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hin PDMS film with complex liquid
metal electrodes embedded and its application as
skin sensors

Zi Ye,ab Qian Li,ab Renchang Zhang,ab Pan Zhangab and Lin Gui *ab

This research work reports an approach for the fabrication of liquid metal patterned thin films. By using this

method, very complex liquid metal electrodes can be successfully integrated into a thin PDMS film with

a thickness as low as 119 mm. The high resolution of the microelectrode channel is achieved by soft

lithography technology. The relatively-thin electrode structure is developed with the assistance of the

reversible PC membrane bonding technique that we reported earlier. Femtosecond laser drilling is

applied in this work to drill small holes at the channel ends, allowing the air to escape during the filling of

liquid metal and making the blind-end liquid metal electrode structure possible. In this work, the

fabrication process with some key procedures involved is introduced for developing a microelectrode.

Further, a wearable strain sensor is designed with the fabricated microelectrode to show its potential to

be used in flexible electronics.
Introduction

Electrodes are the most essential components in microuidic
chips, and in many cases, the exibility of the microelectrode
has become a requirement in microuidics,1 and applications,
such as wearable sensing,2 exible electronics,3 or as part of so
robotics,4 consist of a substrate and channels. Flexible elec-
trodes in microuidics are either simply used to conduct
current or transmit electrical information,5 or on more
complicated occasions used as part of exible sensors and
sometimes even as sensing elements themselves.6,7 To conduct
electrical signals, these exible microelectrodes are developed
with different designs and structures to t as the main
components in microuidics chips. Therefore, the resolution
and precision of these electrodes should be similar to or even
higher than the designed microchannel or microstructures. For
those sensors where microelectrodes are directly employed as
sensing components or those used in exible sensors, the
sensing environment may require extra functionality of micro-
electrodes. For example, the electrodes used in the development
of strain sensors should be stretchable.

The exibility of material usually gets larger with smaller
thickness and therefore, one approach to fabricate exible
microelectrodes is to make electrode material thin enough.
Microelectrodes based on the solid form of metal or metallic
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compounds are usually made exible through this approach.8–11

The advantages of these microelectrodes are high electrical
conductivity, a simple fabrication process, and ultra-thin
structures. However, the usual fabrication process of this type
of electrode includes screen-printing12 or an approach called
‘cut-and-paste’.9 The resolution of both these two approaches is
limited (mm scale12 and 600 mm (ref. 9) resolution, respectively)
compared with more detailed fabrication processes like so
lithography and also, because the normally seen resolution in
the microuidic channel is around tens to a few hundred
microns, the size of the electrodes is found to be too large to be
used in microuidics. Besides, these metal and metallic
compounds are usually not very stretchable. Also, to increase
the robustness during stretching, very complicated electrode
structures are usually designed which makes the electrode size
even larger.8,13 Room-temperature liquid metal, on the other
hand, is naturally exible, easy to form, has good stretching
resistance, and is another popular material for the fabrication
of exible microelectrodes.14 However, to shape metal that
exists in the liquid state, structures such as microchannels,7,15,16

a printingmask,17,18 a transfer mask,19 or stickers are required to
perform transfer printing or direct writing20 to pattern liquid
metal as microelectrodes. Masking approaches are usually
employed in the printing-related fabrication of liquid metal
microelectrodes where liquid metal is injected or transferred on
somaterial like thin polymer lms, a high-surface-energy gold
layer, paper, or PMA glue. Inmost cases, the mask used to shape
liquid metal is fabricated by a printing device, hence, the
resolution of this approach is limited to 50 mm, relatively low
compared to photolithography or so lithography, whose
resolution is determined by high-resolution mask and
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra09394k&domain=pdf&date_stamp=2022-03-14
http://orcid.org/0000-0002-8015-0791
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra09394k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012014


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
on

 4
/6

/2
02

6 
11

:4
7:

51
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
photoresist, like in cases,19 a high resolution of 1.3 mm is
reached using a photolithography process. In some studies
involving injecting or transferring liquid metal patterns, liquid
metal electrodes are not sealed aer molding, leading to easy
damage limiting their practical applications; while in other
studies, liquid metal electrodes are sealed with some elasto-
mers,17,21 leading to a thicker structure (about 300 mm) and
limiting the exibility of whole structure. When printing liquid
metal into a tiny structure, like a thin line, the radius of
curvature at line edges is small; however, due to the large
surface tension of liquid metal, it might be hard for free liquid
metal to remain a structure with large curvature radius, and the
tiny line tends to shrink into a larger ball. In this case, it is hard
to fabricate a high-resolution liquid metal structure with
printing. Compared to printing, microchannel could be fabri-
cated with so lithography or other high resolution fabrication
process. Hence, a higher resolution (less than 3 mm (ref. 22)) for
developing microelectrodes can be achieved. The most
commonly used somaterials for fabricatingmicrochannels for
liquid metal electrodes are PDMS and eco-ex. A thinner
microchannel structure is usually introduced in this type to
guarantee the exibility of whole microelectrodes. Some studies
dealing with the fabrication of liquid-metal-based microelec-
trodes focus more on the channel or electrode structure which
reported a common structure having a thickness of 2–3 mm is
guaranteed to provide basic exibility and stretchability.6,23

However, for designs that require more exibility like wearable
sensors or more complex applications like articial skin,
a thickness of around 200–700 mm is generally reached.7,24 In
most applications of this type of exible microelectrodes, the
microchips are tied or stuck, or simply put on the skin.
However, Zheng et al.25 have proven that sensors with very thin
PDMS lm structures have much higher conformability and
adhesion ability with skin compared to thick structures,
substantiating that thin structures could be an advantage for
liquid-metal-based microelectrodes.

To guarantee the resolution of several tens of microns of
liquid-metal-based microelectrodes inside microchannels, the
so lithography technique is a good choice. Here, the challenge
is to separate the thin exible structure like solidied PDMS
structure and so lithography fabricated molds from the silicon
wafer or glass. The adhesion force between molds and exible
material can lead to the breakage or deformation of exible
electrode structures while removing them. This process becomes
even harder when large-area microchannel structures are
involved. One way to avoid damage to microchannels is to attach
a thick or hard sacricial layer to the thinmold before peeling off
where the bonding force should be larger than the stick force
between the material and the mold. In this way, the thin molded
structure can be fully peeled off without deformation. The
bonding with the hard substrate must be reversible too and the
removal process of this sacrice layer should be easy enough not
to destroy the channel structure. Recently, Hong et al.26 have
proposed a reversible bonding procedure between PCmembrane
and PDMS. Aer plasma treating, the PC membrane and PDMS
could be bonded temporarily, until they are treated with water.
The bonding force between these twomaterials is large enough to
© 2022 The Author(s). Published by the Royal Society of Chemistry
peel PDMS from silicon wafer and also, the PC membrane can be
freely released from the PDMS structure when comes in contact
with water. In the present work, the advantage of this reversible
bonding procedure to fabricate a thin liquid-meta-based micro-
electrode channel is used.

Aer molding of liquid-metal-based microelectrode channel,
the next step is to ll liquid metal into thin channels. In most
studies done, liquid metal is lled into designed channels by
a syringe, and thus, an inlet and outlet are needed in micro-
electrodes.27,28 So lithography guarantees the resolution of
a microelectrode in mm scale, while the scale of inlets and
outlets (usually in mm scale) are much larger than channel size.
In this context, blind-end design is thought to be an alternative
approach. However, even though PDMS is a little gas-
permeable, lling the whole blind-end channel could be diffi-
cult, especially when the structure is thin. Many reports dealt
with the attempt to ll liquid metal into blind-end channels,
like porous-enabled29 or vacuum lling.30 Adequate chip thick-
ness is required for vacuum lling restricting its exibility. Also,
the complicated and long-lasting fabrication process exists in
the lling process of the porous membrane. For completely
lling, the blind-end channel with liquid metal, providing an
outlet large enough for air to escape but small enough for the
liquid metal to ow can serve the purpose, similar to the
designs proposed in,29,31 for which femtosecond laser ablation
or drilling approach would help. The femtosecond laser has
been a useable approach in microchannel fabrication with high
resolution.32 The drilling or ablation depth of femtosecond on
commonly used microchannel materials such as PMMA, glass,
or PDMS is several tens of microns33–35 which is enough to drill
a thin mold to make a vent hole at the channel end. The drilled
holes on PDMS can be controlled to tens of microns in diam-
eter.35 While lling GaIn (liquid metal) as an electrode in
microchannels, they would not ow through small holes due to
its large surface tension. The application of femtosecond laser
drilling makes it possible to design with larger area or multiple
ends, and higher resolution, blind-end, and relatively thin
liquid-metal based microelectrodes. For example, a comb-sha-
ped channel similar to the one shown in Fig. 1(e) is a commonly
seen channel structure used as capacity sensors; however, the
‘comb’ has many channel ends and only one channel inlet.
Without a proper approach to release air inside channels, it is
not easy to ll this type of channel completely. In this case,
a femtosecond laser drilling design would work well.

