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a b s t r a c t

This paper describes an extremely facile method to fabricate metallic wires at room tem-
perature. The wires form by stretching viscoelastic polymer substrates supporting a drop
of gallium-based liquidmetal. Stretching the polymer causes themetal to also elongate due
to the adhesion between the twomaterials. The diameters of the resultingwires, which can
be as small as 10 µm, decrease with increasing strain. This method is inspired by the pro-
cess used for drawing optical fibers, which involves pulling a pre-form cylinder of molten
glass until it thins to the size of a fiber. In contrast, the process here is done at room temper-
ature and realized without the need for large forces. Moreover, geometries beyond simple
wires are possible including parallel, core–shell, branched, and helix structures. The result-
ing wires can be elastic (stretchable), viscoelastic (soft), or plastic (stiff) depending on the
chemistry and post-processing of the polymer. Wires can make electrical contacts by al-
lowing themetal to sink through the viscoelastic polymer onto a substrate containing elec-
trodes. In addition, removing the polymer substrate after elongation produces freestanding
liquid metal wires stabilized by the surface oxide on the metal. Rheological studies show
that polymers with a variety of properties can be utilized to form these wires including
viscoelastic materials and gels. The ability to form metallic wires in a simple manner may
find uses in soft and stretchable electronics, or enable new applications, such as ‘wires on
demand’ for repairing electrical connections.
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1. Introduction

This paper describes an extremely simple method to
fabricate metallic wires at room temperature with a wide
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range of mechanical properties. The wires form by man-
ually stretching a polymer slab supporting a droplet of
gallium-based liquidmetal. Both the liquidmetal and poly-
mer substrate elongate during stretching to formwires in a
process similar to drawing optical fibers (i.e., pulling a pre-
form cylinder of glass softened by heat [1]). Others have
taken inspiration from this high temperature process to
elongatemetals [2], optical materials [3], and semiconduc-
tors [4] to make nanostructures [4], probes [5], and sen-
sors [3]. Here, we show it is possible to formmetallic wires
by hand at room temperature by utilizing materials that
are inherently deformable and soft. Utilizing such a sim-
ple strategy forms conductive, metallic wires with diam-
eters as small as tens of microns, embedded core–shell
structures, parallel networks ofwires, branched structures,
and helices. Moreover, depending on the chemistry of the
polymer substrates, the resulting metallic wires may be
stretchable, rigid or soft by crosslinking the polymer after
formation of the wires.

The fabrication of conventional electrical wires begins
typically with a spool of metal ‘rod’ (e.g. copper) formed
via high temperature processing. A series of pulleys and
dies elongate the rod under tension using large forces un-
til the diameter reduces to a suitable value; elevated tem-
peratures can reduce the required forces [6]. The wires
are often braided and then coated with plastic insulation
via extrusion of polymer at elevated temperatures. The re-
sulting wires are stiff due to the mechanical properties of
the metal. We sought a simpler process to make insulated
wires on demand, at room temperature, with a wide range
ofmechanical properties. The goal is not to replace conven-
tional cabling, but rather provide an alternative method to
make conductive traces that takes advantage of the unique
properties of liquid metal.

Metals that are liquid at room temperature have two
features that are appealing within the context of making
wires: (1) they can be mechanically manipulated at room
temperature, and (2) the resulting wires maintain metal-
lic conductivity even at large deformation and are there-
fore useful for soft and stretchable electronics [7,8] Here,
we utilize eutectic gallium indium (EGaIn) due to its low
melting point (m.p. ∼15.5 °C) [9,10], low-toxicity [11] and
high conductivity (σ = 3.4 × 104 S/cm) [12]. Various
microfluidic systems and soft electronics utilize this liq-
uid metal [13], such as soft memristors [14], stretch-
able wires [7,8], antennas [15–19], electrodes [20,21],
pumps [22], capacitors [23,24], soft circuit boards [25],
hyperelastic pressure sensors [26], self-healing circuits
[27,28], soft curvature sensors [29], and stretchable inter-
connects [30,31]. EGaIn forms a surface oxide that is im-
portant for two aspects of this work: (1) It allows themetal
to adhere to the polymer during elongation, and (2) it me-
chanically stabilizes the metal to maintain high aspect ra-
tio geometries that would be prohibited by surface tension
due to Plateau–Rayleigh instabilities.

