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ABSTRACT

Open microfluidic systems offer significant advantages, including the elimination of external pumps and facilitating fluid access at any point
along the channel. However, their deployment in harsh environments is commonly compromised due to the delicate nature of hydrophilic
chemical coatings and the vulnerability of open microchannels to clogging and contamination. Here, a bioinspired, demand-responsive
mode-switchable strategy is proposed to enhance the mechanical durability of open microfluidic systems. Specifically, under harsh conditions
or when long-term storage is necessary, this strategy allows the open microfluidic device to transition to a protective mode simply through
releasing the strain, thereby preserving the integrity of the structure and hydrophilic coatings. The stretched open microfluidic mode enables
spontaneous liquid spreading along a hydrophilic microchannel scribed by femtosecond laser. This mode-switchable strategy provides the
open microfluidic device with robustness to maintain spontaneous liquid flow, even under severe testing conditions such as 2000 cycles of
cotton swab rubbing, sand impact, sandpaper abrasion, tape peeling, twisting, and finger rubbing. A proof-of-concept application involving
blood type analysis on this mode-switchable open microfluidic device showcases its superior mechanical durability under severe environmen-
tal conditions. The proposed strategy paves the way for the broader use of open microfluidic devices in various practical applications.
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Point-of-care testing (POCT) is essential for early, noninvasive
detection and diagnosis of diseases, particularly within developing
areas or under conditions where resources are scarce.' ~ Its foremost
benefit lies in its ability to deliver quick and efficient testing outcomes,
significantly reducing the wait for results.”” Among various technolo-
gies, microfluidic devices stand out as particularly suitable for POCT
owing to their distinct features, including minimal reagent usage, quick
response, compact design, ease of production, and mobility.(””) Over
the past decade, open microfluidic capillary systems have garnered
widespread interest among researchers for their ability to operate

without an external pump and their facilitation of easy sample access,
allowing for fluid sampling or addition at any point along the chan-
nel.""'° This independence and accessibility afford open microfluidic
systems a distinct advantage for a variety of applications including cell
signaling studies,'”'”'® microscale chemical reactions, "’ blood sepa-
ration and analysis,”** and glucose detection.””**

However, current open microfluidic systems encounter two sig-
nificant challenges that adversely affect their longevity in practical
applications (Fig. 1). (1) Hydrophilic coatings lack mechanical durabil-
ity, making them susceptible to wear and impairing the spontaneous
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FIG. 1. Comparison of conventional and mode-switchable open microfluidic channels. Conventional open microfluidic systems encounter two significant challenges: (1)
Hydrophilic coatings lack mechanical durability, making them susceptible to wear and impairing the spontaneous flow of fluids. (2) When the open microfluidic system is in a
nonworking state, which constitutes the majority of its life cycle, the open channels are prone to blockage and contamination by dust particles from the environment. For the
mode-switchable open microfluidic channels, the protection mode is specifically engineered to shield the microchannels and hydrophilic coatings from external abrasion and
particulate blockages. This protection is achieved through simple release of the silicone membrane, which causes the microchannel to contract and seal within the membrane,

thus preserving both the structural integrity and hydrophilic coatings.

flow of fluids.”””° (2) When the open microfluidic system is in a non-
working state, which constitutes the majority of its life cycle, the open
channels are prone to blockage and contamination by dust particles
from the environment.””** Despite significant advancements in open
microfluidic systems, the issue of durability has received insufficient
attention. Therefore, developing a method to enhance the mechanical
durability of open microfluidic systems is crucial for their practical
applications.

Femtosecond laser processing stands out for its exceptional preci-
sion, minimal thermal impact, and mask-free flexibility, enabling the
creation of open microfluidic systems on diverse materials with
unmatched ease and efﬁciency.zg’31 For instance, Guo ef al.*? utilized
femtosecond laser direct writing to develop a flexible method for creat-
ing self-driven microfluidic SERS silicon chips, enabling precise quan-
titative analysis of Hg”" without the need for an external driving force
and offering adjustable sample flow speeds through controlled channel
properties. Yong et al.”” employed a femtosecond laser to create super-
hydrophobic microchannels and microholes on PTFE surfaces for
underwater gas self-transportation, demonstrating significant potential
for innovative underwater gas manipulation applications.

