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Ultrastretchable, cyclable and recyclable 1- and
2-dimensional conductors based on physically
cross-linked thermoplastic elastomer gels

Kenneth P. Mineart,a Yiliang Lin,a Sharvil C. Desai,a Arjun S. Krishnan,†a

Richard J. Spontak*abc and Michael D. Dickey*a

Stretchable conductors maintain electrical conductivity at large strains relative to their rigid counterparts

that fail at much lower strains. Here, we demonstrate ultrastretchable conductors that are conductive to

at least 600% strain and may be strain-cycled without significant degradation to the mechanical or

electrical properties. The conductors consist of a liquid metal alloy injected into microchannels composed

of triblock copolymer gels. Rheological measurements identify the temperature window over which

these gels may be molded and laminated to form microchannels without collapsing the microscale

features. Mechanical measurements identify the gel composition that represents a compromise between

minimizing modulus (to allow the polymer to be stretched with ease) and maximizing interfacial

adhesion strength at the laminated polymer–polymer interface. The resulting 2D stretchable conductors

are notable for their ability to maintain electrical conductivity up to large strains, their mechanical

durability, and their ability to be recycled easily with full recovery of the component species.
Introduction

Stretchable electronics incorporate electronic functionality into
substrates that are deformable, conformal and durable.1–4

Although common solid metals exhibit electrical conductivities
on the order of 107 S m�1 at ambient temperature,5 their cor-
responding values of elongation to break are relatively low
(typically within a few percent strain).6 Structuring metal lms
into corrugated geometries on elastomeric substrates repre-
sents one way to increase the elongation of such lms.2 Alter-
native materials, such as carbon nanotube pastes, conductive
inks, and nanowire networks have also been explored to over-
come the inherent mechanical limitations of solid metals.2,7–10

Another attractive materials design exploits the deformability of
liquid metals, which also possess high conductivities and are
capable of withstanding signicantly larger strains while
remaining electrically conductive.11,12 Of particular interest in
this study is eutectic gallium indium (EGaIn) with a measured13

conductivity of 3.4 � 106 S m�1 at 22 �C. Because alloys of
gallium develop a thin solid oxide skin at rest, they can be
physically molded into a variety of shapes suitable for use as
ar Engineering, North Carolina State

: mddickey@ncsu.edu

eering, North Carolina State University,

egian University of Science & Technology,

ndler, AZ 85226, USA.

Chemistry 2013
antennas, electrodes, sensors, self-healing wires, interconnects,
and metamaterials.11,14–27 Injecting this low-viscosity metal into
microchannels fabricated in a polymer matrix affords a facile
route by which to dene its shape and fabricate structures
capable of achieving large strains.12,28

Thus far, most studies aimed at marrying the electrical
conductivity of liquid metals with the robust mechanical
properties of polymers (in particular, elastomers) have focused
primarily on using polydimethylsiloxane (PDMS) as the polymer
matrix due to its low cost and convenience.29 The extensibility of
PDMS is, however, limited and depends on the PDMS grade and
sample preparation protocol employed.30 For example, Sylgard
184 is one of the most popular polysiloxanes employed for this
purpose and fails well below 100% strain. In addition, PDMS is
subject to mechanical hysteresis upon strain cycling and cannot
be fully recycled due to the covalent cross-links that stabilize the
molecular network. The extensibility of conductive PDMS
infused with metal can be increased to �225% through the
introduction of a microstructure.31 Other elastomers can like-
wise be utilized to increase the elongation of liquid metal
conductors encased in a polymer matrix. For instance, melt-
extruded hollow bers composed of a thermoplastic elastomer
(TPE) maintain conductivity to 700% strain,12 but the formation
of bers does not afford the same diversity of in-plane geome-
tries that can be produced lithographically through the use of
microuidics. Alternatively, Ecoex, a platinum-catalyzed poly-
siloxane, can be stretched to 900% strain,17 but fabrication
considerations associated with the retention of metal-lled
microchannels (e.g., sealing and interfacial bonding) limit the
Soft Matter, 2013, 9, 7695–7700 | 7695
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Fig. 1 Step-by-step procedure by which microchannels are fabricated in TPEGs.
A PDMS mold with a desired pattern (a) is first prepared. A TPEG film is melt-
pressed onto the mold (b and c) according to the temperature considerations
described in the text to leave an imprint of the pattern once the mold is removed
(d). The molded TPEG film is melt-pressed with an unmolded TPEG film (e) to yield
the desired microchannels (f).
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practical extensibility to �120% strain. Here, we identify
another elastomer system that is not only suitable for dening
stretchable microchannels that are both durable and cyclable,
but also fully recyclable.

