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Abstract

We demonstrate a new double-layer structure for stretchable interconnects,

where the top surface of a serpentine polyimide support is coated with a thin

eutectic gallium–indium liquid metal layer. Because the liquid metal layer is

constantly fixed on the solid serpentine body in this liquid-on-solid structure,

the overall stretching is accomplished by widening the solid frame itself, with

little variation in the total length and cross-sectional area of the current path.

Therefore, we can achieve both invariant resistance and infinite fatigue life by

combining the stretchable configuration of the underlying body with the freely

deformable nature of the top liquid conductor. Further, we fabricated various

types of double-layer interconnects as narrow as 10 μm using the roll-painting

and lift-off patterning technique based on conventional photolithography and

quantitatively validated their beneficial properties. The new interconnecting

structure is expected to be widely used in applications requiring high-

performance and high-density stretchable circuits owing to its superior reli-

ability and capability to be monolithically integrated with thin-film devices.
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1 | INTRODUCTION

In many approaches for fabricating stretchable electronic
circuits [1–6], the overall stretchability is provided by
stretchable interconnecting regions, while active devices
vulnerable to even a small amount of mechanical defor-
mation, such as thin-film transistors [1,2], sensors [3,4],
or light-emitting devices [5,6], are located within rigid
islands. For achieving stretchable interconnects, various
strategies have been employed [7–14]. For example, non-
stretchable metal thin films can be configured as stretch-
able shapes such as serpentine [7,8], wavy [9,10], or
coiled structures [11], which can accommodate the

tensile strain via structural transformation. It is also
possible to use intrinsically stretchable conductors as
interconnecting materials, where metal or carbon-based
conductive fillers are dispersed within an elastomeric
matrix [12–14].

However, for an integrated circuit to function prop-
erly under stretching, it is not enough to maintain the
electrical connection among device elements, but the
resistance of interconnects must also remain nearly con-
stant irrespective of the strain. Unfortunately, it is diffi-
cult to simultaneously satisfy these two conditions. For
example, interconnects made by stretchable composite
conductors have large elongation and high durability
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under repetitive deformation, but their resistance
changes significantly with the variation in dimension
induced by the deformation [13–15]. It is also difficult to
achieve high conductivity and narrow pattern widths
comparable with thin metal films because the conductive
fillers are dispersed within a highly viscous elastomeric
matrix [1,12–15]. However, thin metal interconnects with
serpentine shapes exhibit little variation in resistance
even under a large amount of stretching, because the
total length of the conducting path is not affected by the
elastic widening of the entire structure [8,16]. They can
also be monolithically integrated with thin-film devices,
which are fabricated using conventional photolithogra-
phy and etching techniques [7,17]. However, the
mechanical reliability against repeated stretching is lim-
ited in this case, because the local stress concentration at
the serpentine structure’s angular points inevitably
results in fatigue failure [18,19].

Recently, as an alternative candidate for stretchable
conductors, eutectic gallium-based liquid alloys have
been investigated extensively [20–25]. As a low-viscosity
and highly conductive fluid [20], the liquid metal can
provide extreme stretchability without mechanical degra-
dation, as well as low resistance similarly to solid metals
[21,22]. We demonstrated in our earlier works [23–25]
that the liquid metal can be patterned by a roll-painting
and lift-off technique based on photolithography, making
it possible to monolithically integrate narrow liquid
metal interconnects with thin-film transistors. However,
as the liquid metal channel’s geometry is affected by

the deformation of the surrounding elastomer matrices,
the variation of resistance with strain remains
unavoidable [21–23].

In this study, we provide a new double-layer structure
for stretchable interconnects, where the serpentine pol-
yimide support’s top surface is coated with a thin liquid
metal layer. The variation in the length or cross-sectional
area of the current path is minimal with this structure
because stretching is achieved by widening the solid
frame while the liquid metal layer remains constant. We
can obtain stretchable interconnects where the resistance
remains nearly constant, but no fatigue failure occurs
under repeated stretching by combining the stretchable
configuration of the underlying body and the freely
deformable nature of the top liquid metal. We character-
ized such beneficial properties quantitatively, by compar-
ing the stretching behavior of the new liquid-on-solid
structure with those of the solid-on-solid and liquid-only
serpentine interconnects.