Here, we propose a bioinspired mode-switchable strategy that
allows for an on-demand transition between an active open microflui-
dic mode and a protective mode to address the aforementioned chal-
lenges. A hydrophilic open microchannel is fabricated on a uniaxially
prestretched silicone membrane using femtosecond laser microfabrica-
tion, followed by treatment with a hydrophilicity-enhancing reagent.
In the active open microfluidic mode, fluid movement is driven by

capillary forces, enabling spontaneous flow. Drawing inspiration from
the natural defense mechanism of a tortoise retracting into its shell in
the face of danger, the protection mode is specifically engineered to
shield the microchannels and hydrophilic coatings of the nonworking
device from external abrasion and particulate blockages (Fig. 1). This
protection is achieved through the simple release of the silicone mem-
brane, which causes the microchannel to contract and seal within the
membrane, thus preserving both the structural integrity and hydro-
philic coatings. In this manner, the device demonstrates remarkable
resistance against a series of stringent durability tests, including cotton
swab rubbing, sand impacting, sandpaper abrasion, tape peeling, twist-
ing, and finger rubbing, while maintaining spontaneous fluid transport
upon restretching. Remarkably, the device maintains functionality
even after 2000 cycles of cotton swab rubbing. A proof-of-concept
application demonstrates blood type analysis using the device, which
has undergone a series of stringent tests, demonstrating its mechanical
durability under severe environmental conditions. This work offers
helpful insights into the development of durable open microfluidic
devices for practical applications.

Silicone exhibits advantages such as stretchability, wear resis-
tance, and chemical stability, making it suitable as a substrate for fabri-
cating microfluidic channels.” ”° The femtosecond laser, with its
noncontact nature, high processing precision, and flexibility, serves as
a powerful tool for material processing. The manufacturing process of
the durable open microfluidic channels is illustrated in Fig. 2(a). First,
a silicone membrane (~2 mm thick) is cut into strips (25 x 75 mm?),
which are then uniaxially stretched. The strain value (¢) is defined by

Appl. Phys. Lett. 125, 101602 (2024); doi: 10.1063/5.0221736
Published under an exclusive license by AIP Publishing

125, 101602-2

Z1'6€:10 ¥20T Joquiaidas 0


pubs.aip.org/aip/apl

Applied Physics Letters

ARTICLE pubs.aip.org/aip/apl

a Laser scribing b Working mode
Uniaxial \5\ Release \
V stretching ~c -
\/ wHBN
Stretch t J -
T R e B T
—
£20% £2125.1% £20% Protection mode
d 200 € f 200
12795 — Stretched 12795 —_Released

g

Height (pm)
3 8

o

200 400 600 800 1000 1200
Position (um)

Cotton swab rubbing

~04N

50 mm/s 2000 rubbing

~ cycles
=~ —
Stretch

Protection mode

200 pm|

Working mode =

o
S

11.2

[T ——]
I 12.5pm J,
0

%260 400 600 800 1000 1200
Position (um)

