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ABSTRACT: The characteristics of the directed transport of liquids based on
Janus membranes play a crucial role in practical applications in energy,
materials, physics, chemistry, medicine, biology, and other fields. Although
extensive progress has been made, it is still difficult to realize the accurate
controllability of liquid directional transmembrane transport. The current
gating strategies for the directed transport of liquids based on Janus membranes
still have some limitations: (a) using magnetic fluid may cause contamination
due to the addition of new substances and (b) utilizing hydrophobicity/
hydrophilicity conversion of titanium dioxide requires a long switching time
(over 30 min). Herein, a strategy is proposed to precisely control liquid
directional transport by altering the wettability of droplets on Janus films
prepared by a femtosecond laser through photothermal effects. Infrared laser
irradiation on Janus film coated with CNTs can effectively convert light energy
into thermal energy, rapidly increase the surface temperature of Janus film, and
change the wettability of the liquid on the film. Liquid transmembrane directional transport can be achieved within a few
seconds without contaminating the transported liquid. The proposed gating strategy can enable the application of Janus
membranes in various scenarios such as microchemical reactions, biological cell culture, and interface self-propulsion.
KEYWORDS: femtosecond laser, wettability, droplet transport, Janus membranes, light-triggered

1. INTRODUCTION
The directed transport of liquids holds broad applications,
such as fog collection,1−6 chemical microreactions,7−10

biomedical diagnostics, and so on.11−14 Researchers have
successfully achieved directed transport of liquids through
various means, among which Janus membrane technology,
placing hydrophilic and hydrophobic layers on two sides of the
membrane, has become a research hotspot by enabling
spontaneous directed transport of liquids via Laplace pressure
without the need for external energy input.15−21 However, due
to the spontaneous nature of directed liquid droplet transport
facilitated by Janus membrane technology, achieving precise
gating control over droplet transport has become a challenge.22

To address this issue, researchers have proposed several
strategies: (a) coating the membrane surface with magnetic
fluid and controlling the opening/closing of membrane pores
through external magnetic fields to regulate the on/off state of
directed liquid transport.21,23,24 However, this strategy
introduces new liquid substances and is prone to contaminat-
ing the transported liquid; (b) utilizing the hydrophobicity/

hydrophilicity conversion of titanium dioxide under UV
irradiation to regulate the on/off state of directed liquid
transport.20,25,26 However, due to the lengthy hydrophobicity/
hydrophilicity conversion time of titanium dioxide under UV
irradiation (over 30 min), this strategy exhibits poor
responsiveness and cannot achieve precise gating control on
directed liquid transport. Therefore, there is an urgent need to
develop a contamination-free and fast-responsive strategy to
achieve precise gating control over liquid droplet transport
based on Janus membrane technology.

Herein, we propose a strategy for precise gating control of
liquid directional transport by altering the liquid’s wettability
on the Janus membrane through the photothermal effect. Our
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composite membrane is composed of PDMS (polydimethylsi-
loxane), customized PET (polyethylene terephthalate), and
carbon nanotubes (CNTs), and it is named a CNTs-coated
light-triggered Janus membrane (CLJM). By irradiating with
an infrared laser, the CNTs on the CLJM can efficiently
convert light energy into heat energy, rapidly raising the
surface temperature of the CLJM.27−29 The rapid increase in
temperature greatly alters the wettability of the liquid on the
CLJM, causing the contact line of the liquid droplet to move
down. Under the influence of Laplace pressure, the micropore
of the CLJM becomes open, completing the gating control of
directional liquid transport.30,31 Due to the efficient photo-
thermal conversion of CNTs and the noncontact nature of the
infrared laser, our CLJM achieves gating control of directional
liquid transport in just several seconds and does not
contaminate the transported liquid. Furthermore, by establish-
ing a theoretical model of the contact line variation of the
liquid droplet on the CLJM surface with temperature, the
lower outline of the liquid droplet in the CLJM micropore at
different temperatures is accurately predicted and verified.
Thus, the entire process of gating control for directional liquid
transport is clearly demonstrated. Meanwhile, on the basis of
our CLJM, applications including microchemical reactions, cell
culture, and self-propulsion are developed.