In this work, an approach for fabricating thin liquid-metal-
based microelectrodes with a reversible PC-bonding technique
is introduced and is shown in Fig. 1(a). By applying the femto-
second laser to the thin membrane, a blind-end design for
liquid metal becomes feasible. The whole structure is highly
exible (Fig. 1(b)), and the whole thickness of the sealed
microelectrode is 119 micron (Fig. 1(c)). The microelectrode is
highly exible and could be easily folded at least twice
(Fig. 1(d)), and shows a good stretchability (Fig. 1(e)). In this
paper, the detailed fabrication process of the whole structure is
introduced. The different drilling parameters of femtosecond
laser on the PDMS membrane are tested and show several
complicated structures achieved by this technique. Finally,
RSC Adv., 2022, 12, 8290–8299 | 8291
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Fig. 1 Fabricated microelectrode and its properties. (a) A thin liquid-metal-based flexible microelectrode; (b) side view and flexibility of the
microelectrode (left and middle) and thickness comparison with an A4 paper (right); (c) thickness measurement under a microscope; (d) the
flexible microelectrode be folded twice; (e) stretchability of microelectrode.
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a comb-shaped strain capacitor sensor is designed, fabricated,
and tested for its wearable nger movement sensing behavior.

Material and methods

Here, the materials, machines involved, and fabrication process
for developing thin PDMSmicrochannel structures are detailed.
The materials used in this study include PDMS (Sylgard 184
silicone elastomer kit, DowCorning), PC membrane (Qinglai
company, Guangzhou, China), Ga75.5In24.5 as a liquid metal
alloy that has a melting point of 15.5 �C, and photoresist (SU8-
2050, MicroChem). The machines employed for the fabrication
process of microelectrode include plasma treatment machine
(Yanzhao Technology, Tangshan, China) and femtosecond laser
ablation beam machine (developed by Laboratory of Organic
Nanophotonics and Key Laboratory of Photochemical Conven-
tion and Functional Materials, Technical Institute of Physics
and Chemistry) same as the one used in the literature.36 The
instruments involved for experimental procedures and data
collection include a camera (EOS 90D, Canon), microscope (Z1,
Zeiss Observer, Oberkochen, Germany), and LCR instrument to
test the capacity of the wearable sensor (TH2817B, Tongji,
Chang Zhou, China).

The schematic for the fabrication process ow of thin
microelectrode is shown in Fig. 2(a). A complete microelectrode
includes two layers i.e., a channel layer and a sealing layer. At
rst, the channel layer used to shape liquid metal in the
microelectrode is fabricated by spin coating PDMS on a silicon
8292 | RSC Adv., 2022, 12, 8290–8299
wafer that has a pre-fabricated photoresist mold. Themold used
here is 31 mm high, over which the PDMS (10 : 1 ratio) is spin
coating at 1000 rpm for 65 s. Aer the spin coating process, the
PDMS shows a thickness of 69 mm. Then, the coated wafer is
baked at 75 �C for 2 hours to cure the PDMS completely. A piece
of PC membrane with a thickness of 0.15 mm and an area large
enough to cover the whole mold structure is oxygen plasma-
bonded to the upper surface of the cured PDMS, aer which
a 10 minutes 95 �C baking is performed to further enhance the
bonding strength. The PC and PDMS layers are then peeled off
from the silicon wafer together. Owing to the support provided
by the PC membrane, the molded thin PDMS structure is not
subjected to deformation or breakage while peeling off. The
inlets to insert liquid metal of microelectrode are made with
a 1.2 mm-diameter puncher. Thus, the preparation of the
channel layer of microelectrode is completed.

The sealing layer is used to seal the channel structure beneath
the channel layer for which an empty PDMS membrane can be
used. PDMS (10 : 1 ratio) is spin-coated on an empty silicon wafer
with a speed of 2000 rpm for 65 s and baked at 75 �C for 2 hours.
The spin-coated PDMS lm has a thickness of 50 mm.

Aer the preparation of two different layers of microelec-
trodes, the next step is to attach the channel and sealing layer
through bonding with the help of standard oxygen plasma
treatment. Then all layers are peeled i.e., PC membrane, the
channel layer, and sealing layer all together from the wafer. The
support facilitated by the PC membrane makes this procedure
feasible and keeps the structure intact. The laser ablation
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Fabrication process and the result of the microelectrode. (a) Schematic of the microelectrode fabrication process; (b) a photo of
fabricated microelectrode; (c) schematic of laser drilling process during fabrication; (d) laser-drilled hole inside the microchannel.
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technique is used to drill a tiny hole at each blind-end of the
channel which is discussed in detail in the upcoming section.
The hole is drilled to the sealing layer i.e., the one without PC
membrane. To maintain the stability of the femtosecond laser
system, the whole laser ablation process is done in a room with
constant temperature (22 �C) and humidity (45%). The laser
spot size we used in this process, is 400–500 nm.