Various processes have been introduced for patterning
liquid metals in polymers [32], such as stencil lithogra-
phy [33,34], imprint lithography [35], injection [10,15],mi-
crocontact printing [36] and direct-writing [37]. Most ex-
isting patterning techniques are relatively low resolution
(>100 µm). Patterning at higher resolution may enable
new applications such as dense wire bundles or electrodes
with length scales commiserate with cells. The method
here is distinguished by its simplicity and ability to make
both metallic structures with small diameters and high as-
pect ratios. Metallic structures with high aspect ratios are
desirable for conductive fibers, wires, interconnects, and
cables. It is possible to make conductive fibers of liquid
metal by melt processing or electrospinning hollow fibers
filled with metal [7,38], although these processes require
tools that are not widely available. It is also possible to
create conductive fibers utilizing conductive particles [39]
(e.g. Ag particles [40] and CNTs [41]), although no other
material offers the combination of conductivity and elas-
ticity provided by liquid metals.

Here, we demonstrate that it is possible to draw either
exposed or encapsulated wires of EGaIn at room tempera-
ture in a one-step process without any specialized equip-
ment. The simple stretching approach can achieve liquid
metal structures with diameters smaller than the resolu-
tion of many existing techniques to pattern liquid metal
lines. Rheological and mechanical measurements confirm
the properties of both the starting materials and resulting
wires, which helps elucidate the mechanism of wire for-
mation.

2. Result and discussion

Fig. 1 highlights a simple approach for making metallic
wires at room temperature. First, a syringe extrudes EGaIn
on a polymer substrate (in this representative example,
∼50 microliters of metal on ∼10 g of Silly PuttyTM).
Stretching the putty by hand (Fig. 1(b)) extends both the
polymer and the metal, resulting in an elongated structure
with a diameter that decreases with strain (Fig. 1(c)).
Supporting information (SI) Video S2 shows a wire being
stretched. Using typical strain rates of ∼1 cm/s, EGaIn
wireswith diameters approaching the tens ofmicron-scale
formwithin seconds using this strategy. Due to the soft and
stretchable property of putty, conductive, metallic wires
can be manipulated into a variety of geometries. Fig. 1(d)
provides an example of one such shape.

We hypothesized that if the metal adheres well to the
putty, the diameter should correlate with the strain of the
polymer. Fig. 2(a) plots the diameters of thewires as a func-
tion of the strains on the polymer substrate (Experimental
Section in SI). Approximating the geometry of the EGaIn
lines as cylinders and accounting for conservation of mass,
results in Eq. (1),

V =
1
4
πd20l0 =

1
4
πd21l1 =

1
4
πd21nl0 (1)

which simplifies to Eq. (2),

d1 = d0n−
1
2 (2)

where V is the volume of themetal, d0 and d1 is the diame-
ter of the EGaIn lines before and after stretching, and l0 and
l1 is the length of EGaIn lines before and after stretching.
We define n as the stretch ratio (l1/l0) of the EGaIn lines.
Eq. (2) also holds for truncated cylinders. As predicted by
Eq. (2), the diameters of the EGaIn lines measured experi-
mentally vary linearly with the inverse square root of the
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Fig. 1. Drawing of EGaIn wires by hand at room temperature. (a) EGaIn lines dispensed on a putty (viscoelastic polymer) substrate. (b) Putty before
stretching by hand. (c) Stretched putty with elongated liquid metal lines. (d) A curvy EGaIn wire supported by putty after stretching.
Fig. 2. Characterization of the EGaIn wires on putty. (a) Plot for the diameters of EGaIn wires as a function of the strain applied to the putty. (b) Linear plot
of diameter as a function of the inverse square root of the stretch ratio. The fit quality is R2

