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Abstract: Liquid gating membranes with molecular-level smooth liquid lining layers break through
the limitations of traditional porous membrane materials in gas transport control. Owing to the stable,
self-healing, and reconfigurable properties, liquid gating membranes have shown wide application
prospects in microfluidics, intelligent valves, chemical reactions, and beyond. Here, we develop a
periodic gas transport control system based on the self-oscillating liquid gating membrane. Under
continuous gas injection, the gas–liquid interface is reversibly deformed, enabling self-oscillating
behavior for discontinuous and periodic gas transport without the need for any complex external
changes to the original system. Meanwhile, our experimental analysis reveals that the periodic
time and periodic gas release in the system can be regulated. Based on the cycle stability of the
system, we further demonstrate the controllability of the system for periodic droplet manipulation
in microfluidics. Looking forward, it will offer new opportunities for various applications, such as
pneumatic robots, gas-involved chemical reactions, droplet microfluidics, and beyond.

Keywords: liquid gating membrane; self-oscillating behavior; gas–liquid interface; critical pressure;
periodic gas transport

1. Introduction

Benefiting from utilizing the capillary-stabilized liquid as a dynamical and recon-
figurable gate, liquid gating membranes have shown outstanding performance for fluid
transport control in response to the pressure gradient [1]. The transport gases/liquids will
deform the interface of the pore-filling gating liquid to enter the pore under the specific
critical pressures (Pc). Particularly, for traditional solid porous membrane materials, gas
transport behavior is uncontrolled and even occurs at zero pressure in the gas-solid inter-
faces. While in the liquid gating membrane, the gas-solid interfaces are transformed into
the gas/liquid/solid interfaces [2]. It is necessary to overcome the gas–liquid interface
tension for gas permeation, resulting in the Pc of gas transport being greater than zero.
Therefore, the liquid gating membrane has flexible and stable switching functions in gas
transport [3], which enables liquid gating technology to facilitate the development of many
intelligent applications, such as chemical reactions [4], multiphase separations [5], and
chemical detections [6].

In general, the pressure threshold in liquid gating membranes for gas transport is
mainly affected by the properties of the gating liquid, such as viscosity, chemical compo-
sition, concentration, and surface tension [7]. Recent works have shown some progress
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toward the dynamic interface research in gas transport control. For example, when the ana-
lyte cation was added to the gating liquid, due to the dipole-induced interfacial molecular
reconfiguration in the dynamic gas-liquid interface, the transmembrane critical pressure
was decreased. The released gas made the marker droplet move, which could be used as
a detection signal information, and open up new avenues for chemical detection [6]. In
addition, based on the reversible photoisomerization of molecular photoswitches induced
a variation of the solid–liquid interaction between the solid porous substrate and the gating
liquid, a light-responsive gas valve with controllable gas transport under the external
stimuli of UV light has been developed [8]. More recently, a liquid gating CO2 chemical
response valve has performed self-adaptive switching behaviors with transporting gases
mixed with CO2, utilizing the neutral superamphiphilic compound in the gating liquid
that was protonated by CO2. Compared with other injected gases, such as Ar, N2, or O2,
when CO2 was transported, a higher transmembrane pressure was required to open the
system. Thus, the system could be closed at low applied pressures [9]. Although much
progress in the demonstration of various controls on gas transport has been made in multi-
farious liquid gating membranes, gas transportation in previous works is uninterrupted,
and usually relies on the changes in the external regulatory environment, including the
modulation of gas–liquid interface properties, external stimuli, or injection sources to drive
them to perform reversibly closed/open states. The liquid gating membrane itself with
self-oscillating switching behavior for discontinuous and periodic gas transport has not
been realized, which is of great significance in practical applications without any complex
external regulations.

Herein, we design a self-oscillating liquid gating membrane (SOLGM) for intermittent
and periodic gas transport. Under continuous gas injection, the pressure of the system
increases, accompanied by the deformation of gas–liquid interfaces. After rising to the Pc,
the rapid release of gas leads to decreased pressure and reversible reconfiguration of the
gating liquid. This work successfully realizes the self-oscillating behavior with periodic
closed/open states and periodic gas transport control without any complex external opera-
tional variations. To demonstrate the tunability of the self-oscillation behavior, we altered
the periodic time of interface deformation and achieved the regulated periodic release in
gas transport by applying different constant flow rates. Moreover, periodic gas release
drives droplet motion, which demonstrates the excellent performance of the system for
periodic gas transport in microfluidic droplet systems. We believe that this system is an
important step toward fuel cells, gas valves, periodic fluid transport, etc.

