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This research work reports a novel method to achieve fast liquid metal (LM) injection in blind-end
microchannels which is especially suitable for multi-layer microfluidic chips. This method is based on
a texture-like bonding technology. The texture-like fabricated on
a polydimethylsiloxane (PDMS) slab with standard soft-lithography technology and bonded with another
PDMS slab with microelectrode patterns on it. When injected with LM, the texture-like structure can

surface surface s

prevent the LM from entering but allows the air inside to be released during the injection to achieve
perfect blind-end complex LM electrodes. The experimental results show that it can achieve fast and
perfect LM injection in the blind-end pattern and can also prevent the large area of the flat chamber
from collapsing during bonding. We also parametrically studied the texture structure's size for bonding

strength between the texture structure and the blank PDMS surface. In addition, we integrate three
Recelved 6th July 2023 l f blind-end complex liquid metal patterns int lti-layer chip using this technology and
Accepted 4th August 2023 ayers of blind-end complex liquid metal patterns into one multi-layer chip using this technology an
later use this structure to realize series connection of two LM-based electroosmotic micropumps (EOP).

DOI: 10.1039/d3ra04497a Compared with the conventional LM-based EOP, the structure of the EOP chip was greatly simplified
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Introduction

In the early 1990s, research on the use of micro-electro-
mechanical systems (MEMS) to manipulate trace amounts of
liquid became the origin of microfluidics.” In the last two to
three decades, microfluidics has become a rapidly emerging
scientific field. It is characterized by manipulating many types
of fluids at the micrometer scale on a small chip. Therefore,
microfluidics is also known as “lab-on-a-chip” technology.” As
the main platform for microfluidics, microfluidic chips are
widely used in emerging multidisciplinary fields such as
biology,>® chemistry,” medicine,® electronics,”*® and
mechanics™** with their unique advantages of small operating
units, high integration, low material consumption, and short
running time. When using microfluidic chips for testing and
analysis, the use of electrical principles to achieve the chip
function is one of the most common means. There are two main
applications of such electrical-based microfluidic chips. One is
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and resulted in a higher level of integration.

the microfluidic-based sensor that converts the physical signal
to be measured (e.g., temperature, flow, pressure) into an elec-
trical signal (e.g., resistance, capacitance, current) by using
electrodes on the chip. The other is the micropump, where the
electrodes are used to drive the fluid flow inside the chip.

Because the electrodes are essential to electrical-based
microfluidic chips, the materials of electrodes are very impor-
tant. Room-temperature liquid metals (RTLMs), which exists in
liquid state at room temperature® is a new type of electrode
material and has appeared recently. Among them, gallium-
based alloys and bismuth-based alloys are most widely used
and studied. Some unique properties*** make them very suit-
able for applications in microfluidic chips. The lower viscosity
of LM'7*8 (about 1.99 x 10 Pa s, approximately only twice that
of water') allows it to be injected very easily into micro-
channels.?® The easy oxidation of the surface** help to generate
oxide skin for the LM and attach itself to the microchannel
walls.” It improves the stability of LM patterns in micro-
channels. In addition, its high electrical conductivity** (the
resistivity is approximately 29.4 x 10°° Q em ™" (ref. 23)) and
large surface tension make it possible to use LM as microelec-
trodes.* Such microfluidic chips with LM as electrodes have
been widely used in various fields such as micropumps,**>*>¢
heaters,?”*® sensors,?*' antennas,**** etc.

Currently, there are various ways to make LM microelectrode
patterns. Such as injection,*~*® direct writing,**** and lithog-
raphy enabled methods.***> Among these methods, direct
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injection is the most suitable method for microfluidic applica-
tions. In order for the LM to fill the entire microchannel, each
microchannel typically has at least one inlet and one outlet so
that the air in the microchannel can be removed during the
injection. However, redundant inlets or outlets often make the
design of microelectrode patterns unnecessarily complex,
resulting in larger chip sizes. In some cases, hole-drilling at the
end of the inlet or outlet require a minimum distance between
the inlet and outlet, making it impossible to design more
complex and compact microelectrode patterns.