= 0.98. (c) Optical microscopic images of a small EGaIn wire.
The scale bar is 50 µm. (d) The wires are electrically conductive.
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stretch ratio, as shown in Fig. 2(b). Under an optical mi-
croscope, shiny liquid metal lines are evident against the
darker putty substrate, as evident in Fig. 2(c). Fig. 2(d) ver-
ifies that the wires are electrically continuous. Typically,
thewires breakwhen stretched to diameters below10µm,
which may be due to the challenges associated with ma-
nipulatingmaterials by hand at such a small scale or due to
instabilities. In our experiments, liquid metal wires break
before the putty substrate becomes discontinuous; it is
possible to continue to stretch the polymer by hand to di-
ameters as narrow as 2 µm before failure. The measure-
ments reported in Fig. 2 suggest three important things:
(1) It is possible to control the diameter of the wires with
strain, (2) the oxide skin adheres EGaIn to the putty, and
(3) the wires are electrically continuous. In regards to the
second claim, we note that acid vapor (e.g. HCl) removes
the oxide and causes the baremetal to dewet from the sur-
face of the putty, which confirms the importance of the ox-
ide. Fresh oxide that forms during elongation of the metal
should favor wetting according to prior studies on silox-
anes [42].

Although stretching liquid metal is a simple method to
form wires, there are at least two practical issues: (1) the
wires are not encased completely in insulation, and (2) the
putty can continue to flow after forming the wires. Ad-
dressing the first issue is straightforward. Fig. 3(a) shows
that encapsulated wires form by first injecting a drop of
the metal into a slab of the putty and then drawing it
into a wire. The second issue (which we show later to be
advantageous in certain scenarios) can be addressed by
utilizing polymers that can be chemically modified (e.g.
crosslinked) during post-processing to form both elas-
tomeric and stiff wires. To form elastomeric wires, we first
encased metal into a slab of poly (dimethylsiloxane) (Dow
Corning SE 1700) and drew it into a wire, as shown in
Fig. 3(b). We chose SE 1700 mainly due to its ease of pro-
cessing, strong elasticity after curing, and high elongation
value (>350% strain). The resulting core–shell (i.e., insu-
lated) wires are stretchable, twistable and bendable and
recover the original shape after deformation. In addition,
Fig. 3(c) shows it is also possible tomakewires encased in a
stiff matrix by drawing the liquidmetal in a polyvinyl alco-
hol (PVA) matrix containing an aqueous solution of borax.
(Experimental Section 2 in SI) The water evaporates and
the borax slowly crosslinks the PVA [43,44]. The resulting
crosslinked network contained some bubbles, which form
initially due to entrainment of air during the mixing of the
PVA with borax. Efforts to remove these bubbles by de-
gassing (by exposing the material to vacuum) resulted in
even more bubbles due to evaporation of water.

An extensometer measured the mechanical properties
of the cured SE 1700 and PVA (Experimental Section 3
in SI). Fig. 3(d) plots the tensile stress as a function of
tensile strain. It shows that SE 1700 sample is elastic with
a modulus of 0.91 MPa and extends beyond 250% strain
before breaking. In contrast, the crosslinked PVA is stiff and
itsmodulus is nearly 100MPa. Due to the limitations of the
grips, we were unable to measure the exact failure strain
of the PVA, although by hand it was apparent that it failed
at low strains. Nevertheless, Fig. 3(d) clearly demonstrates
that the process is capable of producing encapsulatedwires
with a wide range of mechanical properties.
We also measured the rheological properties of the
polymers prior to crosslinking to understand what charac-
teristics may enable the formation of wires. We reasoned
that there are three important factors to enable the draw-
ing method: (1) the chosen encasing materials should pos-
sess sufficiently high viscosity (or yield stress) so themetal
does not sink or penetrate the materials during the draw-
ing process; (2) the adhesion between the metal and the
encasing materials should be sufficient to convey enough
stress on the oxide-coated metal to break the oxide skin
during stretching; (3) the oxide skin should break and re-
form during the elongation of metal.