Height (um)
2

o
S

1280.7

Sand impacting

@
Sand 30g d
—

. |h=10cm S8
Stretch \‘\
~45°
N 1mm
Protection mode Working mode ==

FIG. 2. Design and fabrication of a durable open microfluidic device. (a) Schematic and experimental images of femtosecond laser scribing open microchannels on a uniaxially
stretched silicone membrane; ¢ is the strain applied to the membrane. (b) A cross-sectional schematic illustration showing the switching of the microchannel in (a) between the
stretched open mode for operation and the release protection mode to defend against external abrasion. HB: hydrophobic. SHL: superhydrophilic. (c) Confocal laser scanning
microscopy (CLSM) image of four microchannels fabricated with laser scribing for 7, 10, 13, and 16 cycles in stretched mode. (d) Cross-sectional profiles of the microchannels
depicted in (c). (€) CLSM image of the same four microchannels in (c) but in release protection mode. (f) The cross-sectional profiles of the microchannels in (e), highlighting
the reduced maximum depth of the channel to 12.5 um in protection mode. (g) In protection mode, the open “Y’-shaped channels can resist 2000 cycles of cotton swab rubbing
and (h) continuous sand impacting, effectively preserving the microfluid mixing function in stretched mode. One inlet introduces water, while the other introduces water dyed

red, illustrating mixing capabilities.

the length of the film in its stretched (L) and initial (L) states, accord-
ing to the equation & = (L — L)/Ly. The laser is focused on the silicone
surface, and microchannels are fabricated by scribing along a prede-
fined path. Subsequently, a hydrophilic agent (polyethylene glycol
solution) is sprayed onto the surface of the microchannels to achieve
hydrophilicity.”® To withstand mechanical wear and impact, the sili-
cone membrane is switched to a protection mode through simple
release of strain [Fig. 2(b)]. In the protection mode, the microchannels
become completely sealed. During durability tests, the matrix material
functions as a “soft armor” against mechanical abrasion and impact,
effectively preserving the hydrophilic coating and microstructures.
Using a femtosecond laser to ablate the membrane with 7, 10, 13, and
16 scribing cycles, four microchannels are fabricated with depths
increasing from 46 to 138 um and widths increasing from 92.5 to
251.25 um. Their three-dimensional morphology and cross-sectional
profiles are shown in Figs. 2(c) and 2(d). After releasing the strain to
zero, the microchannels are closed, and their maximum depth is
reduced to only 12.5 um, indicating that the majority of the micro-
channel is concealed within the substrate material. In contrast, in the
release state, four microchannels are fabricated using the same process-
ing parameters with the femtosecond laser, where the groove depth
increases from 6.7 to 14 um, and the width remains at approximately
40 pm. Impressively, the protection mode can withstand 2000 cycles of
cotton swab rubbing and continuous impact from 30 g of sand, effec-
tively maintaining the microfluid mixing function through “Y”

microchannels (7.5 mm in length) in the working mode [Figs. 2(g) and
2(h)]. In comparison, traditional open microfluidic channels can only
withstand being rubbed with cotton swab for 200 cycles, and further
rubbing results in the failure of fluid flow and mixing functions (Fig.
S1 and supplementary Movie 1). In the sand impacting test, micro-
channels are blocked by small particles, not only increasing the fluid
flow time through the entire channel from 1 to 8s but also contami-
nating the fluid (Fig. S1 and supplementary Movie 2). Therefore,
through the simple application and release of strain in the silicone, a
switch between the working mode and protection mode is achieved,
thus endowing the microchannels with durability without compromis-
ing the advantages of the open design.

By altering the laser processing parameters, the microchannel
morphology can be regulated in a controlled manner. With the laser
power and scribing speed fixed, an array of microchannel structures is
fabricated by varying the number of laser scribing cycles (LSC, Fig. S2).
Confocal laser scanning microscopy (CLSM) images of the three-
dimensional morphology for one and nineteen laser scribing cycles are
shown in Figs. 3(a) and 3(b), respectively. By extracting the cross-
sectional profiles from laser confocal images, a series of microchannel
profiles is obtained, as shown in Fig. 3(c). As the number of laser scrib-
ing cycles increases from one to nineteen, the groove depth increases
from 5 to 124 um [Fig. 3(e)], while the groove width increases from 17
to 105 um before stabilizing [Fig. 3(f)], with the period remaining sta-
ble at approximately 285um [Fig. 3(g)]. The results indicate that
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FIG. 3. Regulation of the open microchannel morphology by varying the number of laser scribing cycles. (a) CLSM image of microchannels fabricated with 1 cycle of laser scrib-
ing in the stretched mode. (b) CLSM image of microchannels fabricated with 19 cycles of laser scribing in the stretched mode. (c) Cross-sectional profiles of channels fabricated
with increasing laser scribing cycles from 1 to 19 in the stretched mode. (d) The corresponding cross-sectional profiles of the channels in (c) but in the release mode. Variations
in the depth (e), width (f), and period (g) of the channels with the number of laser scribing cycles from 1 to 19 in the stretched mode, demonstrating that precise control of the

channel morphology can be achieved by changing the laser processing parameters.