In order to solve the above problems, how to realize the
injection of blind-end microelectrodes has become a hot topic
among scholars in related fields. Lin et al. realized the blind-
end microchannel injection of LM in polymer-based micro-
fluidic chips by vacuum filling method. This study is the first
one to break the “one inlet, one outlet” injection mode in
microfluidic chips, making blind-end injection possible.**

However, this method also has some drawbacks. Because
there is no absolute vacuum, when the pattern is too
complicated, small defects are usually inevitable. In addition,
to maintain the original chip shape and microchannel
structure in a high vacuum environment, the chip often needs
to have a certain thickness and rigidity. It hinders the devel-
opment trend of microfluidic chip flexibility and miniaturi-
zation. Guo et al. used the inherent permeability of PDMS to
achieve LM injection in the blind-end microchannels. A
constant and steady high pressure (>1600 mbar) is applied to
the inlet. The air is slowly expelled through PDMS while
pushing in LM.** However, such high pressure can easily
damage the microchannel when the chip is too thin, and air
may enter back to the channel slowly through the PDMS after
the high pressure is removed. This affects the results of LM
injection. Hong et al. discovered a method to achieve blind-
end injection using PC porous membranes. They found that
PC membrane and PDMS could be firmly bonded after plasma
treatment, and the permeability of PC membrane made it
possible to inject blind-end microchannels.*> However, the
bonding between the PC film and PDMS failed when water
was added to the interface between the PC film and PDMS.
This limits the use of this method to the injection of Bi-based
metals. Wang et al. designed and fabricated a porous sugar
membrane for PDMS. By bonding this new sugar membrane
to PDMS with a microstructure, every tiny pore in the sugar
membrane can be used for venting. This enables fast injection
of blind-end microchannels.** However, the production
process of sugar film is complicated and time-consuming.
The size and uniformity of the small pores in the membrane
cannot be effectively guaranteed either. The principle of
longitudinal air permeability makes it impossible to be used
in multilayer structures. Ye et al. used the laser ablation
technique to make a small hole in the blind end of the
microchannel, making it possible to inject LM without
leakage.*” However, this laser ablation technique is costly and
can be very expensive if used for mass production of micro-
fluidic chips and this technique is also not suitable for
multilayer structures. In this work, we propose a novel LM

patterning method for complex blind-end PDMS
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microchannels based on a microfluidics chip fabrication
process. This method creates a ventilated texture structure
directly on the PDMS. It allows the microfluidic channels to
be filled with LM in a few seconds and is simple to produce. In
addition, this structure has following advantages compared
with the previously stated methods: (1) this approach uses the
principle of lateral ventilation, making it possible to fabricate
multilayer blind-end structures. (2) Designable ventilation on
microfluidic chips can be achieved by designing the shape
and size of the texture structure, making chip fabrication
more flexible and designable. (3) The size of the liquid metal
pattern can be designed on any scale from micron to centi-
meter in the same chip without consideration of ceiling
collapse during the plasma bonding. Then, we parameterize
the bonding properties of texture structures with different
sizes.

Finally, we integrated three layers of blind-end complex
liquid metal patterns into one multi-layer chip using this
double-layer lithography technology and also used textures to
create a partially ventilated structure and use this structure to
realize series connection of two LM-based electroosmotic
micropumps in a highly integrated microfluidic chip. The
pump shows the prospects of this structure for future chip
miniaturization and integration.