2 | EXPERIMENTAL

2.1 | Fabrication of hybrid liquid-on-
solid serpentine interconnects

Figure 1A,B demonstrates the structure and fabrication
process of the hybrid liquid-on-solid serpentine intercon-
nect, respectively. First, a polyimide layer (about 4 μm)
was spin-coated on a glass wafer and cured, on which

F I GURE 1 Schematic illustrations of the (A) structure and (B) fabrication process of the hybrid liquid-on-solid serpentine
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serpentine Au/Ti (80 nm/20 nm) patterns were formed
using electron-beam evaporation and lift-off techniques.
The underlying polyimide layer was dry-etched with oxy-
gen plasma (Step 1) using the Au/Ti layer as an etch mask.
Further, a negative photoresist with an approximately
5-μm thickness was spin-coated, and patterns with
negative-sloped sidewalls were formed by photolithogra-
phy, such that only the top surface of polyimide bodies
was exposed (Step 2). A eutectic gallium–indium (EGaIn)
liquid alloy composed of 75.5% Ga and 24.5% In by weight
was dropped on the substrate and evenly spread using a
hand-roller (Step 3) after oxygen plasma treatment on the
Au surface, which functions as an adhesive layer. After the
entire exposed Au area was filled with the liquid metal, a
small amount of water was dropped and wiped with the
hand-roller by which most of the excessive EGaIn within
the photoresist region was removed (Step 4). The EGaIn/
photoresist layer was lifted off by immersing the sample in
acetone, leaving behind the double-layer (EGaIn/pol-
yimide) interconnects (Step 5). Next, after casting a 10:1
mixture (weight ratio) of a polydimethylsiloxane (PDMS)
prepolymer and curing agent on the substrate (Step 6), the
entire structure was released from the glass substrate by
the laser-lift-off technique using a XeCl excimer laser
(305 nm) (Step 7). Finally, a backside capping PDMS layer
was cast with the same thickness as that of the top PDMS
layer (about 500 μm) (Step 8).

2.2 | Fabrication of the solid-on-solid
and liquid-only serpentine interconnects

By modifying the fabrication process of the hybrid
interconnect, Figure 1 shows that the solid-on-solid and

liquid-only interconnects were also produced as control
groups. Figure 2A shows that the solid-on-solid structure
was obtained immediately after dry etching the polyimide
layer using the top serpentine Au/Ti pattern as an etch
mask (as Step 1 in Figure 1), which was then transferred
to the PDMS substrate without forming the top liquid
metal layer. The serpentine EGaIn/Au/Ti patterns were
first produced on the polyimide-coated glass substrate,
and the top PDMS layer was cast to produce the liquid-
only interconnects. Further, the polyimide layer was
removed by dry etching before casting the backside cap-
ping PDMS layer after releasing the entire structures
from the glass substrate, as demonstrated in Figure 2B.

3 | RESULTS AND DISCUSSION

Figure 3 shows the layout of some test devices in an array
within a 100 mm � 100 mm area, where eight types of
serpentine interconnect with different geometric parame-
ters are included. Figure 3 shows that the width of top
EGaIn lines was 10 μm or 20 μm, whereas the underlying
polyimide body was two times wider. For each line-width
value, the arc radius was also varied in the ranges of 30
μm to 60 μm and 60 μm to 120 μm.

It was nearly impossible to produce straight lines
narrower than 20 μm in previous works based on the
roll-painting and lift-off technique for EGaIn [23–25]
owing to local agglomeration or uneven EGaIn fluid
wetting. It is more difficult to obtain fine and resolved
pattern shapes for serpentine structure because closely
spaced line segments readily agglomerate. Thus, the roll-
painting process has been modified to overcome such
limitations in this study. Figure 4 shows that after

F I GURE 2 Schematic illustration of the structure and fabrication process of (A) solid-on-solid and (B) liquid-only serpentine

interconnects
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dropping EGaIn on the photoresist layer and before
rolling, the entire specimen was covered with a plastic
wrap to confine the liquid metal during rolling and effi-
ciently push it into concave patterns. Most EGaIn over
the photoresist area could be removed before lift-off in
acetone after the painting process by dropping a small
amount of water and wiping the surface with the roller
intensively. The quality of serpentine EGaIn patterns was
significantly improved by introducing those two addi-
tional steps (Figure 4B, C, and D).