increasing the number of scribing cycles yields wider and deeper
grooves. Upon releasing the strain to zero, the corresponding CLSM
images and profiles are shown in Fig. S3 and Fig. 3(d), respectively.
The results demonstrate that microchannels at various depths can
close well after the strain is released. When the aspect ratio of the
microchannel exceeds a certain threshold, the microchannel becomes
more prone to deformation under significant stress (Fig. S4).
Therefore, the laser processing parameters need to be optimized to
achieve precise fabrication of microchannels with consistent sizes.

The morphology of microchannels can also be tuned by adjusting
the applied strain. Here, an array of microchannels is fabricated by
laser scribing for 13 cycles. The three-dimensional morphology and
cross-sectional profile of the microchannels under different strains are
recorded using a laser confocal microscope. As shown in Figures 4(a)-
4(c) and Fig. S5, the grooves gradually close and eventually become
nearly invisible as the strain decreases from 125.1% to 7.8%. The
reduction in strain leads to controllable contraction of the microchan-
nels, with the cross-sectional profiles of the grooves transitioning from
an initial “U” shape to a “V” shape, and finally the microchannels are
completely closed [Fig. 4(d)]. Specifically, as the strain decreases from
125.1% to 7.8%, the depths of the grooves remain relatively unchanged
(approximately 85 um, between 62.1% and 125.1%), before gradually

decreasing to 10 um [Fig. 4(e)]; the widths of the grooves decrease
from 121 to 17 um [Fig. 4(f)], and the periods decrease from 297 to
69 um [Fig. 4(g)]. Additionally, cyclic stretching and releasing tests
with a strain range of 0%-125.1% are conducted [Fig. 4(h)]. The
results show that the microchannel structure size under a strain of
125.1% changes very little after up to 20 cycles of stretching and releas-
ing, demonstrating the durability and adaptability of the microchannel
structure under repeated mechanical stress.

Before the durability tests, the impacts of water-soluble hydro-
philic coating consumption and continuous stretch-release of the
membrane on the liquid spreading time throughout the channel are
investigated. Droplets are sequentially added to hydrophilically modi-
fied channels, and the spreading time is measured, ensuring that the
liquid fully evaporates before proceeding to the next experiment. The
spreading time increases with the number of droplet additions, indicat-
ing consumption of the hydrophilic coating (Fig. S6). Furthermore, the
membrane undergoes nine cycles of stretching and releasing, and the
droplets are added to the channel to measure the spreading time after
the first, third, fifth, seventh, and nineth cycles. The increasing trend of
the spreading time is consistent with that of the coating consumption
experiments, suggesting that the cyclic stretch-release of the mem-
brane does not affect the liquid flow (Fig. S6). Furthermore, the
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FIG. 4. Regulation of the morphology of open microchannels by varying the strain applied to the membrane. (a) CLSM image of microchannels fabricated with 13 cycles of
laser scribing in the stretched mode under a strain of 125.1%. The same microchannels at strains of 39.9% (b) and 7.8% (c). (d) Cross-sectional profiles of the same micro-
channels under varying strains from 125.1% to 7.8%. Variations in the depth (e), width (f), and period (g) of channels with different strains from 125.1% to 7.8%, demonstrating
the precise control over channel morphology enabled by adjusting the applied strain on the membrane. (h) Variations in the period, depth, and width of the microchannel across

20 cycles of membrane stretching and releasing.