Materials and methods

Fig. 1(a) shows the schematic for the fabrication process. First,
the SU8 (MicroChem, USA) moulds for the texture pattern (SUS-
2005) and microfluidic structures (SU8-2050) were fabricated on
the wafers using standard soft lithography processes.*® The
height of the texture pattern is only 5 pm in height, which will
prevent LM from entering the texture structure later. Then
PDMS (Sylgard 184 silicone elastomer kit, Dow Corning, USA)
fabricated by mixing the base solution with the curing agent in
a ratio of 10: 1 was poured onto the two SU8 moulds. The mass
of the PDMS used for moulding can be determined by the
required thickness of the chip. After the PDMS naturally spread
on the mould, the PDMS and wafers were placed on a hot plate
and baked at 75 °C for 2 h. Then, the cured PDMS slabs with
textured pattern and microfluidic structures were peeled off
from the wafer. After that, the two PDMS slabs were bonded face
to face after standard air plasma treatment. Finally, LM were
injected into the microfluidic structure easily without leaking
into the texture slab because the texture pattern is too shallow.
Fig. 1(b) shows the texture pattern under the microscope. Two
kinds of texture structures were designed. One is composed of
parallel straight ventilating microchannels and the other is
composed of small squares. The parallel straight micro-
channels are 20 um wide and spaced apart. The edge of the
small squares is also 20 um. Because of the low viscosity,
photoresist SU8-2005 was used to fabricate the texture pattern
structure with a mould height of only 5 pm and we had
a correspond reason for choosing 5 pm as the height of the
texture structure. The Young-Laplace equation for the liquid
metal-air interface at the microchannel of this chip can be
expressed as:*’
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Fig. 1
rectangles and small squares, respectively).

1 1
P=2 00—+ — 1
Y €08 047+ (1)

where P is the pressure drop required for injection, vy is the
surface tension coefficient of the LM (EGaln), and § is the
contact angle between the LM and surface of the channel wall.
W and H is the width and height of the microchannel in the
bottom texture structure layer, respectively. From the eqn (1), it
is clear that the smaller the height of the microchannels in the
textured structure, the larger the required infusion pressure P
and the more difficult it is for the liquid metal to enter the
microchannel in the texture structure layer. Therefore, we chose
a small height that is small enough to guarantee the integrity of
the lithographic structure, ie., 5 pm. The surface tension of
EGaln is known to be about 0.5 N m™%,* and we measured its
contact angle is about 145° on PDMS with texture structure (the
image of the contact angle is shown in Fig. S21). When the
microchannel width of the textured structure was 10 pm and the
height was 5 pum. The pressure drop required for injection is 246
kPa, which is essentially impossible to achieve during manual
injection.

When using texture structures, we cut off the ends around
the PDMS with texture structures before bonding the upper
micropattern so that all microchannel structures are unsealed
at both ends and directly connected to external atmospheric
environment and the air can escape directly to the environment
through these gaps when filling the liquid metal. In conclusion,

24230 | RSC Adv, 2023, 13, 24228-24236

(a) Texture structure and its chip fabrication process. (b) Schematic representation of two texture structures under the microscope. (Long

this shallow design ensures that it only allows air to escape
while preventing LM from leakage. The small square texture
design has a much larger ventilating area than the straight
channel design. These two texture structures can be chosen
according to the actual chip structure and the ventilation
requirements. The texture does not have to be spread all over
the surface during the application, but can also be designed as
needed. With the help of the ventilating texture structure, the
microchannel for LM injection do not need outlets for the air to
escape. Thus, the layout of the LM microchannel is largely
simplified. In addition, we used a two-layer lithography tech-
nique to fabricate the texture structure and the microchannel
structure into the same layer. The double-layer lithography and
chip fabrication process is shown in Fig. S1 in the ESL

Results and discussion

Complex blind-end microstructure patterning

To verify that a microfluidic chip fabricated using texture
structures can achieve blind-end injection of LM, we fabricated
two microfluidic devices using blank PDMS and textured PDMS
respectively. To ensure that the different results are caused only
by the designed texture structure, the size of the microchannel
and the thickness of the device (about 1 mm) are designed to be
identical for both devices. The liquid metal injection effect of
the two devices is shown in Fig. 2(a). Blank PDMS has poor air