2. RESULTS
2.1. Fabrication of CLJM and Light-Triggered Droplet

Release. The fabrication process of CLJM is illustrated
schematically in Figure 1a. First, PDMS and PET films are
bonded into a composite film after plasma treatment. Then,
the surface of the PDMS film is treated with femtosecond laser
ablation to induce rough micro-/nanostructures, followed by
an even spray of CNTs. In this way, the PET side of the
composite membrane exhibits good hydrophilicity, while the
treated PDMS surface exhibits superhydrophobicity (Figure
S1, Supporting Information). Meanwhile, the PDMS film and
PET film can bond well together, and CNTs can also adhere
well to the PDMS surface treated by femtosecond laser
(Figures S2 and S3, Supporting Information). Finally,
femtosecond laser cutting is employed to cut the desired
shape of the CLJM. The photo and SEM images (cross-
section, top and bottom) of the CLJM (outer diameter: 8 mm,
inner diameter: 500 μm) are presented in Figure 1b. The
thickness of the upper PDMS layer is 50 μm, while the
thickness of the lower PET layer is 250 μm.

The schematic diagrams and real-time images of the
application scenario for CLJM are presented in Figure 1c.
The CLJM is positioned at the liquid−gas interface. The liquid
level within the CLJM's pore rises to the junction between
PET and PDMS layers, driven by capillary effects (Figure S4,
Supporting Information).32,33 The droplet (8 μL) placed on
the CLJM pore remains ellipsoid due to surface tension and
the hydrophobic PDMS layer. When infrared light irradiates
the CLJM, CNTs rapidly convert light into heat, thereby
raising the CLJM’s temperature. The increase in the temper-
ature leads to intensified molecular motion, thereby gradually
enhancing the wettability of the droplet on the surface of
PDMS sprayed with CNTs. The contact line of the droplet
inside the small pores also begins to gradually descend, making
contact with the liquid below, thus completing the release of
the droplet under the influence of Laplace pressure. As
depicted in Figure 1c, approximately 5.94 s after infrared light
irradiation on the CLJM, the droplet within the micropore

makes contact with the liquid surface, initiating release under
Laplace pressure difference, forming a mushroom-shaped jet
(Video S1, Supporting Information). Therefore, through
infrared light illumination, controllable release of droplets is
achieved, and CLJM functions as a light-trigged valve.
Furthermore, not just droplets, our CLJM enables light-
triggered gating control of large volumes of liquids (e.g., 300
μL) in the pipeline (Figure S5, Supporting Information).
Extreme environment testing and robustness testing have also
demonstrated the stability of CLJM and the potential of our
strategy (Figures S6 and S7, Supporting Information).
2.2. Mechanism of Light-Triggered Droplet Release

on CLJM. In Figure 2a, an initial 8 μL droplet was placed on
the CLJM, maintaining superhydrophobicity with an initial
contact angle of approximately 157.0°. Upon activation of the
infrared light to irradiate the CLJM, CNTs absorb heat, and
the temperature of the CLJM gradually increases with
increasing irradiation time. As the temperature increases,
molecular thermal motion intensifies, leading to the gradual
wetting of the surface of CLJM by the droplet. Within 10.0 s,
the contact angle gradually decreased to around 139.8° (Video
S2, Supporting Information). Figure 2b illustrates a simulation
diagram depicting the variation of the lower contour curve of
the droplet at different temperatures (from 20 to 83.93 °C).
For a 500 μm diameter micropore and an 8 μL droplet size, the

