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ABSTRACT: Among numerous patterning techniques, masked
liquid alloy printing is one of the most promising techniques for
scalable fabrication of liquid-alloy-based stretchable electronics. Like
any other mask-based process, its resolution is often constrained by
the quality of the mask, and the fabrication cost increases drastically
with increased resolution. In this work, by introducing a sandwiched
thermal shrink polymer film masking technique and a corresponding
intermediate release agent, fine liquid alloy patterns were
demonstrated by using a mechanical cutting plotter together with
a common oven. The final resolution and shape of the mask could
be tuned based on the anisotropy of the shrink polymer film and other operational parameters of the technique. After shrinkage,
the width of the patterned liquid alloy lines and space in-between could be tuned to less than one third of the original cut
pattern, to about 35 and 60 μm, respectively, according to requirements. To better predict the final structure, several parameters
were investigated experimentally and numerically. Finally, a liquid alloy strain sensor and three-dimensional conformal masking
were demonstrated, showing the potential of the developed technique.
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1. INTRODUCTION

With its potential to seamlessly integrate into the next
generation of man−machine interfaces, stretchable electronics
based on elastomers has drawn strong attention from various
fields like epidermal electronics,1,2 soft robotics,3,4 micro-
electromechanical systems,5,6 and medical diagnostics.7,8 This
is due to its attractive merits in being lightweight and compact
while having abundant functions, at the same time as being
compliant to complex and dynamic surfaces. Being intrinsically
stretchable, liquid-alloy-based stretchable electronics9−11 rep-
resent one alternative to permanently overcome the limitations
of stretchability and long-term durability of rigid conductive
materials. Numerous patterning techniques12−14 have been
developed to obtain high quality liquid alloy circuits for
stretchable electronics, meeting the challenge from the
extremely high surface energy of liquid alloys. Masking/
stenciling is a ubiquitous tool to pattern or print electronic
circuits, through which material can be deposited selectively. In
particular, masked liquid alloy patterning15−18 is one of the
most promising techniques for scalable patterning of liquid-
alloy-based stretchable electronics. However, high-resolution
patterning is still challenging in practice and often constrained
by the mask.
Traditionally, masks/stencils can be made by various

lithographic techniques,18−20 such as photolithography,

electron beam, or X-ray lithography, which could achieve
nanoscale resolution. These masks are often made by using a
complex process with support from dedicated infrastructure.
With the rapid development of lasers, selectively ablating
materials such as a polymer or thin metal film, UV laser
engraving21 has become an effective and environmentally
friendly tool to pattern a mask with a resolution in the
micrometer scale. However, the necessary equipment for these
techniques is expensive and not accessible for the majority of
researchers. Being low-cost and highly accessible, mechanical
cutting12,16 is an excellent alternative candidate to making a
stencil mask. However, due to the limited resolution, its
processed mask is not so useful to many applications in
stretchable electronics.
With the relaxing of the polymer chain, shrink polymer film

can shrink to a certain ratio after heating. During
manufacturing, the original entangled polymer chains has
been orientated stretched.22 With heating, the polymer chains
reorganized to their original random pattern. The degree of
shrinking is approximately equal to the stretch ratio of the
orientation process. Previously, the shrink polymer has been

Received: October 11, 2018
Accepted: December 3, 2018
Published: December 3, 2018

Article

pubs.acs.org/acsapmCite This: ACS Appl. Polym. Mater. 2019, 1, 145−151

© 2018 American Chemical Society 145 DOI: 10.1021/acsapm.8b00010
ACS Appl. Polym. Mater. 2019, 1, 145−151

D
ow

nl
oa

de
d 

vi
a 

H
U

A
Z

H
O

N
G

 U
N

IV
 S

C
IE

N
C

E
 &

 T
E

C
H

N
O

L
O

G
Y

 o
n 

M
ar

ch
 5

, 2
01

9 
at

 0
3:

50
:0

2 
(U

T
C

).
 