© 2023 The Author(s). Published by the Royal Society of Chemistry
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permeability. When there is only one inlet and no outlet, the LM
is unable to expel the internal air in the microchannels.
Therefore, there is a section of air remained at each end of the

conventional injection

blank PDMS |

Fig. 2 (a) Comparison of injections with a texture structure and blank
PDMS using snowflake-like branching pattern. (b) Comparison of
injections with a texture structure and blank PDMS using flat patterns
with large aspect ratios. (c) Local magnification under the microscope
in Fig. 2(b) “textured PDMS". The black scale is 2 mm, the pink scale is
500 pm and the white scale is 100 pm.
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microchannel that prevents LM from filling the entire channel.
In contrast, the device fabricated with texture structure does not
suffer from above problems during the LM injection. Because
the internal air can be freely expelled from the texture structure,
the device with textured PDMS can be easily and quickly filled
with LM by blind-end injection. As shown in Fig. 2(a) the filling
was perfect even at the end of the microchannels.

While being able to accomplish blind-end microstructure
injection, the texture-aided technology also solves another
problem that is often encountered in microfluidic chip fabri-
cation, namely, self-collapse. This problem usually occurs when
the aspect ratio (channel width/height) of the microchannel is
too large.*® Since the height of microchannels obtained by soft
lithography is usually tens of microns, this essentially limits the
width of microchannels to the micron scale. When special
texture structures are patterned on a PDMS slab, the textured
surface can become unstick to other PDMS slabs after plasma
treatment. To verify this, we designed a flat microchannel
structure, which is 5.5 mm x 5.5 mm x 30 pm (length x width
x height) in size and inverted it onto a PDMS slab about 2 mm
thick. Then we bonded it with a blank PDMS slab and a textured
PDMS slab respectively. After the injection of LM, the two
microfluidic chips are shown in Fig. 2(b). In order to fill the flat
microchannel with LM, we punched both the inlet and outlet
for the device fabricated with blank PDMS, while only punched
one inlet for the device fabricated with textured PDMS. We can
see that the plate-like microchannel undergoes a large ceiling
collapse during the plasma bonding on the blank PDMS at the
center, and LM can only pass through the non-collapsed area.
The channel fabricated with textured PDMS does not show any
collapse bonding, and LM fills the whole flat channel
completely. This is because the plate-like microchannel is not
bonded to the textured surface of the PDMS slab, which has 20
pum wide grooves every 20 pm as shown in Fig. 2(c). We reflected
on the reason of texture structures to avoid the phenomenon of
self-collapse of high aspect ratio structure in the upper layer. We
believe whether bonded to blank PDMS slab or PDMS with
texture structures, collapse always occurs due to the high aspect
ratio. The difference is that textured PDMS contains numerous
microchannels with widths on the order of tens of microns. The
bumpy surface, consisting of a dense array of microchannels,
divides the upper high aspect ratio structure into multiple
sections, significantly reducing the aspect ratio of each section,
making it more difficult for the upper microstructure to contact
the lower PDMS and bond when collapse occurs. Additionally,
the texture structure in the lower layer corresponding to the
upper high aspect ratio structure has a very small bonding area.
Taking the square texture as an example, the PDMS area that
may experience adhesion is only around 100 um?, surrounded
by recessed microchannels. According to our experimental
results, if no excessive pressure is applied during bonding, the
upper structure will not bond to such a small area of PDMS at
all.