Aer laser ablation, the fabrication of the microelectrode
structure is nished. The next step is to ll the liquid metal into
the channel. GaIn liquid metal is chosen to inject into the
channel structure directly by a syringe. However, as the structure
is thin having a channel inlet height of only 42 mm, it is too thin
for the syringe needle to stick stable enough to ll liquid metal
inside the channel. Therefore, a thick-inlet is developed over the
channel inlet for which a small PDMS block having a thickness
larger than 1 mm is punched with a 2.0 mm diameter hole (large
enough to support the syringe needle) and is bonded over the top
PC membrane of thin microelectrode structure, making sure the
larger hole fully covers the smaller channel inlet. The hole
diameter of this thick block (2.0 mm) is designed larger than the
inlet hole of the microchannel (1.2 mm) to simplify the aligning
process. In the presence of thick PDMS block at channel inlet,
liquidmetal can be easily injected to formmicroelectrode. Due to
large surface tension, the liquid metal would not ow through
the small hole on the blind-end side of the channel but air would,
and hence, liquid metal will be able to ll the whole micro-
channel. Aer injection, the PC membrane is removed from
PDMS by the water treatment process presented in ref. 26, and
© 2022 The Author(s). Published by the Royal Society of Chemistry
therefore, both the PDMS block and PC membrane detach from
thin PDMS microelectrode. The nal step is to place a drop of
liquid metal over the channel inlet and a thin copper wire is
made to contact with the liquid metal droplet. This step ensures
the connection between the copper wire and the inner liquid
metal electrode. The electrode inlet and liquid metal drop are
then sealed with fast-drying UV glue. The nal structure of
different channel designs is shown in Fig. 2(b).

The laser drilling process is an important step in the design
of microelectrode. A facile schematic representation of the laser
ablation/drilling process is shown in Fig. 2(c). Aer placing the
sample on an XYZ stage, the focal length and the drilling
position are adjusted by changing the sample XYZ stage posi-
tion while observing through a computer. For drilling, the
femtosecond laser beam is then emitted at the drilling position.
In the present research work, the effect of different drilling
periods is studied, and nally, optimized a reasonable emission
time of 2ms. The results concerning a detailed parametric study
are discussed in the later section. The energy of the laser beam
used for the present research is 295–330 mW. Fig. 2(d) shows
a drilled hole inside the microchannel. The hole diameter is
25.96 mm and the drilling energy used is 307 mW.

Results
(a) Basic properties of this microelectrode

In the present work, a fabrication approach assisted with the
femtosecond laser ablation technique for developing thin
RSC Adv., 2022, 12, 8290–8299 | 8293
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liquid-metal-based microelectrode is proposed. Optical images
of developed thin microelectrode are shown in Fig. 1. Fig. 1(a)
displays a blind-end comb microelectrode fabricated using the
approach mentioned above. The fabricated system comprises
a pair of electrodes, each of which has 3 side channels. The
channel width obtained is 80 mm. While the system is lied by
a tweezer and seen from a side view, the microelectrode is found
to be very thin with a high degree of exibility and the thickness
can be compared to that of one piece of A4 paper (Fig. 1(b)). The
accurate thickness of this thin microelectrode is elucidated
through the microscope (Fig. 1(c)) and the whole thickness of
this microchannel structure is 119 mm with a 50 mm sealing
layer and 69 mm channel layer. The channel height is 27 mm and
the membrane above the channel is 42 mm thick with similar
thickness to the sealing layer beneath the channel which
provides enough protection to the molded liquid metal struc-
ture inside. Due to the liquid nature of liquid metal and the thin
dimension of PDMS molds, the whole microelectrode has high
exibility and is so enough to be folded at least twice
(Fig. 1(d)). The high exibility possessed by the microelectrode
can be utilized in most applications related to so electronics.
Apart from exibility, the thin microelectrode could be able to
stretch over 1.7 times as shown in Fig. 1(e) which shows its
potential to be used in the development of strain sensors or
devices working under a high strain environment.
(b) Parametric study of laser ablation time effects on hole size
on the PDMS

The laser ablation technique is employed for making a hole in
the blind-end to make it possible for the liquid metal injection
inside the thin channels. To test the ability of the laser ablation
technique to puncture the PDMS membrane, experiments are
Fig. 3 Experimental result and analysis of different laser drilling times o
a microscope; (b) extracted and numbered holes; (c) statistical result of la
thickness; figure legend represents different PDMS membrane thicknes
a microscope. Scale bars in (a), (b) and (d) represents 5 mm.