Figure 1. Fabrication of CLJM and the droplet-release process. (a)
Manufacturing process of CLJM includes plasma cleaning and
bonding of PDMS and PET films, femtosecond laser treatment of
PDMS surfaces, and spraying of CNTs. Finally, the CLJM was
accurately cut using femtosecond laser. (b) Photo of CLJM, SEM
images of micropore cross-section and the upper and lower
surfaces. Scale bar for the photo, 1 mm. Scale bar for SEM images,
100 μm. (c) Process of controlled release of the droplet on CLJM
under infrared light irradiation. The droplet (8 μL) continuously
receiving infrared radiation on the micropore, the contact line of
the droplet inside the micropore gradually moves downward and
releases after contacting the water surface below. Scale bar, 5 mm.
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simulation results indicate that as the wetting of the droplet on
the CLJM increases, the contour profile of the droplet
gradually shifts downward. The lowest point of the droplet
contour line changes gradually from its initial state of 31 to 55
μm.

In order to analyze the process of droplet movement more
clearly, the 2D model in Figure 2c is established. The contact
angle of the droplet is denoted by θ. The red curve represents
the contour curve of the droplet. The distance between the
lowest point of the droplet’s contour and the upper surface of
the CLJM is defined as S. To analyze the forces acting on the
lower contour curve of the droplet, we establish an x−y
coordinate system, as shown in the figure. Taking any surface
element Δs on the contour curve as an example, the surface
element is initially subjected to the gravity of the droplet itself,
denoted as G:

G g h y s( )= (1)

Among these parameters, ρ represents the density of the
droplet. Considering the small volume of the droplet, it can be
approximated as a spherical crown. The height (h) of the
droplet can be expressed as

h R Rcos= (2)

Among these parameters, R denotes the radius of the
spherical crown, and v represents the volume of the droplet.
The relationship between the radius of the spherical crown and
the volume and contact angle of the droplet can be expressed
as30
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Next, the contour surface element is subjected to a bending
force (F1) from the surface above the droplet34,35 :
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Among these parameters, γ represents the surface tension of
the droplet. Third, the contour elements will be subjected to a
curvature force (F2) from the surface below the droplet:
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Figure 2. Mechanism of light-triggered droplet release on the CLJM. (a) As the infrared light continues to irradiate, the droplet gradually
wets the surface of PDMS coated with CNTs, and the contact angle gradually increases from an initial 157.0° to 139.8°. Scale bar, 500 μm.
(b) Simulation diagram of the lower contour curve of the droplet at different temperatures. As the temperature of CLJM gradually increases,
the lower contour curve of the droplet gradually moves down. (c) Model image indicates the contact angle (θ), Laplace pressure of the lower
surface (F2), Laplace pressure of the upper surface (F1), gravity (G), and the distance (S) between the lowest point of the droplet and the
PDMS surface. The x−y coordinate system is established at the center. (d) In the scenario of a micropore diameter (500 μm), a droplet (8
μL), a contact angle (157.0°), and a surface tension (72.8 mN m−1), the shape of the theoretical curve of the lower edge of the droplet cross-
section in the micropore was obtained by solving using MATLAB. (e) In the scenario of a micropore diameter (500 μm), a droplet (8 μL), a
contact angle (157.0°), and a surface tension (72.8 mN m−1), the outline curve diagram of the droplet at different temperatures. (f)
Advancing contact angle data of the PDMS surface treated with femtosecond laser at different temperatures. As the temperature increases,
the advancing contact angle gradually decreases.
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Among these parameters, 1/R1 and 1/R2 represent the
orthogonal curvature of any point on the contour curve of the
droplet. This can be expressed as (Figure S8, Supporting
Information)36,37 :

R R
y
y

y

x y

1 1
(1 ) 11 2

2 3/2 2
+ =

+
+

+ (6)

Considering force balance:

F F G2 1= + (7)