To further confirm the capability of texture structure for
blind-end injection of LM in microfluidic devices, we designed
several complex and characteristic micropatterns. The results
obtained after their injection of LM are shown in Fig. 3. The

RSC Adv, 2023, 13, 24228-24236 | 24231
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Fig. 3 Complex blind-end microstructure injection using texture structures. (a) A checkerboard grid structure. (b) Spirals passing through
acircular array. (c) Flower patterns in nature. (d) Horse pattern in the Chinese zodiac. (e) Dragon pattern in the Chinese zodiac. (f) Snake patternin
the Chinese zodiac. The black scale is 2 mm and the pink scale is 200 um.

dot marks the only inlet of each micropattern, and every detail
of each pattern can be filled with LM completely. Fig. 3(a)
shows a checkerboard grid structure. This is a typical structure
with uniform channel width and a large number of intersec-
tions and branches. Fig. 3(b) shows the pattern obtained from
a spiral coil after a toroidal array. This pattern does not have
many branches, but the structure of spiral coil makes the
distance from the inlet to the end of each microchannel much
longer. Fig. 3(c) shows a typical branching structure that exists
in nature. This structure also does not have many branches,
but we designed both the petals and the leaves as hollow
structures, which makes its minimum channel width only
a few tens of microns. This also increases the difficulty of blind
end injection to some extent. Fig. 3(d)-(f) shows three of the
twelve Chinese zodiac signs-horse, dragon, and snake. These
zodiac patterns not only have numerous branches but also vary
widely in microchannel width. The widest channel can reach
the millimeter scale, while the narrowest channel is only about
twenty microns. Despite the complexity and variability of the
microchannels that make up these patterns, LM can still fill
each channel and structure. This fully demonstrates the
advantages of texture structures for LM blind-end injection.
This provides a new optional option for injecting blind-end
microelectrodes. The use of PDMS itself to achieve air vent-
ing makes microfluidic devices more flexible in their integra-
tion and miniaturization.

The texture structure not only enables LM to fill the blind-
end pattern, but even the filling speed is very impressive. In
2019, Wang et al. designed a porous sugar film for blind-end
micropattern injection.’” They achieved blind-end injection of
a tessellation pattern with a flow channel width of only 50 pm in
36 seconds. To compare the injection speed, we performed
blind-end injection of the same pattern using the texture

24232 | RSC Adv, 2023, 13, 24228-24236

structure and found that the entire pattern could be injected in
only 10 seconds, taking less than one-third of the original time
(Movie S1, ESIt).

Parametric study of bonding properties

Despite there are many advantages of this textured structure, it
also has an important problem. PDMS-based microfluidic
devices usually require plasma treatment to be bonded together.
This treatment actually uses the plasma to interact with the
treated PDMS surface, which leads to modification of the PDMS
surfaces and ultimately to bonding between PDMS surfaces.
However, the presence of texture greatly reduces the surface area
available for bonding. When texture size is too large and the
surface area available for bonding is reduced to a certain extent,
it may lead to bonding failure. Therefore, to investigate the effect
of texture size on bonding, a parametric study was performed.
We selected the designed texture consisting of small squares as
the object of investigation. This is because the PDMS surface
area available for bonding is smaller for this structure compared
to the long rectangular structure with the same microchannel
gap. We believe that the texture structure may affect the bonding
results for two main reasons: (1) the unit area of each bondable
small square and (2) the proportion of the sum of all bondable
areas to the whole PDMS, as shown in Fig. 4(a). The gray area in
the left-hand figure is the area of the unit's small square, and the
ratio of all the grey areas to the pink boxes in the figure on the
right is the ratio of the bondable area we are referring to.
Considering the accuracy that can be achieved by lithography
and the requirement that liquid metal cannot leak into the
texture layer, we set the side length range of the unit square to be
parameterized between 10 pm and 30 pm with an interval of 2.5
um. Also, considering that the texture needs enough channels

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) lllustration of the concept of unit small square area and
bondable area to total area. (b) Results of a parametric study on the
effect of texture structure size on the bonding situation. The scale bar
is 20 um.