8294 | RSC Adv., 2022, 12, 8290–8299
carried out with different membrane thicknesses ranging from
15 mm to 52 mmwith different ablation times ranging from 1ms
to 1000 ms. The experiments are performed to elucidate the
responses like whether the laser could drill through the PDMS
membrane and how large the hole is. 7 different membrane
thicknesses are used with 28 sets of ablation time (1–10 ms
ranging by 1 ms, 20–100 ms ranging by 10 ms, and 200–1000 ms
ranging by 100 ms) and therefore, 196 groups of experiments
are performed. For each set of parameters, three holes are
drilled and the nal hole size is the average size of three holes.
All the experiments are performed with an ablation energy of
330–331 mW. Aer each experiment, the drilled membrane is
observed under a microscope and taken photographic images.

The ablation results and statistical analysis of the laser
ablation process with different parameters are shown in Fig. 3.
Fig. 3(a) shows the result of one ablation test. The ablation
parameters set for obtaining this result are a 15 mm thick
membrane, 331mW laser energy, and 400–700ms ablation time
from le to right.

The hole size obtained for each set of ablation parameters is
calculated. At rst, the hole areas are segmented and repainted
with black color as the one shown in Fig. 3(b). Then the holes
are extracted and their boundaries are found. Because there is
more than one hole in each image, holes are numbered from
top to bottom and from le to right. The size of each hole is
then calculated, averaged, and summarized in Fig. 3(c). Lines
having different colors represent test results for different
membrane thicknesses. As inferred from the gure, while the
drilling time is within the range of 1–10 ms, not much differ-
ence in the hole size is seen. This might be because the 1 ms
difference in drilling time is too small to see the difference.
With the drilling time ranging from 20–100 ms, the hole size
increases with the increase in drilling time. Higher drilling time
n PDMS membrane. (a) Photo of patterned laser-drilled holes under
ser-drilled hole sizes at different drilling times and different membrane
s, and the unit is mm; (d) side view of the long-time drilled hole under

© 2022 The Author(s). Published by the Royal Society of Chemistry
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i.e., more than 100 ms doesn't show much difference in hole
size. A slight decrease of hole size is observed at 15 and 19 mm
membrane thickness aer 100 ms drilling time. This might be
because the PC membrane under different drilling positions is
slightly different, leading to different focal lengths at different
drilling positions. However, the hole sizes are relatively stable
compared with hole sizes under 100 ms drilling time.
Membrane thickness of PDMS also affects the hole size where
thinner membrane leads to larger hole size, especially con-
cerning longer drilling time. However, with drilling time less
than 10 ms, hole sizes don't show much difference with
different membrane thicknesses.

Except for the drilling procedure at different drilling times,
the present experiment also proves that PDMS membrane
having a thickness less than 52 mm can be successfully drilled
with 1 ms drilling time at 330 mW, and the drilling area does
not change much with drilling time ranging from 1 to 10 ms.

The goal of using laser drilling for developing thin liquid
metal microelectrode is to make blind-end design possible and
also, it is designed in such a way that the liquid metal should
not go through the drilled hole. Therefore, a smaller hole is
expected in this design where the air can ow but not the liquid
metal. According to the statistical results shown in Fig. 3(c), the
hole size when drilled over 100 ms is 1–2 times larger than 1–10
ms drilled holes. So, in the following experiments, 1 ms or 2 ms
is used as drilling time to avoid excessive drilling.

Apart from the short-time drilling ability, laser ablation on
thick PDMS block with longer emission time is also tested.
Fig. 3(d) shows the side view of the laser-ablated hole on a thick
PDMS block with 20 s emission time and 330 mW emission
energy. The achieved hole depth is 312 mm. This indicates that
the laser drilling approach has the potential to make a drill in
the thicker PDMS membrane or structure.
(c) Drilling position effects on liquid metal lling

The effectivity of the chosen parameter for laser drilling PDMS
membrane is being proven in the present investigation. The next
step towards the thin liquid metal microelectrode is to nd
a proper drilling position to make it easy for the liquid metal to
Fig. 4 Experiment process and the result of laser drilling position. (a) Sc
liquid metal filling result of two different drilling position: position 2 (top
position and liquid metal filling result at different channel widths; error b
different channel width, and the unit is mm.