2. Materials and Methods
2.1. Materials and Chemicals

Polytetrafluoroethylene (PTFE) membranes were purchased from Jincheng Plastic
online store (Guangdong, China). The stainless steel mesh (SSM, 316 L) was purchased
from Anping Tianhong Metal Mesh Factory (Hebei, China). Stainless steel sheets (316 L)
were provided by Dongtai Penglian Stainless-steel Products Co., Ltd. (Dongtai, China).
Ethanol was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Silicone oil with a viscosity of 500 cP (Silicone oil-500, nonvolatility) was purchased from
Aladdin Industrial Co., Ltd. (Shenzhen, China), without any further treatment. Eykosi
magic waterproof and antifouling spray were purchased from Taobao. Air was used as
the injected gas. The magenta filling ink was provided by TIANSE Stationery Co., Ltd.
(Guangzhou, China). Deionized water (18.2 MΩ·cm) was obtained from Mili-Q Integral
3 System.

2.2. Fabrication of SOLGM

In the experiment, SOLGM was designed as single-pore systems or porous systems.
Silicone oil-500 was used for the gating liquid.

Single-pore systems consist of the single-pore membrane and the gating liquid. Single-
pore membranes (diameter of 25 mm) were fabricated from flat PTFE membranes by
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Femtosecond Laser Cutting at the Technical Institute of Physics and Chemistry, Chinese
Academy of Sciences. Firstly, the AutoCAD 2021 software (Autodesk, San Rafael, CA,
USA) was used to design and draw the pore size diagrams of the system. Secondly, by
adjusting the appropriate cutting speed and laser intensity, the pore size of the single-
pore can be controlled. Then the membranes were moved to the optical microscope for
observation to measure the actual pore sizes of single-pore membranes. After that, the
membranes were cleaned by ultrasonic for 10 min in the sequence of ethanol and deionized
water, respectively. After being dried, they were prepared by dropping ~10 µL/cm2 gating
liquid on the surfaces of single-pore membranes, and uniform coverage was achieved after
a while.

Porous systems consist of a porous membrane and a gating liquid. Porous membranes
(diameter of 25 mm) adopt the SSM. The SSM was cleaned through ultrasonic in ethanol and
deionized water in sequence for 10 min to remove surface contaminants. After being dried,
the ~60 µL/cm2 gating liquid with a volume of 60 µL was added dropwise to infiltrate the
porous membrane fully.

2.3. Characterizations

The self-oscillating behavior of SOLGM was characterized by a TH4-200 microscope
(Olympus, Tokyo, Japan). The photographs of the demonstration of SOLGM for periodic
gas transport control and videos were taken by a digital camera (Nikon D750).

2.4. Transmembrane Pressure Measurements

The gas transport behavior of SOLGM was characterized by measuring the transmem-
brane pressure during the gas flow. Both two sides of SOLGM were provided with a gas
inlet and outlet. Air was used for gas transport. The difference in the transmembrane
pressure between the gas inlet and outlet of the system was measured by a wet/wet current
output differential pressure transmitter (PX154-025DI, Omega, Stamford, CT, USA) pur-
chased from OMEGA Engineering Inc. (Stamford, CT, USA). In all experiments, a Harvard
Apparatus PHD ULTRA Syringe Pump with a 50 mL syringe was used for gas injection
at constant flow rates of 0.05, 0.1, 0.25, 0.5, and 1 mL/min, respectively. Considering the
uncertainties in the experiment (including the fluidity of the gas, the interaction of the
gas–liquid interface, and the accuracy of the instrument), in order to ensure the reliability
and rigor of the experiment, the values of all experiments used were averages of at least
three measurements and at room temperature.

2.5. Contact Angle Measurements

Contact angles (CA) of silicone oil-500 were measured by the sessile drop method on
an optical angle measuring instrument (OCA100, Dataphysics, Stuttgart, Germany) at room
temperature on the surface of PTFE membranes and SSMs. It was worth emphasizing that
we prevented the influence of the pore structure on the wettability, the same membrane
material without pores was used for measurement. The dosing volume of silicone oil 500
was 5 µL at a dosing rate of 1 µL/s and photos were taken after 30 s. The values of contact
angles were averages of at least three independent measurements.

3. Results and Discussions
3.1. Operation Mechanism of SOLGM

In living things, the alveoli are full of micron-sized pores filled with liquids, realizing
gas transport control between alveoli and blood tissues when driven by pressure [10]. The
liquid gating membrane was inspired by such natural phenomena [11,12] that use liquid-
filled pores of solid membranes to control fluid transport. Under the action of the capillary
force, liquid can be stabilized in the micron pores. Therefore, the pores can be reversibly
sealed in a closed state and rapidly reconfigured under pressure-driven to generate an
open state and liquid-lined pathway. The system shows a flexible and stable switching
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performance, which breaks through the limitations of traditional solid membrane materials
in gas transport control [13–16].