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.
 

pubs.acs.org/acsapm
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsapm.8b00010
http://dx.doi.org/10.1021/acsapm.8b00010


used to fabricate high aspect ratio structures23−25 in micro-
structure molding, where the original shapes are directly
etched23 or deposited on films,24 hence achieving smaller
structures with higher aspect ratios after shrinking. Moreover,
shrink polymer also was used to fabricate chips by stacking
layers of patterned films.26−30 After shrinking, a miniaturized
version of microfluidic chip with high aspect ratio channel was
obtained. However, all of these techniques focused on

microstructures with high aspect ratios instead of exploring
masking/stenciling resolution or shape tunability. By introduc-
ing shrink polymer film masking, the mask resolution could be
tuned in some range towards higher resolution so that it
becomes sufficient for more applications in stretchable
electronics. With different pre-stretched methods and param-
eters in manufacturing, the shrink polymer film could shrink
uniaxially or biaxially with different shrink ratios. In addition,

Figure 1. Illustration of the fabricating process of a strain sensor. (a) (i) The PE film is placed on a PDMS surface and then mechanically patterned
by a cutter plotter. (ii) This original mask laminated with another layer of PE film are peeled off from the PDMS. (iii) The double layers of PE films
were transferred onto an aluminum plate (iv) and uniaxially shrunk in an oven. The red arrows indicate the contracting direction. (v) The shrunk
mask is transferred onto a soft substrate and sprayed over with liquid alloy. The mask is removed, producing the liquid alloy pattern of the strain
sensor. (vi) Finally, the strain sensor is encapsulated. (b) Photo of the shrunk mask. (c) A comparison of a cross-section before and after shrinking.

Figure 2. Shrunken PE masks. The unindicated scale bars mark 100 μm, and the red arrows indicate the contract direction. (a) The widths of
channel are 34, 68, 136, 221, 284, and 358 μm, shrunk from the original 100, 200, 400, 600, 800, and 1000 μm, respectively. (b) The spaces are 60,
113, 173, 240, 298, and 349 μm, shrunk from the original 200, 400, 600, 800, 1000, and 1200 μm, respectively. Examples of the formation of matrix
with rectangles (c) and ellipses (e) are shown in the diagram below. (d) The cross-section of A-A in (b). (f) Shrink masks from the same pattern
but of different shrinkage anisotropy.
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the shrink ratio could be precisely controlled by adjusting the
processing parameters in shrinking, including temperature and
time, which allow the mask to obtain a variety of results.
Moreover, due to fluidity in melting state, a planar mask could
reflow and adapt to three-dimensional (3D) complex surfaces
after shrinking and hence serve a 3D conformal mask.
Polyethylene (PE) shrink polymer film is commonly used for
packaging applications in the market. With features such as
being soft, easy to process, and available in various thicknesses,
it is well-suited as a stencil mask for depositing atomized liquid
alloy, various inks, prepolymers, or paints.
By introducing a two-layer structure of thermal shrink

polymer films with an intermediate release agent, a simple
masking technique (Figure 1a) was developed to control and
tune the resolution and shape of shadow mask for liquid alloy
deposition. An original pattern was made by a mechanical
cutting plotter on a thermal shrink film, and then was
laminated on another layer of unpatterned shrink film with a
thin layer of release agent. After shrinking the film in an oven, a
mask with reduced dimensions was obtained and could be
transferred onto a substrate for subsequent atomizing and
deposition of the liquid alloy. To guide practical operations,
adjustable parameters were studied more in detail. Finally,
planar and 3D masks and their corresponding patterned
circuits were fabricated to display the possibilities in

application of this technique, where a strain sensor and a
tactile sensor were demonstrated.

2. RESULTS AND DISCUSSION

Figure 1b exhibits a strain sensor mask with a serpentine
pattern, and the diagram in Figure 1c displays the shrinking
process. The dimension of whole film and its pattern were
homogeneously reduced.
As shown in Figures 2a and b, the width of the open

channels and the PE lines in-between could be as fine as 35
and 60 μm, respectively. Due to the low adhesion between the
PE film and the PDMS below, the cutting plotter produced
channel width, and PE lines were limited to approximately 100
and 200 μm, respectively. Furthermore, the PE structures were
influenced by the increased aspect ratio of the cross-section
when shrinking.
Figures 2c and e exhibit an anisotropic shrinking behavior of

the uniaxial shrink film. Before shrinking, the original patterns
were of squares and circles, but after uniaxial shrinkage of
about 70%, the shrinking generated rectangles and ellipses.
When using a single layer of patterned PE film, the thermal

induced shrinking force is rather weak compared to the friction
between the film and the aluminum plate. If the patterned
mask is complex with non-uniform distributed fragile
structures or narrow lines, it will shrink non-uniformly and
result in a distorted, or even broken, pattern. To address this