for air exhaust, we set the parameterization range for the ratio of
bondable area to the total area between 10% and 50% with an
interval of 5%. We subjected PDMS slabs with the same thick-
ness but different side length of the squares to plasma treatment
for the same time and tried bonding them with blank PDMS
slabs separately, which also underwent the same plasma treat-
ment. The results of parametric study are shown in Fig. 4(b). The
blue dash represents the critical parameters of the texture
structure that can be structurally bonded. The texture parame-
ters represented by the green crosses below it indicate failed
bonding, while the texture parameters represented by the orange
circles above the blue dash indicate successful bonding. It shows
that the success of bonding is indeed related to both the size of
each unit square and the proportion of bondable area to the
total area. When the size of the unit square is larger and the
proportion of the bondable area to the total area is larger, the
bonding is more likely to be successful. The two factors affect
the results of bonding together and not independently of each
other. For example, when the ratio of bondable area to total area
is less than 45%, only textures with larger unit square size can be
successfully bonded. However, when this ratio is greater than
45%, all square sizes within the parameterization range can be
successfully bonded. This parametric research work provides
a reference for future texture designs and provides a range of
texture sizes that can be successfully applied to microfluidic
devices.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Application of the texture structures: complex multi-layer
chips

To demonstrate the necessity of structures in integrated multi-
layer chips, we fabricated a multi-layer chip with three layers
structure using the double-layer lithography technique
described above. The three-layer structure is shown as Fig. 5(a).
Fig. 5(b) shows the result of the multi-layer chip injected with
LM. The chip consists of three structural layers and a substrate
layer as shown in Fig. 5(c) and (d) (from top to bottom, the
three structure layers are marked as the yellow, pink, and blue
PDMS). The end of the structure of the upper layer overlaps
with the initial inlet position of the structure of the lower layer
and only the center of the top layer has an injection inlet for
the whole chip. The injection process is shown in Movie S2.}
By successfully injecting this blind-end chip, we demonstrate
the excellent permeability of our proposed method in the
vertical chip direction and the great potential for making
multilayer chips. In addition, we applied the method to the
fabrication of EOP. We designed an EOP with a three-layer
structure. The structure of this EOP was improved compared
with the one designed by Gao et al. in 2014.>° Since the means
to achieve blind-end injection of LM in a microfluidic device
was not available at that time, the electrodes of the EOP of Gao
et al. used a “one inlet, one outlet” method to achieve LM
penetration. However, this method made the electrode struc-
ture unnecessarily complex and the size of the whole device
unnecessarily large. Using a texture structure, we reduced the
size of the EOP driven by the same principle to 1 cm x 1 cm,
which is much smaller than the original EOP size. We even
realized the series connection of two pairs of driving electrodes

a top layer
injection .~
hole
vertical /\
fo
connection L aiafi

point

b

Fig. 5 (a) Exploded view of the three layers structures. (b) Multilayer
chip with blind-end infusion using texture structures. (c) Side view of
the chip. (d) Schematic of the three layers of the chip. The black scale is
5 mm.
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in such a small size. The schematic of the EOP is shown in
Fig. 6(a) and (b). It contains three layers, the bottom layer is the
texture layer, and the other two layers are the channel layers.
The middle layer contains the fluid channels, the electrode
channels, and the channels that integrate the four electrodes
connected to the same pole of the voltage. The top layer
contains the channels for integrating the four electrodes of the
other pole. This design allows the four pairs of electrodes to be
connected to the positive and negative poles of the power
supply with only one pair of inlets respectively. What should be
pointed out is that, although the LM cannot leak from the
texture surface because of its high surface tension, working
fluid may leak from the textured surface. To avoid the leakage,
we have designed the area of bottom texture. This texture
structure avoids the working fluid channels and is designed
only below the corresponding LM electrode channels. This
ensures that the LM can be injected very easily into the four
pairs of blind-end electrodes without interfering with the flow
of fluid in the fluid channels. Deionized (DI) water was used as
the pumping fluid for the experiment. The high voltage (higher
than 60 V) to drive the electroosmotic pump is provided by
a high voltage electrical sequence (HVS448 6000D, Labsmith).
Low voltage (lower than 60 V) is provided by DC power 0.52 pm
fluorescent particles were diluted 10 000 times with DI water