© 2022 The Author(s). Published by the Royal Society of Chemistry
ll the whole channel. Considering the compression of air in the
channel, a hole at the end of the channel, might be the most
effective approach. Here, an experiment is conducted to illustrate
the inuence of the drilling position on liquid metal lling.

To conduct this experiment, a single microchannel with
a length of 15.5 cm and 20 mm thick sealing layer is used. The
channel has only one inlet and no outlet. Channel width is one
of the parameters that need to be optimized for which 5 samples
with different channel widths are prepared i.e., 100 to 500 mm,
ranging by 100 mm. The whole channel has 20 turns, and the
turnings are labeled one aer the other. Overall, there are 10
labeled positions, as shown in Fig. 4(a). The last label is at the
end of the channel. The distance between labeled positions to
the inlet of the channel is 1.5 cm to 15.5 cm, increasing by
1.5 cm between the rst 9 positions, and 2 cm between posi-
tions 9 and 10.

During the experiment, the femtosecond laser is used to drill
at one of the 10 labeled positions. The laser energy used here is
307–309 mW. Each channel is drilled only with one hole. Then,
the liquid metal is tried to ll from the inlet of the channel to
check how long it would go inside the channel before being
blocked. The lling is done with a syringe. Channel width is also
an important parameter that inuences the liquid metal lling.
Therefore, 5 different widths for each drilling label are tested,
and hence, 50 different chips are tested overall.

The furthest position liquid metal reaches in each test group
is recorded and summarized. Fig. 4(b) shows the photographs of
two different lling results. Here, the channel width is 200 mm
where the drilling position is position 2 and position 10 in the top
and bottom gure, respectively. Results depict that in the top
gure of Fig. 4(b), liquid metal goes only until position 7.5
whereas, in the bottom gure, liquid metal lls the whole
channel successfully. To optimize the lling condition, the length
between the furthest position liquid metal reaches, and channel
ends in each channel are recorded, where the furthest position
indicates that liquid metal reaches before the membrane
beneath the channel breaks. For example: in the channel shown
in Fig. 4(b), the recorded position is 2.5 for the top image and
0 for the bottom image. For a simpler description, we describe
hematic representing the laser drilling position through numbering; (b)
image) and position 10 (bottom image); (c) statistical result of drilling
ar indicates the standard error at each point; figure legend represents
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the recorded position as marker ‘L(stop)’ in Fig. 4(c). Hence, the
smaller the recorded position is, the better and further liquid
metal lls the channels. The experiment is conducted three times
for each channel length and drilling position, and the averaged
L(stop) is calculated and recorded for each condition. Results
obtained for all the 150 chips are summarized in Fig. 4(c) where
the x-axis represents the drilling position and the y-axis is L(stop),
and the error bar indicates the standard error at each data point.
Five colored lines represent different channel widths used in the
present study. Results show that when the drilling position is
nearer to the end of the whole channel, the liquid metal goes
further inside the channel. When drilling is done at position 10
i.e., the end of the channel, liquid metal lls the channel for all
the ve-channel widths. The inuence of channel width con-
cerning lling difficulty can be concluded as it is easier to ll
a wider channel than a thinner channel. Therefore, while using
the above process to make blind-end channels, it is enough to
drill only one hole at the end of each channel to ensure the
complete lling of liquid metal for the microelectrode. The goal
for drilling holes in channels is to nd an exit for air when we ll
liquid metal in; it might be easier and faster for air to ow out if
extra holes are drilled at themiddle of the position of channels to
ensure liquid metal lling but from the current study, it is not
necessary.
Fig. 5 Photographs of some complicated microelectrodes. Red dots rep
(b) wheel design with four-channel ends and its detailed optical image; (c
bifurcation design and its detailed optical image; (e) large-area design an
branches and channel ends; (g) thin snow-like design with multiple branc
500 mm.