Figure 5 shows representative scanning electron
microscopy (SEM) images of the liquid-on-solid serpen-
tine interconnect, as fabricated on a glass substrate.
Although several previous approaches have been dem-
onstrated to be successful in patterning EGaIn [20,26],
it remains difficult to simultaneously achieve fine fea-
ture sizes (tens of micrometers) and precise alignment
(within a few micrometers) [27–30]. However, the
modified roll-painting and lift-off technique, which is
based on conventional photolithography, can provide a
well-aligned double-layer structure with smooth line
edges and a rounded surface on the top EGaIn layer.
Gallium-based liquid alloys, unlike ordinary liquid
fluids, form a thin oxide skin in air, which mechani-
cally stabilizes even irregular surface profiles instantly
[20]. Figure 5 shows that several particle-like protru-
sions were formed on the liquid metal surface, which
is thought to be due to dynamic contact between the
liquid metal and roller head during the roll-painting
process.

F I GURE 3 Mask layout and design parameters for eight types

of serpentine structures F I GURE 5 Scanning electron microscopy images of liquid-on-

solid serpentine interconnects as fabricated on the glass wafer

F I GURE 4 (A) Schematic illustration of the modified roll-

painting and lift-off technique and the pattern shapes obtained by

(A) no treatment, (B) water-wiping only, and (C) both wrapping

and water-wiping

F I GURE 6 Representative average values and deviation of

electrical resistance for liquid-on-solid serpentine interconnects

with varying dimension across a 100 mm � 100 mm area
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We demonstrated in our earlier work [23] that the
height of EGaIn patterns is similar to the photoresist
layer’s thickness, as long as the rolling pressure is high
enough to push EGaIn down to the bottom of trenches
within the photoresist layer. The variation in height
and width was measured to be less than 10% along
30-mm-long straight traces [23]. In this study, we could
confirm the uniformity of serpentine patterns by measur-
ing the electrical resistance of interconnects across a 100
mm � 100 mm area. The deviation in the resistance was
measured to be less than 10% for each type of serpentine
structure located within the area (Figure 6).

We first investigated the stretching behavior of the
solid-on-solid and liquid-only serpentine interconnects
with the same geometry to quantitatively examine the
beneficial properties of the hybrid liquid-on-solid struc-
ture. Figure 7 shows the resistance variation of the solid-
on-solid structure under 30% cyclic stretching. In this
case, the resistance was kept almost constant (within the
variation of 1% to 2%) throughout the initial cycles, but

F I GURE 7 Representative variation of the resistance of solid-

on-solid serpentine interconnects under cyclic stretching of 30%, for

arc radii of (A) 30 μm, (B) 40 μm, (C) 50 μm, and (D) 60 μm at the

line width of 10 μm (stretching rate: 15 mm/min)

F I GURE 8 Optical microscopy images of microcracks on

solid-on-solid serpentine interconnects failed during the cyclic

stretching

F I GURE 9 Representative variation of the resistance of liquid-

only serpentine interconnects under cyclic stretching of 30%, for arc

radii of (A) 30 μm, (B) 40 μm, (C) 50 μm, and (D) 60 μm at the line

width of 10 μm (stretching rate: 15 mm/min)

F I GURE 1 0 Representative variation of the resistance of

liquid-on-solid serpentine interconnects under cyclic stretching of

30%, for arc radii of (A) 30 μm, (B) 40 μm, (C) 50 μm, and (D)

60 μm at the line width of 10 μm (stretching rate: 15 mm/min)

YIM AND PARK 5



as the stretching progressed, most interconnects showed a
sudden increase in resistance, resulting in their eventual
failure. We discovered many microcracks after the failure
(Figure 8). The high asymmetry of the layer structure is
considered responsible for the solid-on-solid structure’s
poor durability because the thin metal layer far from the
neutral mechanical plane undergoes intensive stress under
stretched conditions [31]. As demonstrated in previous
works [7,8,32], the stability of solid-on-solid interconnects
can be significantly enhanced by adding a top polyimide
layer, such that the metal film can be located within the
central plane between two identical supports. However,
even with such structural optimization retarding effects,
all kinds of thin solid metal would eventually fracture
under prolonged repeated deformation [8,18,19,32].

The liquid-only interconnect, unlike the solid-on-solid
structure, can provide extremely high stability under
repeated stretching. Figure 9 shows that the electrical con-
nectivity of the liquid-only interconnect was stable without
any abrupt increase in resistance or breaking during
1000 cycles of 30% stretching. A volume of a liquid metal
contained within an elastomer can be freely reformed to
accommodate any type of external strain and can provide
infinite resistance to the fatigue failure as long as the elas-
tomer matrix is maintained. Thus, the use of liquid metal
may be the ultimate solution for preventing stretchable
interconnects from degrading mechanically.