StyrenicTPEs, suchaspoly[styrene-b-(ethylene-co-butylene)-b-
styrene] (SEBS) triblock copolymers, constitute a particularly
attractive class of materials for use in this regard. These
commercial copolymers are inexpensive, moldable and
mechanically robust. They commonly undergo microphase
separation so that the endblocks self-assemble into nanoscale
domains within a thermodynamically incompatible midblock-
rich matrix.32–34 Because the endblock-rich microdomains are
glassy at ambient temperature and a substantial fraction of the
rubbery midblocks form bridges between neighboring micro-
domains,35 a molecular network that endows the material with
considerable elasticity is established. Its mechanical properties
can be controlled by adding one36 or more37 midblock-selective
compounds (e.g., aliphatic-rich oils or hydrogenated tackifying
resins in the case of SEBS copolymers) that simultaneously alter
the modulus and viscoelastic nature of the system. At low
copolymer concentrations (but above the critical gel concentra-
tion at which the network rst develops38), midblock-solvated
copolymers behave as physical gels capable of achieving giant
strains39 (>2500% in some cases) and are broadly suitable for
conventional uses as vibration dampening media, pressure-
sensitive adhesives and conductive nanocomposites. These
physically cross-linked materials generally exhibit relatively low
mechanical hysteresis upon strain cycling, which is critically
important for stretchable electronic devices. Selectively solvated
triblock copolymers can be molded and welded together into
laminate structures to form stretchable microchannels.40 This
fabrication process is nontrivial since two layers of material that
are largely liquid must be welded without deforming the micro-
molded features. Processes designed to weld sheets of solvated
copolymer networks together are sensitive to copolymer molec-
ular weight and composition and must be tuned accordingly.

Inspired by the potential applicability of this latter nding,40

we seek to establish the design rules yielding (i) 1- and
2-dimensional microchannels lled with liquid EGaIn in a
midblock-solvated SEBS copolymer (hereaer referred to as a
TPE gel, or TPEG) and (ii) ultrastretchable, strain cyclable and
fully recyclable wires that remain electrically conductive up to at
least 600% strain.
Experimental

The molecularly symmetric SEBS copolymer employed here
(G1654) was manufactured by Kraton Polymers and used as-
received. The manufacturer lists the styrenic content of this
copolymer as 31 wt%. Size-exclusion chromatography analysis
showed the molecular weight and polydispersity to be 144 kDa
and 1.04. (In previous studies,41 the molecular weight charac-
teristics of the copolymer reported by the manufacturer were
provided.) For consistency with our previous TPEG studies,37,42

an aliphatic : alicyclic (70 : 30) mineral oil (Hydrobrite 380) with
a molecular weight of �500 Da was obtained from Sonneborn,
Inc. and used without further purication. Reagent-grade
7696 | Soft Matter, 2013, 9, 7695–7700
toluene and hydrochloric (HCl) acid were purchased from
Sigma-Aldrich and likewise used as-received.

We prepared TPEGs by dissolving the SEBS copolymer and
mineral oil in toluene at a concentration of 5 wt% SEBS. Upon
stirring for 150 min at ambient temperature, each solution was
dried quiescently in a Teon mold over the course of 72 h, aer
which time the resultant lm was annealed in an oven at 140 �C
for 8 h under vacuum to remove residual solvent and promote
nanostructural renement. All lmswere hot-pressed into sheets
measuring 1.5 mm thick at 140 �C for an additional 40 min. As
schematically depicted in Fig. 1, a PDMS mold subsequently
pressed into the lm at 100 �C with minimal pressure generated
1- and 2-dimensional micromolded features. The micromolded
lm was thermally welded to a at TPEG lm to yield micro-
channels, which were then lled with liquid EGaIn via a syringe.