The obtained contour curve of the droplet satisfies the
following differential equation:
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The differential equation satisfied by the contour curve of
the droplet reveals that the droplet’s shape is primarily
influenced by the diameter of the micropore, the volume size
of the droplet, surface tension, and contact angle. Utilizing the
MATLAB tool and numerical methods, we solve this

differential equation, and the resulting contour curve of the
droplet is depicted in Figure 2d. The calculated result shows
that the value of S is 31 μm. To validate the accuracy of the
calculation results, we introduce silicon dioxide fluorescent
beads into the droplet and measure the lower contour curve
using a confocal microscope. The measurement results
indicated that the value of S is 34 μm, which is matched
well with the calculation results (Figure S9 and Video S3,
Supporting Information). The lower contour curve of the
initial state droplet determines whether the droplet can hover
on the CLJM rather than directly contact the liquid surface
below and cause release. Another crucial factor is the change in
the wettability of the droplet on the CLJM caused by
continuous infrared irradiation on the CLJM surface sprayed
with CNTs. As the droplet gradually spreads out on the
surface, the lower contour curve of the droplet also gradually
shifts downward. The simulation data is shown in Figure 2e,
illustrating the gradual downward movement of the lower
contour curve as the temperature increases. To demonstrate
changes in wettability, we measured the advancing contact
angle data of PDMS surfaces and the contact angle data of the
CNTs-sprayed surface at different temperatures (Figure S10,

Figure 3. Influence of droplet size, CLJM parameters, and temperature on light-triggered droplet release. (a) Schematic representation of
droplet release. Essential parameters influencing the microvalve effect include the droplet volume, micropore diameter, and PDMS
thickness. (b) Time and temperature required for the droplet (8 μL) release vary depending on the pore diameter. Within the range of pore
diameter from 350 to 550 μm, as the pore diameter increases, the required release time decreases and the temperature decreases (PDMS film
thickness: 50 μm). (c) Influence of droplet volume on release time and temperature with a micropore diameter of 450 μm and a PDMS film
thickness of 50 μm. Within the range of droplet volumes from 6 to 18 μL, an increase in droplet volume leads to an increase in required
release time and temperature. (d) Impact of PDMS membrane thickness on release time and temperature for a droplet (8 μL) with a
micropore diameter of 450 μm. The relationship within the PDMS membrane thickness range of 40−70 μm indicates an increase in required
release time and temperature as the PDMS membrane thickness increases. (e, f) When the thickness of the PDMS membrane reaches 50 μm
or when the pore diameter measures 350 μm, region I represents the scenario where, even under infrared radiation, droplets cannot be
released due to the pore diameter being too small or the PDMS membrane being too thick. On the other hand, region III signifies that due
to the PDMS membrane being too thin or the pore diameter being too large, droplets cannot be stably placed on the CLJM even without
infrared irradiation.
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Supporting Information). The data from Figure 2f of the
PDMS surface indicates that as the temperature increases, the
advancing contact angle of the droplet gradually decreases. The
contour profile of the droplet within the pore will gradually
shift downward, thus making contact with the underlying
liquid surface and releasing.
2.3. Influence of Droplet Size, CLJM Parameters, and