influence of the prestretching strain applied on the membrane to the
morphology of the microchannels in both stretched and released states
is investigated (Fig. S7). Three microchannels are fabricated on silicone
membranes at strains of 125.1%, 62.1%, and 0% (unstretched) using
the same processing parameters. The optical images show that the
channel widths are 263.4, 78.5, and 26.3 um, respectively, indicating
that tensile strain enhances the effect of laser cutting. After fully releas-
ing the strain to 0, the microchannel widths are characterized using
scanning electron microscopy (SEM), and the widths are 7.3, 12.5, and
25.8 um, respectively. This indicates that the greater the tensile strain
applied to the material during processing, the tighter the microchan-
nels close after release. The upper part of the microchannels cannot
completely close due to material removal by laser.

To characterize the durability of the mode-switchable open
microfluidic channels, a series of rigorous tests are conducted succes-
sively on the microchannels in protection mode, including sandpaper
abrasion, tape peeling, twisting, and finger rubbing [Fig. 5(a) and sup-
plementary Movie 3]. First, a 2000 mesh sandpaper is utilized to
abrade the surface above the microchannels for 30, applying a force
of 6N. Second, transparent tape is placed over the microchannels,
which are firmly adhered to the silicone membrane at a pressure of
10N and subsequently peeled off, and the tape peeling process is
repeated five times. Third, the silicone membrane is rigorously bent

and twisted for 30 s, with this bending action being repeated five times.
Finally, a finger is directly pressed on the microchannels with a pres-
sure of 3N, followed by 30s of rubbing [Fig. 5(a)]. The morphology
and cross-sectional profiles of the microchannels before and after the
tests are recorded using CLSM [Figs. 5(b) and 5(c) and Fig. S8]. The
results indicate that these tests only wear down the exposed silicone
material without affecting the structure of the microchannels. After
each test, the microchannel is stretched to working mode, and the
water spreading time is recorded [Fig. 5(d)]. To avoid consumption of
the hydrophilic coating, only one measurement is conducted in each
test. The time required for water to flow through the whole channel
(7.5 mm in length) increases from 1 to 3 s after twisting [Fig. 5(e)]. The
results suggest that membrane twisting introduces friction between the
channel walls, wearing the surface coating to some extent, yet the lig-
uid mixing function remains preserved.

For a channel where each solid surface exhibits a uniform contact
angle 0, the length of the air-liquid interface along the perimeter of the
cross section is indicated as L,;, and the length of the liquid-solid
interface is denoted as L; . The condition for spontaneous capillary
flow (SCF) is derived by Casavant et al,””"

Loy

cos(9>L—. (1)

I—s
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FIG. 5. Mechanical durability and blood typing analysis of mode-switchable open microchannels in harsh conditions. (a) Schematic and experimental images of tests including
sandpaper abrasion, tape peeling, twisting, and finger rubbing. CLSM images and cross-sectional profiles of a Y-shaped channel before (b) and after (c) durability tests. (d)
Demonstration of the fluid mixing function after a series of stringent tests. (e) Duration of water flow through the entire channel (7.5mm in length) after each test. (f) Diagram
illustrating the process of blood type analysis conducted in the stretched open microfluidic mode. (g) Actual blood type analysis process, and the blood type is B.

Here, the water contact angle on the hydrophilic reagent-modified
laser-fabricated surface is 14.5° (Fig. S9). According to the cross-
sectional profile, L, and L, are 325 and 440 um, respectively; thus,
the condition for SCF is satisfied. The water contact angle is deter-
mined by the surface microstructure and chemical coating.”” During
the rigorous test, both the microchannel structure and the hydrophilic
coatings remain intact [Figs. 5(b) and 5(c)]; therefore, the condition
for SCF is satisfied, and the liquid mixing function is maintained.
Furthermore, the long-term chemical durability of the mode-
switchable open microfluidic channels is investigated. The membranes
with microchannels in the protected state are immersed in HCI solu-
tion (pH ~ 4), NaOH solution (pH ~ 10), and 5wt. % NaCl solution
for 10days, respectively. The water spreading time along the main
channel before and after the chemical immersion test is compared