Top integrated
packaging layer

Middle electrode and
fluid channels layer

Bottom texture layer

Fluid channel outlet

" Electrode channels inlet

e

e =

View Article Online
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and used to measure the flow speed of the electroosmotic
micropump. Zeiss Axio Observer, Z1 microscope (Oberkochen,
Germany), and X-cite Series 120Q laser source (Excelitas
Technologies, Waltham, MA, USA) are used to observe the
movement of fluorescent particles in the flow channel.

Fig. 7(a) shows a sequential image of the movements of the
fluorescent particles. The driving voltage between the electrodes
is 80 V and the voltage on the left side of the image is positive.
The four images were recorded sequentiallyat T=0s, 3 s, 6 s,
and 9 s. We selected five specific particles in the flow channel
and labelled them with the letters A-E. From the relative
movement of the particle A-E positions, we can see the flow of
the electroosmotic pump. In the actual measurement, we
applied 10 different sets of voltages to the pump (from 10 V to
100 V with 10 V intervals). Each set of voltages was measured
twice (once on the left side for positive voltage and once on the
right side for positive voltage). We used python to process and
calculate the relative movement of particles at different volt-
ages. The final result of the flow rate is shown in Fig. 7(b). The
relationship between the flow rate and the drive voltage can be
approximated as a linear relationship. As the applied voltage
increases, the flow rate of the fluid in the pump increases. The
flow rate is 4.52 ym s~ ' at 10 V, 34.72 um s~ at 100 V, and the
lowest driving voltage is 3 V.

Electrode channel

~t Fluid channel

<o

Fig. 6 Schematic of the EOP (a) schematic of stratification of the EOP. (b) Combination of the EOP. (c) Actual schematic of EOP after injection.

The black scale is 5 mm.
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Fig.7 (a) Sequential diagram of the position of fluorescent particles in
the flow channel at different times. (b) The flow rate of EOP at different
voltages. The white scale is 50 pm.

Conclusions

In this study, we have designed a texture structure based on
a soft lithography fabrication. This structure can be directly
inverted on PDMS so that the PDMS carries hundreds of open
channels less than 20 um wide. And we use SU8-2005 to control
the height of these channels to less than 10 pm. In this way,
when LM is injected into the PDMS chips, these texture struc-
tures consisting of open channels can quickly vent the air
pressure inside the chip while ensuring that the LM does not
leak into the texture. By this principle, we can achieve a fast and
complete injection of LM in the microfluidic chips. In addition,
using this PDMS with concave and convex texture structure
instead of blank PDMS to fabricate microfluidic chips also
solves the problem of the easy collapse of microstructures with
a large aspect ratio. This opens up many new possibilities for

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the design of microelectrodes or other microstructures in the
future. After verifying the possibility of this method on blind-
end injection, we also did a parametric study on the effect of
the size of the texture structure on the bonding situation. The
parametric results show that both of our conjectured reasons
affect the bonding situation. That is the unit area of each
bondable small square and the proportion of the sum of all
bondable areas to the whole PDMS. When the unit area of each
square is larger and the proportion of the bondable area to the
total area is larger, the bonding is more likely to be successful.
Finally, we used this method to make a chip with a multi-layer
blind-end pattern and then applied the structure to an EOP. It
makes the electrode channels no longer need outlets and can fill
several electrodes with liquid metal simultaneously through
only one inlet. This change significantly reduces the size of the
chip and increases its integration. In addition, this texture
structure has a very prominent advantage over all previously
proposed methods with blind-end injection. It achieves venting
in the horizontal direction, rather than the vertical direction.
This advantage offers the possibility to fabricate multilayer
chips with blind-end structures in the future.
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