Dynamic rheology of TPEGs varying in copolymer concen-
tration was performed on a Rheometrics RMS-800 rheometer
equipped with parallel plates separated by a 1.0 mm gap. Aer
identifying the linear viscoelastic limit from dynamic strain
tests, isochronal temperature sweeps were recorded at a
frequency of 1 rad s�1 and a heating rate of 2 �C min�1. Quasi-
static uniaxial tensile and peel (T- or 180�) tests were conducted
on an Instron 5943 frame operated at crosshead speeds of 50
and 60 mm min�1, respectively, at ambient temperature to
measure the tensile modulus of each TPEG and the interfacial
adhesion between welded TPEG lms forming microchanneled
laminates. A four-point probe setup was used to measure the
conductivity of TPEG/EGaIn composites as a function of strain
by attaching electrodes to the composites in close proximity to
the grips (which only allowed strains up to 600% before the
electrodes induced specimen failure).
Results and discussion

To develop stretchable conductors containing EGaIn, we rst
identied the conditions by which to thermally laminate mol-
ded and at TPEG lms without deforming the microchannels.
This journal is ª The Royal Society of Chemistry 2013
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Effective, but minimal, TPEG lamination occurs when the
copolymer chains possess sufficient mobility to diffuse across
the polymer–polymer interface and create new midblock
entanglements. The most effective adhesion occurs by forming
mixed micelles across the interface, thereby effectively elimi-
nating the interface and generating a single TPEG capable of
achieving maximum elongation without delamination. These
conditions must be satised while simultaneously preventing
excessive chain mobility, which would cause the molded
features to collapse or distort, at high temperatures. The
rheology-based procedure reported40 to fabricate stable micro-
channels in TPEG laminates for microuidics is extended here
for a high-molecular-weight copolymer used to prepare a series
of TPEGs varying in copolymer concentration. Rheological
measurements identify the temperature range over which TPEG
laminate welding can be achieved without negatively impacting
the quality of the microchannels. An example of an isochronal
temperature sweep of a TPEG containing 25 wt% SEBS is dis-
played in Fig. 2a for illustrative purposes and identies two
temperatures of interest here.

The rst temperature (denoted by an arrow near 130 �C)
corresponds to themaximum in the dynamic loss shearmodulus
(G0 0) and (not shown) tan d, where d denotes the displacement
angle. This temperature, noticeably above the glass transition
temperature (Tg) of the polystyrene blocks in the SEBS
copolymer, is attributed to lattice disordering, which results
from endblocks migrating from one molten micelle to another
Fig. 2 In (a), the dynamic shear moduli (G0 ,B; G0 0 C) measured as a function of
temperature from a 25/75 w/w SEBS/oil TPEG under isochronal conditions. The
arrows identify the upper and lower transition temperatures needed to fabricate
microchannels in TPEG laminates. In (b), the upper (D) and lower (C) transition
temperatures comprising the welding window (shaded) for TPEG laminates
varying in copolymer concentration.

This journal is ª The Royal Society of Chemistry 2013
(a relaxation mechanism commonly referred43–45 to as endblock
hopping) to relieve stresses in the copolymer nanostructure. At
temperatures above Tg, transient dangling endblocks (i.e., end-
blocks remaining in the incompatible matrix) become more
numerous and weaken the network as they diffuse within the
matrix in search of new molten micelles to join.

The second temperature (also highlighted by an arrow in
Fig. 2a) reveals the order-disorder transition (ODT), at which all
long-range nanostructural order is lost and the load-supporting
copolymer network fails mechanically as the dynamic storage
modulus (G0) falls sharply. Since welding oil-rich TPEG lms
requires that the lattices of the two lms be sufficiently so and
exible to entangle and merge at the molecular level without
losing the ability to support an applied load (which would cause
micromolded features to collapse), the welding temperature
must lie between the lattice dissolution temperature and the
ODT. Included in Fig. 2b are both temperatures presented as a
function of SEBS concentration. Values of these temperatures
depend sensitively on the population of copolymer molecules
available to self-organize into a molecular network. As the
concentration of SEBS is increased, the width of this process
window increases, but laminate welding should be conducted at
the lowest temperaturedening thewindowat a given copolymer
content. Conversely, the operating window effectively collapses
as the critical gel concentration approaches 5 wt% SEBS.