Figure 3. Analysis of the shrinking mechanism. The comparison of shrunk masks with (a) and without (b) double layer configuration of PE film,
shrinking from the same original. (c) The cross-section from an original sized, 60% shrink, and 72% shrink PE film with corresponding thickness (L
for length and T for thickness). When the film shrinks, it also rises in height, and the shape of its sidewall shifts. (d) Shrink ratio versus time. (e)
Shrink ratio versus time and temperature. (f) Width variation of the channel (A for average and S for standard deviation). The roughness of original
(g) and shrunken (h) surface of PE film.
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issue, the patterned PE film was stacked on top of an
unpatterned PE film in the same shrinking orientation. To
further improve uniformity, silicone oil was dripped on the
aluminum plate to reduce the friction between the bottom PE
film and aluminum plate. The bottom film shrunk in the same
way as the upper film, which enabled the upper patterned film
in maintaining a uniform shrinkage without distorting its
patterns. Also, the bottom film acted as a buffer that reduced
the friction to the aluminum plate below. Figure 2f shows a
mask with isolated patterns. By adhering the patterned film to
the unpatterned PE film below, it was possible to maintain the
structure during shrinking, both in dimension control and in
keeping the relative positions of isolated parts.
A more detailed comparison between shrinkage with and

without the intermediate blank PE film was performed
experimentally and numerically. A representative structure is
shown in Figures 3a and b. A rectangular film was patterned
with a triangular opening and a narrow stripe on its right. A
simple approximation from mechanics is that without the
underlaying PE film, due to the small inertia of the stripe, the
narrow stripe was dragged from two ends with the major force
from the major body. Hence, with its low Young’s modulus
and yielding point, the pattern deformed, as seen in Figure 3b.
With a set shrink ratio, a static structure analysis (Supporting
Information S1 and Figure S1) was performed to observe the
deforming trend, left column in Figures 3a and b, that can be
used as an approximate guideline of the shrinking behavior.
The thin layer of the Release 200 used to laminate the two

layers of PE films served both as an adhesive and a separator in
different situations. It resulted in that during the laminated
state, the agent bonded the two layers to assist the film transfer
and provided a uniform contracting movement when
shrinking. Meanwhile, it also hindered a permanent bonding

of the two layers during the high temperature shrinking. To
note, the support plate also affected the mask quality: when
quartz glass was used to replace the aluminum plate, a
distorted pattern was found. This phenomenon is due to the
low thermal conductivity of glass, as shown in Supporting
Information S2 and Figure S2.
As a stencil mask, the shape of its side walls strongly impacts

the final pattern. Figure 3c displays the shapes of the cross-
section with increasing shrink ratio: directly from the cutting
plotter, to being shrunken 60 and 72%. At 60%, the shape was
similar to the original although thicker, but at 72%, the side
wall became a concave arc. Probably, when cooling from
melting to solid state at a thickness of 210 μm, it was thick
enough to allow the cooling gradient over the film thickness to
produce a contraction of the middle section. By tuning the
process parameters, a certain wall shape could be designed for
a particular purpose. For example, the shape of the side wall
impacts liquid alloy deposition, cf. Supporting Information S3
and Figure S3. A side wall with negative slope better isolates
the liquid alloy on the substrate from that on the mask than
what the arc shaped side wall does. Furthermore, such features
could be used to mold channels with cross-section of
trapezoidal or round walls, which in micrometer scale often
is difficult to obtain.
To conformally attach to substrates, the mask should be kept

flexible enough. If the mask is too thick, it becomes too stiff to
transfer or delaminate, which leads to low quality liquid alloy
pattern. In this work, at 72% shrinkage it was 210 μm thick,
which was the limit for us before it became too thick and too
rigid for a good mask. Therefore, the initial thickness should be
considered with the shrink ratio before processing.
In practice, by choosing different shrink films, its features