Fig. 3(d) reports the frequency spectra of the storage
(G′) and loss (G′′) moduli of all samples at room temper-
ature obtained through dynamic rheology in the linear vis-
coelastic regime using a rheometer (Experimental Section
4 in SI). The putty and aqueous PVA are classic viscoelas-
tic materials exhibiting a frequency-dependent terminal
regime at low frequencies with a moduli crossover and
plateau region at higher frequencies [45,46]. These mate-
rials are sufficiently stiff and have enough zero-shear vis-
cosity (Fig. 3(f)) that they can be handled by hand, but flow
readily when pulled. In contrast, the SE 1700 is a gel, with
G′ being larger than G′′ and both are relatively indepen-
dent of frequency [45–47]. As such, thismaterial has a yield
stress, which is also evident from the absence of a zero-
shear viscosity (Fig. 3(f)). Quantitativemeasurement of the
yield stress obtained by plotting the elastic stress (G′ times
strain) as a function of strain [47–49] reveals a value of ap-
proximately 300 Pa± 15 Pa. The yield stress allows the gel
to hold its shape prior to and after deformation, as well as
support the metal. However, the yield stress is sufficiently
low that it yields during handling (for this reason, we elon-
gated this gel on a carrier substrate since it yielded readily
when gripped directly by hand). Therefore, both viscoelas-
tic polymers aswell as gelswith yield stress are compatible
with this method.

We speculated that any liquid with a sufficiently high
viscosity would be compatible with the drawing method
since large viscosities retard the gravitational pull of the
dense liquid metal (6.25 g/mL) through the less dense
liquid (on the time scale of the drawing process). To
estimate the minimum viscosity, we utilized the equation
for a sphere falling through a viscous medium (Stokes’
law [50]). For the time scale of the drawing process (∼10 s),
we estimated the minimum viscosity that would prevent
the droplet ofmetal fromsinkingmore than 1/2 its diameter
into the supporting polymer. This estimate predicts a
minimum viscosity of 500 Pa s, assuming a steady state
velocity. We were unable to find purely viscous fluids
near this threshold, but we did verify that the metal sinks
readily through fluids well below this threshold, such as
water (0.001 Pa s) andhoney (∼10 Pa s).We also confirmed
that a 50 microliter droplet (∼2 mm radius) of the metal
falls through the putty at a constant rate of ∼1.6 µm/s
(Figure S1 in SI), which is in agreement with Stoke’s law
for the viscosity of the putty measured by rheology (∼1 ×

105 Pa s). This measurement helps justify the use of Stoke’s
law for estimating the minimum viscosity and quantifies
how slowly the metal settles in the polymers utilized in
this study.
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Fig. 3. Fabrication of wires consisting of ametal core and insulating shell of three disparatematerials (scale bar 10mm). (a) Fabrication of core–shell metal
wires using putty. (b) Fabrication of core–shell metal wires using SE 1700 pre-polymer gel. (c) Fabrication of core–shell metal wires using PVA (with water
and borax). (d) Plot of the tensile stress as a function of tensile strain for cured PVA and SE 1700 samples. (e) Plot of the storage modulus and loss modulus
as a function of frequency for putty, PVA, SE 1700 samples before curing (G′ closed symbols, G′′ open symbols). (f) Plot of complex viscosity as a function
of frequency for putty, PVA, SE 1700 before curing.
The rheologicalmeasurements also provide an estimate
of the forces involved with drawing the wires. We as-
sume that the metal elongates when the stresses exceed
the surface yield stress of the oxide on the liquid metal
(0.6 N/m) [10,51]. Thus, themetal will elongate at a force of
approximately 0.6 × D. The diameter of the metal ranges
from 1 mm to 10 µm; thus the largest force required for
elongation would be <1 mN. To prove that this force is in-
significant, we estimate the force required to elongate the
polymer. According to the rheological measurements, the
effectivemodulus of the putty is in the range of 104–105 Pa
over a wide range of rates (we assume the extension mod-
ulus is ∼3× the shear modulus measured by rheology).
The viscoelastic polymers start as slabs of approximately
2×2 cm2 in cross section and are drawn over the course of
tens of seconds. Thus, the force necessary to elongate the
putty is approximately a few Newtons. This scaling analy-
sis suggests that it is easy to elongate the slab by hand and
that the forces needed to yield the metal are significantly
smaller than those needed to elongate the polymer. Inter-
estingly, the bulk forces required to elongate the polymer
becomes less than the surface forces necessary to elongate
the liquid metal when the length scales of both materials
go below order 10 µm, which may explain why we did not
observe wires smaller than this length scale.