8296 | RSC Adv., 2022, 12, 8290–8299
Except for the drilling position, it might be a wonder how
hole size affects the liquid lling process. From our experiment,
we nd that hole size has little inuence on liquid metal lling.
We ll liquid metal into channels, same as the ones used in
Fig. 4, with different hole sizes, whose drilling times are 1 ms,
10 ms, 100 ms, and 1000 ms, respectively. Liquid metal is
successfully lled into all these channels. The hole sizes are
different in each group; however, liquid metal lling results are
the same.
(d) Complicated microelectrode structures

Fig. 5 shows photographic images of some complicated
microelectrode structures fabricated using the blind-end laser
ablation technique. The microelectrodes shown in Fig. 5(a)–(f)
are smaller electrodes but are not thin structures. However,
Fig. 5(g) is a large-area, thin, and the most complicated micro-
electrode fabricated with a thickness of 119 mm. Here, the
sealing layer for both thick and thin structures is 50 mm. For all
the designs, there is only one inlet and there is no outlet. Small
holes are drilled by a femtosecond laser at each channel end.
The drilling position of each structure is marked with a small
red dot on each photograph as depicted in Fig. 5(a) where
a circle-ambulatory-plane antenna without branches. Here, the
resent the position of laser drilling in each subfigure. (a) round antenna;
) detailed and small structure design with eight-channel ends; (d) multi
d its detailed optical image; (f) complicated channel design with multi
hes. Scale bars with red lines represent 5 mm, and green lines represent

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Application of thin liquid metal-based flexible microelectrode as a wearable strain sensor. (a) A photo of the come shape sensor; (b)
measured capacitance at different finger positions.
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channel has one inlet at the outermost circle and one drilled
hole at the innermost circle position marked with a red dot. For
structures shown in Fig. 5(f) and (g), only a part of drilled
positions is marked. As the structures are symmetrical and have
lots of branches and channel ends, all unmarked ends are also
drilled symmetrically. In some designs, detailed structure
photos taken under a microscope are shown where the liquid
metal lls all channels well.

This section provides experimental conrmation about the
stability and effectiveness of the laser drilling process for liquid
metal electrode fabrication. The complicated and large struc-
ture shown in Fig. 5(g) is the design where laser ablation and
thin fabrication process are involved. This structure has only
one inlet in themiddle of the structure. Three branches are then
separated from the inlet hole and then, separated, again and
again, nally leading to the construction of a complicated
structure. The successful lling of liquid metal in the compli-
cated structures makes it possible to be used in the construction
of large-area, complicated, multi-branched, blind-end, and thin
liquid metal microelectrodes.
(e) Application of thin exible microelectrode: wearable stain
sensor testing nger movement

To test the performance of the fabricated thin microelectrode in
the realistic application, a capacitor strain sensor is developed
with the thin microelectrode fabrication approach proposed in
the present work. The sensor comprises a pair of comb-
structure microelectrode arrays with more than 10 branches
which are shown in Fig. 6(a).

The sensor is tested as a wearable sensor for detecting nger
movement. The sensor is worn on an index nger. Thanks to the
thin structure of this sensor, it could stick to the skin by static
electrical force, and no glue or other adherents are necessary.
The sensor stays on the nger steadily owing to its exibility and
small thickness. The test is performed by moving the nger
between two states i.e., straight and 90� as shown in the right
images of Fig. 6(b). In the meanwhile, the capacitance between
two electrodes is tested through an LCR instrument where the
capacitance is collected at 50 kHz, 1 V voltage, and 5 data points
per second.

The capacitance response of this wearable strain sensor is
shown in the le image of Fig. 6(b). With nger movement, the
© 2022 The Author(s). Published by the Royal Society of Chemistry
sensor is deformed and strained. Correspondingly, the capaci-
tance is changed between two different positions where the
higher one represents the straight state of the nger and the
lower capacitance represents 90�. This result indicates that the
fabricated sensor is capable of detecting nger states and can be
used as a wearable strain sensor. Moreover, this experiment
substantiated the potential and effectiveness of the fabricated
thin liquid metal microelectrodes for exible electronics and
wearable sensor applications owing to their high exibility. The
high degree of exibility is due to the use of liquid metal and
PDMS having relatively thin structures fabricated using the
reversible PC membrane bonding process.

Wearable strain sensor has been a popular subject in so
electronics. Different from most strain sensors that need large
structures like a glove, or adherents to x the sensor on the skin,
the stain sensor presented here could directly be xed on the
skin by statistical electric forces, and nish the sensing
approach. Due to the thin structure of this sensor, it could t
different skin shapes and gestures, like the bending movement
of the nger in Fig. 6. Besides, this application shows the
potential of the approach proposed here, to work as a wearable
sensor, to nd its position in so electronics and very thin
electrical devices.
Conclusions