Temperature on Light-Triggered Droplet Release. The
ability of the controlled droplet to hover on the CLJM and
complete release under infrared light irradiation is determined
by factors such as the droplet size, pore diameter, and PDMS
film thickness (Figure 3a). When the diameter of the
micropore remains constant, an increase in droplet volume
results in a decrease in droplet curvature and a reduction in the
value of S (the distance between the lowest point of the
droplet and the PDMS surface). Conversely, when the droplet
size remains constant, the value of S rapidly increases as the
diameter of the micropore expands (Figure S11, Supporting
Information). Maintaining a constant PDMS film thickness
and droplet size, Figure 3b illustrates the time and temperature
data for droplet release from CLJM with different apertures
under infrared light irradiation. With a fixed PDMS film
thickness of 50 μm and a droplet size of 8 μL, as the diameter
of the micropore changes from 350 to 550 μm, the droplet’s
contour line gradually approaches the liquid surface. The
infrared irradiation time required for droplet release falls within
the range of 9.42−5.22 s, and the corresponding temperature
range is 84.54−55.40 °C. Figure 3c, with a fixed PDMS film
thickness of 50 μm and a micropore diameter of 450 μm,
presents the time and temperature required for the release of
different volumes of droplets. As the droplet volume increases
from 6 to 18 μL, the droplet curvature decreases, and the initial
lower contour line gradually moves away from the liquid
surface. The release time spans from 6.30 to 9.10 s, and the
temperature ranges from 58.34 to 83.08 °C. In Figure 3d, with
a micropore diameter of 450 μm, the relationship between the
time required to release an 8 μL droplet and the PDMS film
thickness is demonstrated. As the PDMS film thickness
increases from 40 to 70 μm, the initial lower contour line of
the droplet progressively moves away from the liquid surface.
The required release time varies from 6.10 to 8.30 s, and the
temperature ranges from 61.76 to 81.60 °C. Evidently, within a
certain range, increasing the droplet volume, reducing the
micropore diameter, or increasing the PDMS hydrophobic
layer thickness will result in an increased infrared heating time
required for droplet release, accompanied by an increase in the
required temperature.

The effective light-triggered droplet release on the CLJM
corresponds to the droplet volume range, pore diameter, and
PDMS film thickness, as shown in Figure 3e,f. With the PDMS
film thickness fixed at 50 μm, Figure 3e presents the phase
diagram indicating whether droplets of different volumes under
different pore diameters can be released under infrared
irradiation. Region II represents the area where droplets can
be released through infrared heating on the CLJM. Region I
indicates that due to the small diameter of the micropore, the
droplet’s contour line is far from the liquid surface, making it
impossible to alter the droplet’s wettability to release it through
infrared light irradiation. Region III represents the area where
the lower contour line of the droplet is released directly from
contact with the liquid surface below without infrared
irradiation due to the large diameter of the micropore. The
portion of region II can be observed to shift leftward as it

approaches the lower part. This shift is due to the contour line
of the droplet moving away from the liquid surface,
compensated for by the downward movement caused by the
larger curvature of the smaller droplet. When the diameter of
the micropore is fixed at 350 μm, Figure 3f illustrates the phase
diagram indicating whether droplets of different volumes can
be released under infrared radiation with different PDMS film
thicknesses. Region I indicates that due to the thick PDMS
film, the contour curve of the droplet is far away from the
liquid surface, making it unable to be released through infrared
irradiation. Region III indicates that due to the thin PDMS
film, the droplet cannot be placed on CLJM and is released
directly. The area II that satisfies the infrared light-controlled
release of the droplet is seen to shift rightward at the bottom of
the phase diagram. This shift occurs because the larger
curvature of the smaller droplet compensates for the influence
of the thicker hydrophobic film on the droplet’s lower contour
line, which would otherwise be farther away from the liquid
surface.
2.4. Applications of the CLJM in Microchemical