Once the optimal thermal conditions that allow welding are
determined, the copolymer concentration that allows substan-
tial uniaxial extension and strong interfacial adhesion must be
identied on the basis of mechanical properties. The tensile
modulus, shown in Fig. 3a, characterizes the stiffness of each
TPEG and scales as (copolymer concentration)2.36 in quantita-
tive agreement with previously reported results.42,46 Included for
comparison in this gure are data reported by Shankar et al.41

for the same TPEG system up to 30 wt% SEBS. So TPEGs
possessing low copolymer loading levels can withstand
remarkably high strains due to the presence of a loose network
with relatively few non-network entanglements. For this reason,
we hereaer consider the tensile compliance, given as the
reciprocal of the tensile modulus, as a materials design property
that should be maximized to enable electronic components that
are easy to stretch. Also displayed in Fig. 3a are values of the
TPEG laminate adhesion strength, measured in terms of the
force required to induce delamination in T-peel tests, as a
function of copolymer concentration. The laminate adhesion
strength should also be maximized to ensure the micro-
channels remain intact during deformation. In these tests, both
layers of the laminate are identical in terms of composition and
molecular weight, and the welding temperature and time
employed correspond to 140 �C and 45 min, respectively.

It is not surprising that adhesion strength increases
systematically with increasing copolymer content since the
probability increases that copolymer chains will span the
interface and form entangled midblocks and mixed micelles.
The laminate adhesion strength and tensile compliance are
cross-plotted in Fig. 3b to identify an optimal SEBS concentra-
tion for use in the design of ultrastretchable elastomers
featuring microchannels. As seen in Fig. 3b, the discrete
Soft Matter, 2013, 9, 7695–7700 | 7697

http://dx.doi.org/10.1039/c3sm51136g


Fig. 3 In (a), the dependence of tensile modulus (circles: this work, B; reported
results,40 C) and adhesion strength (triangles) on copolymer concentration. The
solid line serves to connect the data, whereas the dashed line is a power-law fit to
the data. Error bars denote the standard error in the data. In (b), adhesion
strength displayed as a function of tensile compliance and fitted to an expo-
nential decay function. The intersection of the dotted tangent lines identifies the
cross-over between good adhesion and high compliance and, thus, the compo-
sition of the TPEG (20 wt% SEBS) used to fabricate laminates in this study.

Fig. 4 In (a), photographs of a TPEG/EGaIn composite before (top left), during
(bottom) and after (top right) stretching to 1000% strain to illustrate its ultra-
stretchable and elastic nature. In (b), photographs of 2-dimensional arrays that
can be achieved by injecting liquid EGaIn into the microchannels fabricated in
TPEG laminates.
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experimental data points follow an empirical exponential decay
function, which reveals regimes of low and high adhesion
strength at high and low compliance levels, respectively. The
crossover from high to low adhesion strength is identied by
the point of intersection between tangent lines extending from
each regime (provided in Fig. 3b). This intersection lies very
close to the TPEG containing 20 wt% SEBS, which is so to the
touch, easy to handle and mechanically robust.

By fabricating microchannels in this TPEG (cf. Fig. 1) and
subsequently injecting EGaIn into the microchannels, we have
generated conductive TPEG/EGaIn composites in the form of
1-dimensional wires and 2-dimensional structures, as illus-
trated by the photographs in Fig. 4a and b, respectively. Due to
its inherently low viscosity, the EGaIn wire in Fig. 4a conforms
to the shape of the microchannels while the TPEG laminate is
strained up to 1000%. Fig. 5a presents the corresponding
resistance values (R, normalized with respect to the initial
resistance, R0) of these wires as a function of strain. As expected
intuitively, the normalized resistance increases monotonically
with increasing strain, and this increase agrees favorably with
predictions made solely on the basis of wire geometry
(assuming a Poisson's ratio of 0.5). Although the wires could be
strained to 1000% by hand before the polymer failed mechan-
ically, the experimental methodology employed for measuring
resistance caused the TPEG to fail prematurely just beyond
600% strain. At large strains (cf. Fig. 4a), the liquid metal
7698 | Soft Matter, 2013, 9, 7695–7700
displays no evidence of physical discontinuity (due to capillary
breakup) when observed by eye or under an optical microscope.