Fig. 3 demonstrates the possibility to fabricate single
core–shell liquid metal wires. However, other more
complex geometries are possible based on this drawing
method, which provides a simple method for patterning
liquid metal. The method here is capable of creating liquid
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Fig. 4. Patterning of wires for ‘‘wires on demand’’. (a) After draping an EGaIn wire in putty across a circuit, the EGaIn sinks through the putty to complete
the electrical circuit. (b) Dissolving away an encapsulating polymer (PVA) produces free-standing liquid metal wires. The scale bar is 2 mm.
metal structures smaller than most existing techniques in
a much simpler fashion. There are techniques capable of
patterning below 10 µm, but these exceptions typically
require additional equipment or molds.

To illustrate the utility of this method for patterning
liquidmetal structures,we placed an EGaInwire supported
by putty across two electrodes connected to light-emitting
diodes (LEDs) on a glass slide. Over the course of a few
days, the wire sinks and penetrates through the insulating
putty to electronically connect the circuit and light up
the LEDs, as shown in Fig. 4(a). Equally interestingly, the
insulating polymer can be removed to form a freestanding
liquid metal wire. Fig. 4(b) demonstrates that formic acid
dissolves PVA after drawing an EGaIn wire. The surface
oxide on the metal stabilizes the freestanding wire.

It is also possible to fabricate other complex geometries,
such as parallelwires, branchedwires, and helices. Stretch-
ing and overlapping the encased wires multiple times re-
sults in parallel structures. The parallel network of wires
is quite homogeneous, as shown in Fig. 5(a), since each
wire has similar strain history. Fig. 5(b) shows that stretch-
ing the polymer substrate in multiple directions results
in branched liquid metal lines. In addition, a fiber can be
wound into a ring and then distorted into an elongated
loop structure, as shown in Fig. 5(c). It is also possible
to create curvilinear structures by twisting two separate
wires in putty. The putty merges together into a single
structure containing metal lines, such as the double helix
structure shown in Fig. 5(d). Fig. 5(e) shows stretchable and
twistable elastomeric wires (cured SE 1700). Furthermore,
the wires can connect with other circuit elements, such as
light-emitting diodes (LED), to complete a circuit. Fig. 5(f)
contains an image of helical wires connected to a LED.

Although the formation of wires is simple, there are
some challenges to this method that arise mainly due to
manual processing. For example, (1) it is challenging to
control the strains precisely (and therefore necking or de-
fects can occur at large strains or at strain rates >1 cm/s);
(2) processing wires with diameters below 10 µm is very
difficult; (3) although individual wires form within sec-
onds,manual processing limits the throughput of the num-
ber of wires produced; and (4) drawing suspended wires
at slow strain rates (≪1 cm/s) can result in sagging of the
wire due to gravity. These issues could be potentially ad-
dressed by utilizing mechanized operations or by utilizing
localized heating (or crosslinking) to control the mechani-
cal properties (and thus, the strain), as done with drawing
optical fibers.

3. Conclusion

This paper reports an extremely facile method to draw
metallic wires by hand at room temperature by stretching
liquid metal on polymeric substrates composed of gels or
viscoelastic polymers. The strain of the polymer substrate
controls the diameter of thewires,which can narrowdown
to tens of microns. Moreover, geometries beyond simple
wires are possible including parallel, core–shell, branched,
andhelix structures. The resultingwires can be stretchable,
soft, or rigid depending on the polymer and this principle
could extend to other encasing materials with a range of
chemical andmechanical compositions. Although the abil-
ity to form structures by hand is appealing, the method
would improvewith automation to increase the length and
uniformity of the fibers. The resulting fibers have potential
applications in soft and stretchable electronics, or new ap-
plications, such as ‘wires on demand’ for repairing electri-
cal connections.
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Fig. 5. Metal wires with various geometries formed at room temperature. (a) Parallel networks of metal lines. (b) Branched wires on a PVA substrate. (c)
Branched wires obtained by first contacting a wire loop with additional PVA and then stretching. (d) Helical wires. (e) Stretchable and twistable wires. (f)
Helices of liquid metal wires can light up an LED inserted into the putty.
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