Reactions and Microbial Culture. Our strategy for light-
triggered droplet release on the CLJM has potential
applications in the fields of microchemical reactions, micro-
biology, and cell culture. In microchemical reactions, where
many toxic experiments often require conduction in closed
containers with noncontact operations, stringent demands are
placed on experimental methods and environments. Our
strategy of light-triggered droplet release on the CLJM presents
promising applications in the microchemical reactions field.
Figure 4a illustrates the microchemical reaction test chamber,
where the CLJM is suspended in the solution and different
reaction droplets are placed on the micropores of the CLJM.
An external infrared light source is used to control the release
of specific droplets as needed. We have designed an
experimental setup and demonstration of microchemical
reactions, as depicted in Figure 4b. Two micropores are
fabricated on a CLJM (Figure S12, Supporting Information).
The CLJM is placed on top of a 0.01 mol L−1 silver nitrate
solution, with 6 μL of 0.5 mol L−1 sodium chloride solution
and 0.1 mol L−1 sodium sulfide solution on the two
micropores, respectively. The setup is enclosed with a glass
slide to simulate a closed experimental environment. Initially,
the sodium chloride droplet was irradiated with infrared light,
and after 4.49 s, the droplet was released into the silver nitrate
solution, resulting in the formation of a white precipitate of
silver chloride. After the reaction stabilized, the sodium sulfide
droplet was irradiated with infrared light. Approximately 6.75 s
later, the droplet was released into the silver nitrate solution,
initiating a reaction that produced a black precipitate of silver
sulfide (Video S4, Supporting Information). Our strategy also
has excellent universality for droplets with various chemical
properties (Figure S13, Supporting Information). At the same
time, the sequential release of droplets demonstrates the
flexibility and controllability of our strategy.

Our strategy also holds promising applications in the fields
of cell culture and microbiology. In the process of culturing
cells using a live cell workstation, there is often a need to
deliver different drugs to cells to adjust their survival status in
response to various cell states. Specifically, during the
cultivation of Hela cells on a live cell workstation, we
employed the CLJM to release varying amounts of DOX
drugs, enabling the continuous observation of the cell survival
status. Staining the cells with trypan blue at regular intervals
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allowed us to distinguish inactive cells, which lose membrane
selectivity and are stained by trypan blue molecules, from
surviving cells, which maintain a round state and remain
unstained by trypan blue. Figure 4c shows cell staining images
before and 8 h after the release of DOX drugs during the cell
culture process. It is evident from the figure that the survival
rate of cells before drug release is close to 100%, and the cell
mortality rate reaches approximately 95% after 8 h of drug
release. As the cultivation time extends, the survival rate of cells
gradually decreases following DOX drug intervention. During
the cultivation of Hela cells, different volumes of DOX drugs
with a concentration of 5 mg mL−1 were added. The data on
the cell survival rate and culture time are presented in Figure
4e. It is observed that the larger the amount of DOX drugs
used for the same culture time, the lower the cell survival rate.
Similarly, with the same dosage of DOX drugs, the longer the
culture time, the lower the cell survival rate.
2.5. Light-Triggered Small Boat Based on the CLJM.

In addition to the aforementioned applications in micro-
chemical reactions and microbial culture, our CLJM can also
be used for driving at the liquid−gas interface. The strategy of

controlling droplet release with infrared light on the CLJM
demonstrates extensive application potential in the field of
controlling object motion at the liquid−gas interface. As
illustrated in Figure 5a, after the application of CNTs, we
shaped the small boat using femtosecond laser cutting,
followed by a tilted treatment of micropore to create our
photocontrolled small boat. The SEM image in Figure 5b
showcases a 45° oblique micropore machined by femtosecond
laser on the CLJM. The inclined treatment of the micropore
on the small boat directs the mushroom-shaped jet released
from the droplet along the inclined channel, providing the boat
with a reverse force to propel it forward.38−40 Figure 5c
displays the schematic diagram of the controlled motion of the
small boat along with actual experimental footage. Designing
and treating the small boat shape based on ballistics, we
machined a straight micropore at a 45° angle in the center
position (Figure S14, Supporting Information). After being
irradiated by infrared light for about 6 s, the droplet (15 μL)
with blue dye above the micropore was released along the
inclined micropore for about 0.9 s, propelling the small boat
forward with a tilted mushroom-shaped jet trailing behind
(Video S5, Supporting Information). In Figure 5d, when the
diameter of the micropore is 400 μm, the thickness of the
PDMS film is 50 μm, the thickness of the PET film is 250 μm,
and the droplet size is 15 μL, the average velocity and droplet
release time of the small boat during the droplet release period
are related to the inclination angle of the micropore. A smaller
inclination angle results in a higher average speed of the small
boat. As the inclination angle changes from 15° to 75°, the
time for droplet release changes relatively little, while the
average speed of the small boat gradually decreases from 27.37
to 12.16 mm s−1. When the fixed inclination angle is 45° and
other parameters remain consistent, changing the diameter of
the micropore is shown in Figure 5e. As the diameter of the
micropore increased from 350 to 550 μm, the duration of
droplet release gradually decreased from 0.47 to 0.23 s, and the
average speed of the small boat slightly decreased.