(Fig. S10). The results show that our microchannels, in the protective
mode, maintain rapid fluid flow even after being soaked in alkaline
and saline solutions for 10 days. The water spreading time increases
from 0.52 to 1.73 s and from 0.38 to 1.48 s, respectively. However, after
10days of soaking in acid, the fluid could still flow but at a reduced
speed, with the water spreading time increasing from 0.8 to 5.8 s. This
decrease in flow rate is likely due to partial dissolution of the coating
by the acidic solution through the channel gaps (Fig. S7). In summary,
the microchannels in the protective mode exhibit good chemical
stability.

For blood banks and medical centers, precisely determining blood
types is essential to ensure the safety of blood transfusions and trans-
plants for patients. In remote outdoor areas, the environment for blood
type testing can be harsh, with blood typing chips potentially subjected
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to dust and wear. This exposure can lead to deterioration of the hydro-
philic coating and contamination of the open microchannels. As a viable
substitute, the durable open microfluidic channels presented here, fea-
turing mode-switchable capability, offer a robust solution for reliable
blood type tests. The blood type test capability of open microfluidic
microchannels after the above-mentioned rigorous tests is investigated.
The analysis of blood types is based on the principle of agglutination
reactions.”’ Figure 5(f) and supplementary Movie 4 illustrate the opera-
tional procedure for blood type analysis. Initially, antibodies A and B
(0.5 pl each) are added to the first two open microchannels, respectively,
while the third microchannel is left without antibodies to serve as a ref-
erence. After 5 min, these antibodies are completely dried. Then, a drop
of blood (0.5 ) is introduced into each microchannel, where the spon-
taneous flow of blood facilitates its sufficient reaction with the antibody.
Finally, the reaction phenomena are observed under a microscope. If the
antibodies in the microchannels do not match the antigens carried by
the red blood cells, no agglutination occurs, and red blood cells maintain
a uniform distribution. Conversely, if agglutination occurs through anti-
body-antigen interactions, clusters of aggregated red blood cells form
within the microchannels. For example, in the groove with anti-B anti-
body, clusters of aggregated cells indicate a B+ blood type, while no
agglutination occurs in the groove with anti-A, showing a uniform dis-
tribution and consistent color; similarly, no agglutination occurs in the
antibody-free channel [Fig. 5(g)]. The analysis results for other blood
types can be obtained by similarly observing the distribution state of red
blood cells in the separated channels. Representative blood type test
results for the A+, AB+, and O+ blood types are shown in Fig. S11.
The results indicate that open microfluidic channels with mode-
switchable capability are effective for blood typing and exhibit excellent
mechanical durability.

In summary, we introduce a bioinspired, demand-responsive
mode-switchable strategy to enhance the mechanical durability of fem-
tosecond laser-fabricated open microfluidic systems. This strategy ena-
bles the device to switch to a protective mode under harsh conditions or
for long-term storage, achieved through simple release of the membrane.
The stretched open microfluidic mode allows for capillary-driven liquid
flow within a hydrophilic microchannel fabricated by a femtosecond
laser. Upon encountering harsh conditions, the device transitions into a
protective mode, effectively sealing the microchannels to prevent dam-
age and contamination. This mode-switchable strategy ensures the devi-
ce’s resilience, allowing it to maintain spontaneous liquid flow even
under rigorous testing conditions, including 2000 cycles of cotton swab
rubbing, sand impact, sandpaper abrasion, tape peeling, twisting, and
finger rubbing. As demonstrated through the practical application of
blood type analysis, this mode-switchable open microfluidic device
proves its exceptional mechanical durability and operational reliability
under challenging conditions. The development and implementation of
this mode-switchable mechanism provides opportunities in the field of
microfluidics, broadening the potential applications of open microfluidic
devices across a variety of real-world scenarios.

See the supplementary material for details on the experimental
section and structural characterization.
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