An important advantage of TPEGs relative to conventional
elastomers is that they tend to exhibit negligible mechanical
aging and hysteresis upon strain cycling since their molecular
network is a consequence of microphase separation, a thermo-
dynamic process, rather than a kinetically driven reaction
process associated with chemical cross-linking. The results dis-
played in Fig. 5b demonstrate that the TPEG/EGaIn composite
can be cycled repeatedly between 0 and 500% strain with less
than �5% variation in normalized resistance. At larger strain
levels (beyond our present measurement capability), we expect
that the hysteresis will increase, as evidenced by the mechanical
hysteresis loops shown in Fig. 6. The hysteresis energy density
(EH, the energy within each loop) is included as a function of the
maximum strain in the inset of Fig. 6 to provide an indication of
the extent to which the hysteresis would likely increase.

Another important feature of TPEGs compared to covalently
cross-linked elastomers is that the former, composed of phys-
ical (thermoplastic) cross-links, can be reheated or redissolved
to disrupt the molecular network and recover a macromolecular
liquid. That is, unlike elastomers derived from PDMS or natural
rubber, TPEGs can be completely recycled. In an era demanding
greater environmental responsibility and material sustain-
ability, this life-cycle consideration is nontrivial. Immersing a
This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 Normalized resistance (R/R0) of TPEG/EGaIn composite wires as a func-
tion of tensile strain in (a). The change in normalized resistance upon cycling to
500% strain is shown in (b). The theoretical prediction included as the solid line in
(a) is determined from R ¼ (L/L0)

2, where L denotes the wire length and L0
represents the initial length at rest. The solid line in (b) serves to connect the data.

Fig. 6 Cyclic uniaxial tensile tests with an incremental 200% step strain of the
TPEG composed of 20 wt% SEBS at ambient temperature. The inset shows the
hysteresis energy density (EH) as a function of the maximum strain in each cycle,
and the solid line serves as a guide for the eye.

Fig. 7 A TPEG/EGaIn composite wire prior to recycle (top) and after 10 min of
immersion in a mixture of toluene and HCl acid (bottom). The copolymer and oil
dissolve completely in the toluene phase, whereas the density of EGaIn and the
presence of acid cause the metal to bead up in the bottom of the dish.
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TPEG/EGaIn composite wire such as the one portrayed in Fig. 7a
in a two-phase solvent bath composed of 50/50 w/w toluene/HCl
acid promotes concurrent TPEG dissolution and density-driven
EGaIn sedimentation as a single bead due to the high surface
tension of the metal (the acid removes the oxide skin on the
metal surface). This facile separation results in full recovery of
all material components.
This journal is ª The Royal Society of Chemistry 2013
Conclusions

This study establishes that solvated thermoplastic elastomer gels
composed of a triblock copolymer swollen with a midblock-selec-
tive oil can bemicromolded and welded into mechanically robust
laminates containing discrete microchannels that can be lled
with a liquid metal to produce ultrastretchable conductors. The
temperature used for laminate welding lies between the lattice
disordering and order–disorder transition temperatures, which
are both composition-dependent. A gel consisting of 20 wt% SEBS
copolymer represents a trade-off between the tensile compliance
and the laminate adhesion strength. Liquid EGaIn injected into 1
or 2-dimensionalmicrochannels generatesconductive composites
capable of achieving uniaxial strain levels of at least 600%without
loss of conductivity, thereby making these materials ideal for use
as ultrastretchable and durable conductors. This strain level,
which is the maximum measurable but not the maximum
achievable, is almost an order of magnitude greater than that of
conventional PDMS microchannels lled with alloys of gallium.29

Repeated strain cycling of thesematerials to 500% strain has little
effect (within�5%) on their electrical andmechanical properties.
The conductive substrates can also be exed, twisted, and
deformed easily. In addition to these attractive properties, TPEG/
EGaIn composites can be fully separated and their constituents
recovered upon dissolution of the copolymer so that new
composites can be subsequently fabricated. The ability to pattern
ultrastretchable conductors has implications for a number of
applications including wires, interconnects, antennas, optical
elements, and resonant structures (e.g., metamaterials). The
materials describedhere areparticularly attractive for applications
that requiremechanical durability andphysical conformability, or
that necessitate large geometric changes to metallic structures.
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