneable sensitivity, a high durability of 450 000 cycles
under both low (5%) and high (100%) strains, excellent longterm stability of over half a year, wide strain detectability (0.1% to
500%) and temperature sensitivity. Washing the device did not
reduce its performance. These excellent electro-mechanical properties enabled us to monitor real-time wrist pulses and to detect
diﬀerent hand gestures after being woven into a bracelet. Furthermore, we show that such an IL-based sensor could be used for
wirelessly detecting cervical movements.

Results and discussion
Fig. 1a illustrates the fabrication process of rubber band-like
sensors using ionic liquids (see details in the experimental
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Fig. 1 Fabrication of IL-based rubber band-like wearable sensors.
(a) Schematic of a process of sensor fabrication (channel size: 0.5 mm 
0.5 mm  20 mm). (b) Photograph of a 20 mm rubber band sensor before
stretching. (c) Photograph of the sensor after being stretched to 500%
(120 mm). The ionic liquid used is 1-methy-3-octylimidazolium chloride.

section, ESI†). A mold was initially fabricated by 3D printing.
The Ecoflex fluid mixture (curable silicone material) was poured
into the printed mold and cured for 1 hour at 60 1C. The solidified
Ecoflex silicone elastomer was then peeled oﬀ to obtain complementary replica with microchannels. Finally, the microchannels
were filled with ionic liquids and sealed with another layer of
Ecoflex to obtain a rubber band-like stretchable sensor.
Such fabricated rubber band sensors were free of cracks or
material delamination. To prove this, a crystal violet was used
to mix with ILs. Low-modulus ILs completely conformed to the
deformation of Ecoflex without any sign of break-up (Fig. S1
and Mov. S1, ESI†). The sensor can be arbitrarily stretched, bent
or twisted without losing conductivity (Fig. S2, ESI†). Remarkably, the sensor can maintain conductivity after being stretched
up to 500% (Fig. 1b). These attributes originate from the fact
that the Young’s modulus of ILs is much lower than that for the
elastic Ecoflex substrate, hence, materials crack and delamination are fully avoided.
The sensor resistance can be determined from the equation:
R¼r

L
A

(1)

where R is the initial resistance, r is the electrical resistivity of
ILs, L is the length of the microchannel, and A is the crosssectional area of the microchannel. When the rubber band is
deformed, the resistance of the sensor will change to a value
described in the following equation,
R0 ¼ r 

L  ð1 þ eÞ
A0

(2)

where R 0 is the resistance under deformation, e is the strain,
and A 0 is the cross-sectional area of the stretched microchannel
(assuming the microchannels are uniformly deformed).
An important diﬀerence from solid stretchable sensors is
that the volume of ILs does not change after stretching. Hence,
we have,
A 0 L(1 + e)l = AL

(3)

where l is the deformation factor accounting for irregular
deformation of microchannels. In the ideal case, the entire
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channel deforms uniformly when the rubber band is stretched,
hence, the deformation factor l is 1 since the IL volume is
invariant (Fig. S3b (ESI†), red solid line). In practice, the change
of a cross-sectional area is spatially non-uniform with any
particular strain (Fig. S3b (ESI†), red dash line), however, the
IL volume remains invariant. In this situation, the deformation
factor l is introduced to measure the departure of real deformation away from ideal uniform deformation. Note that the
gauge factor (GF) is defined by,
R0  R
GF ¼ R
e

(4)
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This leads to
GF ¼


1
l  ð1 þ eÞ2  1
e

(5)

Since the deformation factor l is dependent on the dimensions
of the microchannel, this equation predicts that the sensitivity
will change as the sensor size varies. To prove this, we fabricated three diﬀerent sensors, which had the same lengths but
diﬀerent widths (0.7 mm, 1.2 mm and 1.7 mm). Fig. 2a–c
demonstrates that all the three sensors showed reproducible
and reliable electrical responses to the strain from 0.1% to
100%. Detailed electrical responses to small strains (0.1–10%)
can be seen in Fig. S4(a) in the ESI.† As expected, the resistance
changes differ from sensor to sensor (Fig. 2d and Fig. S4(b–e) in
ESI†). It is expected that the sensor thickness as well as the
sensor width will have a similar influence.
If the microchannel is infinitely thin, the change of crosssectional area will be spatially uniform upon any strains and
the deformation factor l will be 1 (red line in Fig. 2e). However,
the deformation factors for the three sensors decreased as the
strain increased (Fig. 2e). Nevertheless, the thinner the sensor,
the closer the deformation factor to 1. For the infinitely thin
sensor (l = 1), eqn (5) predicts a linear function between a
gauge factor and a strain. This means that at the 100% strain,
L 0 is 2L, and A 0 is 1/2A. GF will thus be 3, which is well predicted