can be adjusted for specific purposes, e.g., thickness, uniaxial or

Figure 4. Shrunken PE masks and their respective sensors. The scale bars mark 5 mm. (a) Shrunken PE mask and deposited strain sensor, the inset
is the partial micrograph of the circuit. (b) The resistance change of the strain sensor versus time. (c) A spiral tactile sensor (middle) deposited by a
mask (top) shrunk from native circular-spiral (the inset is partial micrograph of the circuit), and (d) its response to different maximum pressures
(35, 50, and 63 kPa), solid line and dashed line are loading and releasing of pressure. (e) Cylindrically curved mask (right), formed on a curved
steel sheet (left). (f) A hemispherical spiral mask formed on a steel hemisphere and its deposited circuit on a PDMS hemisphere.
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biaxial shrinking direction, and shrinkage ratio. Among them,
shrinking mode is a decisive feature. It determines the basic
pattern traction modes and hence the final pattern after
shrinking. A proper selection will not only enable new patterns
difficult to obtain from the cutting plotter (Figure 2f) but also
reduce the risk of damaging the mask during the shrinking. For
example, a strain sensor usually only requires high resolution in
one direction, so a uniaxial shrink film was selected to avoid
the shrinking movement in other direction. One advantage is
that the thickness increase of a uniaxial shrunk mask is half of
that of a biaxial, which provides higher flexibility. Meanwhile, a
tactile sensor requires high resolution in all directions in the
plane. Hence, a biaxial shrink film was used for this purpose, as
shown in Figure 2f (it shrunk about 44% in one direction and
36% orthogonally to that).
Also, it is possible to tune the thickness by controlling

temperature and time during the shrinking process. Figure 3d
describes the relation between the time and shrinkage at a set
temperature (140 °C) in the oven. Initially, there was a small
expansion due to thermal expansion. After that, the shrinking
occurred exponentially with time. In this period, we observed
that nearly all stored pre-stress was released. Due to the
thermal inertia, contracting still continued after taking the film
out from the oven, and the final shrink ratio of the cooled
sample was measured to assist in controlling the thickness,
Figure 3e. It showed that the relation of shrinkage versus time
and temperature, and the final shrink ratio was primarily
determined by temperature. With increasing temperature, the
final shrink ratio became higher until it stabilized at 145 °C. In
our process, the total shrinking time is different because of
different coverage conditions (Supporting Information S4) but
the major shrinking processes are done in about 1 min.
To investigate the precision of the mask, Figure 3f presents

the width average and standard deviation of several channels
from the mask. The variations were partly caused by weak
adhesion of Release 200, which led to a slip in transferring or
shrinking. This phenomenon is increased by a high aspect ratio
of the pattern. As shown in Figure 2d, the rightmost cross-
section is 60 μm in width and 210 μm in height, having an
aspect ratio of 3.5, which may cause falling of the PE lines
during the shrinking process. The roughness of surface may
have contributed to this failure mechanism. Figure 3g exhibits
the morphology and roughness before and after shrinkage,
where many micropits on the PE film surface disappeared after
shrinking, and the area roughness was reduced from 8 to 3 μm.
The morphology change may be a reason for the slight
waggling of the upper layer of the PE film, which in turn may
have induced a variation of the side wall inclination.
Figure 4a displays a packaged strain sensor that was

patterned by this technique. The original width of pattern
was 200 μm, and it was improved to about 100 μm after
uniaxial shrinkage. The performance of resistive response to
stretching is shown in Figure 4b. A slightly elliptical spiral
circuit was also deposited, Figure 4c, using a uniaxial shrink
film from a circular spiral cutter plotter pattern, and the
resistance change versus different loading and releasing
pressure was measured by a digital multimeter (Figure 4d),
demonstrating a rudimentary tactile sensor. Due to the
hysteresis of the elastomer, the releasing process showed a
noticeable hysteresis. The hysteresis was varied with different
maximum pressure and compression rates.10

Finally, to further explore the potential of this technique in
masking, a cylindrical conformal mask was fabricated from an

original planar pattern on PE film, Figure 4e. It was then
conformally shaped by pressurizing with a cylindrical steel
sheet. Moreover, the spatial mask in Figure 4f was fabricated
with a slightly modified process (Supporting Information S5
and Figure S4). The whole structure was entirely wrapped by
another layer of PE film, which generated an even force to
push the mask shrinking toward the surface of the steel
hemisphere. Along with this spatial mask, a spiral circuit was
deposited on a PDMS hemisphere. In the future, by
establishing a platform that could uniformly add pneumatic
or hydraulic pressure to the film surface, with a sufficient
flexibility it should be possible to fabricate conformal masks for
more complex surfaces.