However, the resistance across a liquid metal channel
is significantly influenced by external strain, as the total
length and cross-sectional area vary accordingly [21–23].
Various types of pressure or strain sensors using liquid
metal have been reported extensively based on such
properties [33–36]. Figure 9 shows that the liquid-only
serpentine interconnect also exhibited resistance

variation of about 15% under 30% stretching, which is
much larger than those of undamaged solid-on-solid
interconnects in Figure 7.

It is necessary to minimize the resistance variation in
response to strain and maintain the electric connectivity
when using any stretchable interconnects in circuits
requiring precise control, such as multifunctional dis-
plays [37] or analog sensor arrays [38]. For example, in
wearable systems for human motion monitoring, piezo-
resistive sensors are often used in measuring the move-
ment of certain joints or muscles [39]. If the resistance of
interconnects transmitting the sensor signal is also sensi-
tive to human motion, it would be difficult to precisely
analyze the collected data. In this scenario, the applica-
tion of the liquid-only interconnect is limited.

Considering the complementary characteristics of
solid-on-solid and liquid-only interconnects observed
under repeated stretching, combining the advantages of
each structure and achieving the invariant resistance and
quasi-infinite fatigue life simultaneously would be ideal.
In this study, we demonstrated that the new hybrid
liquid-on-solid structure can satisfy such requirements by
preventing the liquid metal layer’s dimensional change
even under stretched conditions. We could minimize the
resistance variation to as low as 5% under 30% stretching
with this structure (Figure 10) while maintaining similar
mechanical stability under cyclic stretching as the liquid-
only interconnects.

In the case of liquid-only interconnects embedded
within an elastomer, a liquid metal channel adapts to the
stretched matrix by extending the overall channel length
and reducing the cross-sectional area. However, in the
liquid-on-solid structure, the liquid metal layer is fixed
on a rigid serpentine body whose length is kept constant
during stretching. Therefore, the liquid-on-solid serpen-
tine interconnect can provide a much smaller resistance
variation than can the liquid-only structure (Figure 11)
because it is being stretched mainly by widening or twist-
ing the solid frame itself.

Figure 11 shows that the resistance variation of liquid-
on-solid interconnects is still slightly larger than that of
the solid-on-solid structure. Such a difference is thought to
be due to the local fluctuation in the liquid metal layer’s
cross-sectional area, induced by limited deformation from
the top side of the liquid metal in contact with the soft
elastomer. However, the electrical resistance of liquid-on-
solid interconnects was 30% to 40% that of solid-on-solid
interconnects for the same serpentine structure dimension.
Therefore, although the relative resistance variation (ΔR/
R0) of liquid-on-solid interconnects under stretching was
about two times larger than that of solid-on-solid struc-
tures (Figure 11), the absolute resistance variation (ΔR)
was almost the same. Thus, the benefits of the hybrid

F I GURE 1 1 Variation of the normalized electrical resistance

under cyclic stretching of 30%, for liquid-on-solid and liquid-only

(500 cycles), and solid-on-solid (20 cycles) interconnects. Each data

point was obtained by averaging those values from eight different

devices
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structure, which provides both the small resistance varia-
tion and high reliability, are obvious.

Previously, most studies employing EGaIn intercon-
nects have focused on manual integration with bulky and
discrete device chips [28,40,41] because it is difficult to
achieve precise alignment between the EGaIn intercon-
nects and devices at the micrometer scale. However,
using the roll-painting and lift-off technique, which
enables precise patterning of the liquid metal, we can
apply the new interconnecting structure for monolithi-
cally integrated high-density sensor or TFT circuits, pro-
viding higher performance.

4 | CONCLUSION

We have demonstrated a new hybrid-type stretchable
interconnects, in which a thin gallium-based liquid metal
layer is located on the top surface of the serpentine pol-
yimide support. The liquid metal lines may be integrated
monolithically on the solid support in a well-aligned
manner using the roll-painting and lift-off technique
based on conventional photolithography. In this double-
layer structure, the liquid metal conductor provides
extremely high resistance to the fatigue failure, whereas
the resistance variation can be avoided as stretching is
performed by widening the solid frame. The new inter-
connecting structure could be widely used in applications
requiring high-density and high-complexity stretchable
circuits by simultaneously satisfying those key properties
for stretchable interconnects.
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