3. CONCLUSIONS
In order to address existing issues in gating control over
droplet transport using Janus membranes (pollution problem
by using magnetic fluid and poor responsiveness by using
hydrophobicity/hydrophilicity of titanium dioxide under UV
irradiation), we propose a different strategy. This strategy
employs the photothermal effect to precisely control liquid
directional transport by altering the liquid’s wettability on the
Janus membrane. Our composite membrane (CLJM) is
bonded from hydrophobic PDMS film and hydrophilic PET
film and covered with a layer of CNTs after femtosecond laser
surface treatment. By irradiation with an infrared laser, the
CNTs on the CLJM can efficiently convert light energy into
heat energy, rapidly raising the surface temperature of the
CLJM. The rapid increase in temperature greatly changes the
wettability of liquid on CLJM, causing the contact line of the
droplet to move and contact the liquid surface. Under the
influence of Laplace pressure, the micropores of CLJM open,
completing the gating of liquid directional transportation.
Theoretical calculation and analysis on the droplet gating
strategy are conducted, which are consistent with the
measurement results. In addition, we have established a
theoretical model of the contact line variation of the droplet on
the CLJM surface with the temperature. The lower outline of
the droplet in the CLJM micropore at different temperatures

Figure 4. Application of the CLJM in the field of microchemical
reactions and microbial culture. (a) Light-triggered microchemical
reaction experimental box consists of a box body, an external
infrared light source, CLJM, droplets to be reacted, a reaction
environment, etc. (b) Sodium chloride droplet and the sodium
sulfide droplet are sequentially released by light control and react
with the silver nitrate solution. Scale bar, 10 mm. (c, d) While
cultivating Hela cells on a live cell workstation, 18 μL of DOX
drugs at a concentration of 5 mg mL−1 were released through a
light-controlled method. The cultivation lasted for 8 h, and
subsequently, trypan blue staining was used to observe the cell
viability. During an 8 h incubation period, the survival rate of Hela
cells decreased from 100% to approximately 5%. Scale bar, 50 μm.
(e) When cultivating Hela cells in a live cell workstation, cell
viability was observed after adding 6, 12, and 18 μL of DOX drugs
at a concentration of 5 mg mL−1 for sequential cultivation
durations of 2−8 h. As the amount of the drugs increased and the
cultivation time was extended, the cell survival rate decreased.
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can be accurately predicted and verified. Based on our CLJM,
applications including microchemical reactions, cell culture,
and interface boat propulsion have been developed. Our future
work will integrate CLJM into microfluidic systems to achieve
different devices for better microchemical reactions and
biomedical applications. In addition, if the rapid conversion
of hydrophobicity/hydrophilicity of composite membranes can
be achieved (our current strategy only achieves rapid changes
in wettability), then the effect of droplet gating control will be
better, which is also a challenge for our future research.