3. SUMMARY
By introducing a thermal shrink polymer film, this technique
provides a facile way to fabricate a mask with tunable
resolution and shape. With proper tuning, it can achieve a
relatively high-resolution of mask from an initial mechanically
produced low-resolution, which is a universal tool in micro-
patterning. The sandwiched structure, consisting of a double
layer films and interface design, that enables a final high-quality
mask, has been studied experimentally and numerically.
Moreover, with the characteristic of shrink polymer material,
adjustable parameters like shrink ratio and anisotropy, and
heating time and temperature, have been analyzed to better
tune the resolution and shape of a mask. Finally, a few sensors,
and hemispherically and cylindrically conformal masks, have
been fabricated to demonstrate the capability of this technique.

4. EXPERIMENTAL SECTION
4.1. Fabrication of Shrunk Mask. A layer of PDMS (Sylgard

184, Dow Corning; 10:1 base-to-curing agent) was poured on a PET
foil (100 μm thick) and flattened by an applicator (50 μm). After
curing in an oven (UF55, Memmert, Germany) at 75 °C for about 5
min, a PE shrink film (60 μm) was smoothly attached on the PDMS
surface, and bubbles were removed with a plastic scraper.

With a stiffer but flexible support of the PET foil, the PE film was
patterned by a commercial mechanical cutting plotter (CE6000-40,
GRAPHTEC). After creating the mask pattern by removing the
unwanted PE material, a thin layer of the agent Release 200 (Smooth-
On, United States) was sprayed on this original mask. After that, an
unpatterned PE film was attached to the surface with the same shrink
direction. Both layers were together gently peeled off the PDMS and
placed onto a flat aluminum plate (1 mm in thickness) with a thin
layer of silicone oil in-between. After being moved into a closed glass
container, the plate with its double layer PE films was moved into an
oven (DHG-9023A, Bluepard) at 140 °C for about 10 min (prior to
that, the oven platform should be precisely levelled). Finally, after
taking the plate out of the oven and cooling it to room temperature, a
shrunk mask was obtained.

4.2. Liquid Alloy Patterning. After cleaning, the mask was
transferred onto a semi-cured PDMS surface for depositing. The
gallium-based liquid alloy Galinstan (68.5% Ga, 21.5% In, 10% Sn,
Gerather Medical AG, Germany) was atomized and sprayed on the
mask by a manual airbrush (Meectools, Jula, Sweden) coupled to a
pressure regulator (ML-5000XII, Musashi, Japan). After peeling off
the mask from the substrate with its liquid alloy, the circuit was
patterned. Copper foil electrodes were brought into contact with the
liquid alloy to interconnect with an external circuit. The final circuit or
sensor was encapsulated by pouring over and curing another layer of
PDMS thereon.

4.3. Characterization of the Mask and Demonstration. The
micrographs were taken by an optical microscope (BA310MET-T,
Motic, China) with a CCD camera, and the dimension of width and
space was measured by a standard scale. In Figure 3d, the curve was
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drawn by measuring the distance of two parallel lines on PE film at
140 °C extracted by a MatLab program from a video of a shrinking
process (Supporting Information S6 and Figure S5). To test the
performance of the strain sensor, its two ends were fixated on a
dynamic tensile system (E1000, Instron, United States). During
stretching and releasing of this system, the resistance change of the
sensor was recorded by a Data Acquisition/Switch Unit (34972A,
KeySight Technologies, United States). The point pressure when
testing the tactile sensor was provided by a stepper motor and
quantified by a manometer. The roughness of the surface was
acquired using a digital microscope (DSX510, OLYMPUS, Japan).
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