In the present work, an approach for fabricating high resolu-
tion, thin (119 mm), and blind-end liquid metal microelectrodes
is proposed. The microelectrode is fabricated by injecting room
temperature liquid metal into thin PDMS channels. The high
resolution of the channels used to shape liquid metal is ach-
ieved by so lithography. The thin electrode structure is
developed with the assistance provided by the reversible PC
membrane bonding process developed in our lab.26 Even
though, there are several approaches reported for fabricating
blind-end liquid metal electrode, the fabrication process and
the thickness of the whole channel is found limited. In this
regard, the present work deals with the use of the laser ablation
technique to make small holes on the PDMS membrane that
make the fabrication of blind-end liquid metal electrodes
possible. The fabricated thin liquid metal electrode shows
a high degree of exibility that can withstand even aer several
RSC Adv., 2022, 12, 8290–8299 | 8297
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folding. Also, it has a high strain withstanding ability, and
hence, its potential for developing wearable sensors and exible
electronics is illustrated in the present work.

Flexible microelectrodes have been a hot study topic for
a long period, where liquid metal has been a commonly seen
electrode material. To shape liquid metal, numerous
researchers have mixed liquid metal with other particle mate-
rials or simply used liquid metal and dispersed them as nano-
particles using ultrasound for developing ink. The developed
ink is either printed,37 transferred,38 or written39 in the required
pattern with different approaches to form electrodes. Even
though some of these electrodes show high exibility, the
printing resolution or fabrication complicity exists with this
fabrication process. Microchannel has always been a good
choice to develop liquid metal-based microelectrodes for more
than 10 years. However, it is very difficult to fabricate a very thin
microchannel structure, and hence, the exibility of this type of
electrode is limited.6,7 In the present work, these limitations are
rectied and can fabricate liquid metal microelectrode with
a thin structure, high resolution, and a simple and low-cost
fabrication process. This approach is a new choice in the
development of exible microelectrode.

PDMS is a very common material that is used in exible
electronics. Its exibility is found better when the thickness is
small. To overcome the fragility of thin PDMS while removing
from its molds, in some previous reports, so membrane such
as soluble PVA membrane is used to assist in removing the
PDMS membrane from silicon wafer,40 where the thickness of
a single layer structure is 30 mm (in the present work, it is 69 mm
with higher microchannel) and the channel area is only 1 cm2 (9
cm2 in the present study). However, the PVA membrane is re-
ported to be very so, and therefore, during large-area fabrica-
tion, the so structures are deformed. Consequently, the
deformation also occurs to the PDMSmembrane. In the present
study, a PC membrane with a thickness of 1.5 mm is used. PC
membrane is chosen as it has appropriate exibility i.e., it is
hard enough to support the large thin PDMS structure while
peeling off and so enough to ease the peeling process. Aer
peeling off, the PC membrane removal procedure is even
simpler for thin structures. Once in contact with water, the PC
membrane is naturally released from PDMSwithout any applied
force, and hence, the deformation or break of thin PDMS
structure can be effectively avoided. For all the experimental set
of conditions, the PC membrane assisted thin PDMS structure
fabrication results in large and stable thin PDMS structures.

Blind-end design has always been an effective approach to
reduce the microchannel size and increase the degree of
freedom for channel design. In the present study, femtosecond
laser ablation progress is employed to develop the blind-end
design for liquid metal microelectrode fabrication. A hole is
drilled by the femtosecond laser at the very end of every elec-
trode channel and the average hole size made by laser ablation
is tested to be ranging from 1500–3000 mm2 for the membrane
having a thickness between 15 mm to 52 mm and the drilling
time between 1 ms to 1000 ms. Due to the large surface tension
of liquid metal, it doesn't ow through this hole at the pressure
used to ll it inside microchannels. The femtosecond laser has
8298 | RSC Adv., 2022, 12, 8290–8299
been widely used in the microchannel fabrication process, but
barely in liquid lling assistance. This new design is simple and
effective in blind-end liquid metal electrode fabrication.

So electrodes are a very essential component for developing
exible electronics. The fabricated microelectrode is tested as
a wearable nger movement sensor. Instead of using extra glue
or adherents, statistical electrical force is enough for the sensor
to x on skin. This application presented in the article is just
proof of the good performance or potential for this microelec-
trode to be used in real-time applications.

So far, there have been so many approaches to fabricate so
electronics, and none of them is perfect, so is this one. Even the
fabrication process of the microchannel is simple, it does need
a femtosecond laser to assist with the blind-end design.
Compared with the so lithography process, femtosecond laser
might not be that commonly seen, so it might be hard to nish
the whole process in some conditions. Moreover, because the
whole structure is fabricated with PDMS, and they are very thin,
the fabricated electrodes should be carefully preserved and
gently used to prevent them from damaging or breaking. In the
future, a tougher material could be expected.
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