Fig. 2 Comparison of sensing performances of three rubber band sensors.
The length and height of all the three sensors were the same, namely
25 mm and 1 mm, respectively; the widths of the sensors are 0.7, 1.2 and
1.7 mm. (a–c) show the plots of resistance change as the sensors were
stretched from 0.1% to 100% strains, for the 0.7 mm, 1.2 mm and 1.7 mm,
respectively (input voltage: 3 V). (d) Comparison of resistance change for the
three different sensors. (e) Plot of the deformation factor l as a function of
strain. (f) Plot of the gauge factor as a function of strain.
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in the red line in Fig. 2f. In practice, the thinner the sensor, the
closer its GF value to the value for the infinitely thin sensor.
Despite the simplicity in fabrication, our IL-based sensors
exhibited excellent performance. We first examined their durability
and stability. The highly reproducible electrical signals were
observed for the 50 000 stretching/releasing cycle tests for both
small (5%, Fig. 3a) and large strains (100%, Fig. 3c). In both
cases, a high signal–noise-ratio was achieved (Fig. 3b and d).
Our sensors also exhibited reliable dynamic responses to a wide
range of frequencies (Fig. 3e). From Fig. S5 in the ESI,† the peak
loss and hysteresis time remained as low as 0.26% and 0.027 s,
respectively, even at a high frequency of 7 Hz, which demonstrates better electro-mechanical reliability than organic sensing
materials.13,20,30 A negligible hysteresis was also observed whilst
increasing the dynamic strain from 5% to 7% at the frequency of
1 Hz and 2 Hz, respectively (Fig. S5(g and h) in the ESI†).
Further tests were carried out to evaluate the long-term stability
of the rubber band. We compared the resistive response under 5%
strain before and after storing the device under ambient conditions for six months. Fig. 3f shows negligible variations between
measurements before and after 6-month storage, demonstrating
the remarkable long-term stability of the rubber band sensor.
Our rubber band sensor is also waterproof. To prove this, we
immersed the sensor in water and assessed their electrical
responses to strains (Mov. S2, ESI†). The background current
increased slightly upon immersing the sensor in water (Fig. 4a
and b). In order to investigate the increase of the current,
we further repeated the washing test at diﬀerent water temperature, 23.4 1C and 44.9 1C (room temperature is 25 1C).
At 23.4 1C, the current changed quickly to a plateau upon

Fig. 3 Durability and stability performance of IL-based rubber band-like
wearable sensors (input voltage: 3 V). The 50 000 cycling test under 5%
(a and b) and 100% (c and d) strains under a frequency of 1 Hz. (e) Plots of
resistance change under various frequencies of 1 Hz to 7 Hz under the
strain of 1%. (f) Comparison of the resistance changes of the sensor before
and after storing it under ambient conditions for 6 months (1 Hz frequency
and 5% strain).
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Fig. 4 Waterproof of IL based rubber band-like wearable sensors.
Current–time profiles of the rubber band sensors (four stages: in the air,
in the water, stretch started and stretch stopped). The applied voltage in
the waterproof test is 3 V.

immersing the sensor in water; whereas at 44.9 1C, there was
initially a steep increase in current followed by a gradual increase
to a plateau (Fig. S6(a), ESI†). Upon taking the sensor out of
44.9 1C water, there was a sudden current decrease followed by
a gradual decrease to the initial background current in air. This
result indicated that both increased temperature and water
pressure contributed to the enhanced conductivity. To further
elucidate the eﬀects of water pressure, water and air were kept at
room temperature 25 1C. As shown in Fig. S6(b), ESI,† the current
increased suddenly upon immersing the sensor in water and
decreased suddenly upon taking it out from water. It is expected
that water pressure would lead to deformation (reduction in size)
of the channel, and thus an increase in the volume concentration
of ions, which leads to a decrease in the resistance of the device.
When manually undertaking stretch/release cycles, it can be seen
that the electrical signals responded promptly and recovered to
the original background current upon strain release (Fig. 4c and d).
The results indicate the potential of application of our sensors in
detecting human motions in a swimming pool or in the sea.
To further study thermal sensitivity of the ILs based sensor
(crystal violet stained), we incorporated the device in a LED
circuit to regulate its brightness. The LED got brighter as the
device was heated on hot plate for 45 s, and then became dark
under naturally cooling process (Fig. S7(a–e), ESI†). The current/
resistance change between 26.5 1C and 51.5 1C can be seen from
Fig. S7(f–g), ESI.† The current for human body temperature
(B37 1C) is around 10.2 mA, indicating the potential use as
wearable thermometer.
Our rubber band sensor is able to be directly attached to the
human wrist, identifying wrist pulses (Fig. 5a), where waveforms
can be detected with high fidelity. Two distinguishable peaks
(P1 and P3) and a late systolic augmentation shoulder (P2) can be
clearly seen, which are due to the blood pressure from the left
ventricle contractions and the reflective wave from the lower
body.31 It is known that the arterial stiﬀness, AIr, is related to the
ratio of shoulder peak (P2) over primary peak (P1), which is highly
correlated to the human age.31 The inset image in Fig. 5a is an
enlarge one pulse signal. Our experimentally derived AIr is 0.43,
matching the reported value for a healthy 25 year-old female.31
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Fig. 5 Real-time monitoring of wrist pulses, hand gestures and cervical
movements. (a) Wrist pulse monitoring. Plots of resistance change of the
sensor as a function of time (input voltage: 3 V; Inset: magnified view of
one particular waveform) (b) Monitoring diﬀerent hand gestures by the
bracelet weaved with IL-based rubber band sensors. Characteristic current
changes to respective hand motions (clenching, thumb bending, forefinger
bending, little finger bending and palm bending). Input voltage: 3 V. (c–f)
IL-based sensor patches for monitoring cervical movements. (c) Schematic
of sensor design for cervical spondylosis according to the strain directions of
the skin during different neck movements. (d–f) Monitoring process of the
movement of looking left. The number of the middle bubble which indicated
the movement of looking left changed obviously from 80 to 68, and then
back to 80 when the volunteer turned back his head.