4. EXPERIMENTAL SECTION
4.1. Materials. PDMS and customized PET films were purchased

from Taobao, China. CNTs were purchased from Xianfeng Nano
(length: 10−30 μm, diameter: 10−20 nm, 100252). The preparation
of CNTs solution: add 0.07 g of CNTs to cyclohexane and sonicate
for 1.5 h, then add 0.07 g of TPE and sonicate for 1.5 h, and finally
add 0.5 mL of Glaco solution. The spray gun was purchased from
Taobao (PJR-130, caliber: 0.3 mm). Infrared lasers are produced by
Fuzhe Technology Co., Ltd. (FU808AD200-16GD, power: 200 mW,
wavelength: 808 nm). The height of the light source from the surface
of the sample is 18 cm, and the measured laser power at the sample is
147 mW. FluoSpherestm carboxyl-modified microspheres were
purchased from Thermo Fisher (diameter: 1 μm, F8816). The
plasma cleaning machine was purchased from ZHONGXINQIHENG
company (PDC-MG, MING HENG).
4.2. Femtosecond Laser Fabrication. The femtosecond laser

source employed in this work was a Solstice Ace model produced by
Spectra-Physics, USA (80L8TICE-ACE-100F-1K). To perform
ablation, a laser beam with parameters of 100 fs, 1 kHz, and 800
nm was used, which was focused by an F-theta lens with a focal length
of 100 mm. The laser focus was guided using a galvanometer scanner
(model: s-9210d) purchased from Sunny Technology, China.
Femtosecond laser treatment involved in this project includes
orthogonally crossed line-by-line consecutive scanning of the PDMS

surface to generate grid micro grooves and laser cutting to generate
micropores and shapes. The optimized laser power of 350 mW,
scanning speed of 15 mm s−1, and scanning times of 1 were used to
treat the PDMS surface. The laser power for cutting the shape and
micropore of CLJM is 150 mW; the scanning speed is 2 mm s−1, and
the scanning times are 20.
4.3. Characterization. Contact angle measurements were

conducted using a CA100C machine (Innuo, China) at ambient
temperature. The equipment used for capturing SEM images is a
scanning electron microscope (EVO18, ZEISS, Germany). The device
used to capture droplet contours is a Leica SP8 confocal laser
scanning microscopy (Leica, Germany). The infrared thermal imager
was purchased from FOTRIC (FOTRIC322Q, China).
4.4. Simulation Method. The contact infiltration problem of

multiphase fluid is mainly controlled by the laminar equation, where
the treatment of the liquid−gas interface is completed by the phase
field method. The originally sharp interfaces are expressed by a
continuous phase-field scalar. In addition, the temperature field is
introduced to describe the liquid−gas contact angle that varies with
the temperature. The initial temperature is set at 20 °C, and the
simulation domain is ultimately heated to 85 °C. A two-dimensional
numerical model that satisfies the axisymmetric assumption is
established, whose total size of the simulation domain is set to a
radius of R = 10 mm and a height of H = 5 mm. Regarding the
numerical discretization strategy, unstructured second-order triangu-
lar units are utilized within the inner domain, while the structured
quadrilateral mesh is employed on the boundary layer of the
multiphase contact interface. The intrinsic interface thickness of the
phase field is maintained within a range well below the size of the
droplet to ensure the conservation of quality and accurate depiction of
surface tension. For the time iteration strategy, the generalized α
method is employed to ensure model convergence. In the simulation
of multiphase laminar flow coupled with temperature fields, the
trajectory of the liquid−gas interface, as well as the distributions of
fluid pressure and temperature fields, are measured.

Figure 5. Application of the CLJM in interface drive. (a) Schematic diagrams of cutting the shape of a small boat using a femtosecond laser
and then treating the slanted micropore on the boat. (b) SEM image of the cross section of the micropore of the small boat. Scale bar, 100
μm. (c) Duration of the jet at different inclinations and the average velocity of the small boat (PDMS film thickness: 50 μm. Droplet volume:
15 μL. Diameter: 300 μm). Scale bar, 10 mm. (d) Duration and average velocity of the jet from a small boat at different inclinations (PDMS
film thickness: 50 μm. Droplet volume: 15 μL. Diameter: 400 μm). (e) Duration and average velocity of small boat spraying at different
diameters (PDMS film thickness: 50 μm. Droplet volume: 15 μL. Inclination: 45°).
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