Our rubber band sensors could be stretched, bent and twisted
arbitrarily (Fig. S2, ESI†), allowing them to be incorporated with
commercial rubber bands by a weaving process. We made a
colourful bracelet prototype, which was worn on the human
wrist. This sensing bracelet could detect the stretching and
contracting of the muscle caused by diﬀerent hand movements.
As shown in Fig. 5b, we could identify characteristic electrical
responses specific to clenching, thumb bending, forefinger
bending, little finger bending and palm bending (Mov. S3,
ESI†). In particular, the current variability changed from 0 to
6% during clenching; it increased to 2.8% when the thumb
bended; it decreased to 3.7% and 2% during forefinger
bending and little finger bending, respectively. The palm
bending led to the biggest change in current (7.5%). More
details can be seen in Mov. S3, ESI.† These encouraging results
indicate the potential of our devices as low-cost hand gesture
sensors, for monitoring and assisting elderly, disabled or young
people and allowing their supervision.
Our IL-based technology could be also combined with our
previous gold nanopatch technologies,6,13,32 allowing for monitoring cervical movements wirelessly via any portable information terminal (e.g. a smartphone, Fig. 5c–f). We designed the
cervical sensors based on the directions of skin strain during
different neck movements (see the detailed fabrication process
in Fig. S8, ESI†). As for electrical materials used in the wireless
wearable patch, the addition of gold nanowires (AuNWs) or
PANI (polyaniline) particles alone is not sufficient to achieve a
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resistance in the kO range, which is required for wireless
circuitry (see the detailed fabrication process in the experimental section in the ESI†). Therefore, both ultrathin AuNWs
and PANI were combined with ILs to achieve a conductive paste
with low resistance (B100 kO). PANI microparticles enhanced
the percolation conductivities of AuNW networks by providing
more connection points for electron-transport pathways.27 After
mounting the wearable patch on the volunteer necks, electrical
responses were recorded for the four different neck movements, namely heading up, nodding, looking left and looking
right. Fig. 5d–f shows the monitoring process of looking left.
The number of the lowest bubble which indicates the movement of looking left changes obviously from 80 to 68, and then
back to 80 when the volunteer turns back his head (see details
Mov. S4, ESI†). This system thus shows great potential, for
example, in health care monitoring of office workers, who have
the largest chance to suffer from cervical spondylosis while
sitting at computer for a long time, without any self-awareness
of potential health issues.

Conclusions
In summary, we report here a simple yet eﬃcient ‘fill and seal’
approach to fabricate rubber band like stretchable strain
sensors using ILs and 3D printing. The entire fabrication
process is scalable and of low cost. Our sensor could detect
finely and widely the strains as small as 0.1% and as high as
500%. The sensor was highly durable, thermally sensitive,
exhibiting excellent performance in cycling, aging and water
tests. We also demonstrate that the sensitivity of the sensors
could be tuned simply by adjusting the dimensions of the
microchannel. These attributes enabled the real-time detectability of subtle strains from artery wrist pulses, and large
strains from various diﬀerent hand gestures. Furthermore, we
demonstrate a wireless sensing system for cervical movement
monitoring. We believe this IL-based strategy opens a new
powerful methodology in the design of low-cost wearable
sensors.
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