Figure 1 provides an illustration of the operation mechanism of SOLGM for periodic
gas transport. A gas–liquid interface was formed at the junction of the gating liquid and the
transport gas. With the continuous gas injection, the gas accumulated and compressed [17],
and the applied pressure (∆P) increased, resulting in gas–liquid interface deformation
and an unbalanced state. Gas–liquid interfaces are deformable as follows: they can freely
change their shape to minimize their surface energy [15], in the same way as the transition
from initial state i to state ii in Figure 1a (P1 < P2). When the ∆P increased to the Pc, SOLGM
was in the open state (state iii and state iv in Figure 1a). Meanwhile, the gas was released
instantaneously, and the pressure decreased (P1 < P4 < P3 < P2, Figure 1a). Due to the
effect of capillary force, which brings the system back to the initial closed state (state i in
Figure 1a). In short, SOLGM mainly undergoes four state transitions in one periodic time,
from state i to state ii, state iii, and state iv, which change periodically under the drive of
the ∆P and interfacial tension. ∆P that must be overcome is the Laplace pressure for gas
transport [18].

∆P =
4γg−l

d
(1)

where γg−l is the gas–liquid surface tension, and d is the average effective pore size.
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Figure 1. Schematics of liquid gating self-oscillating membrane (SOLGM) with periodic gas trans-
port. (a) The compressible gas was continuously injected into membrane pores infiltrated with the
incompressible gating liquid and released through pressure-induced deformation of the gas–liquid
interface. The gating liquid reversibly infiltrated the membrane pores due to the decrease in pressure
in the open state. Then, the system would be in a closed state. Therefore, periodic gas transport
control can be achieved by self-oscillating closed/open states. (b) Relationships among pressure,
volume, and time in SOLGM.

Therefore, this strategy allows SOLGM to perform periodic gas transport control under
continuous gas injection (Figure 1a). A channel with SOLGM was designed. When the time
was at t1, the droplet was in the original position. With the gas injection, the pressure of the
system increased to the Pc, the system would be opened. After that, the instantaneous gas
release made the position movement of the droplet (t2 in Figure 1a), resulting in a drop in
the system pressure, and the gas–liquid interface was reconstructed. The system was in a
closed state from t2 to t3, and the droplet kept a resting state. Then, the ∆P rose to the Pc
again, the system was in the open state and the droplet would be moving from the position
of t3 to t4. The periodic motion of the droplet in the channel demonstrates gas release
behavior can be controlled and periodic. To better illustrate SOLGM with periodic gas
transport behavior, Figure 1b shows the relationship between pressure, volume, and time
in SOLGM. In addition, periodic time refers to the time required for a complete process of
SOLGM to go from the open state to the closed state or from the closed state to the open
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state. Pressure amplitude is called the range of pressure variation of SOLGM in the open
state. No additional parameters need to be regulated. With the increase in gas volume, the
system can spontaneously generate gas relief and realize self-oscillating behavior with the
closed/open state control, which can achieve periodic gas transport.

3.2. Characterization of Self-Oscillating Behavior with Periodic Gas Transport

The self-oscillating behavior of SOLGM is shown in Figure 2. The system consisted of
a single-pore membrane with a pore size of 220 µm and a gating liquid. Gas was injected at
constant flow rates of 0.05, 0.1, 0.25, 0.5, and 1 mL/min, respectively. With the flow rate
increasing (Figure 2a), the periodic time decreased gradually, and ∆P was not affected. The
range of ∆P is only related to the nature of SOLGM itself, such as the gating liquid or pore
size, and is not affected by the change in flow rate.
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Figure 2. Characterization of the self-oscillating behavior with the periodic closed/open states.
(a) Evolution as a function of time of SOLGM (Here, SOLGM is a single-pore, the pore size is 220 µm)
with different flow rates of pressure. (b) Left: optical microscopy images of the four states of SOLGM
and schematic diagram of the four states during one periodic time (state i: the initial closed state, state
ii: the transition state from closed state to open state, state iii: the open state, state iv: the recovery
state from open state to closed state). Right: local enlargement of the pressure and time relationship
of SOLGM in one periodic time at a flow rate of 0.5 mL/min, and schematic of the state diagrams.
Scale bars: 100 µm.

Meanwhile, we observed the self-oscillating closed/open states with periodic gas
transport of SOLGM under an optical microscope (Supplementary Materials Video S1). As
an example, the system performs self-oscillating behavior at a flow rate of 0.5 mL/min at
one periodic time. SOLGM was transformed from initial state i to state ii (Figure 2b) by
pressure-driven deformation of the gas–liquid interface under gas injection, and the system
was still in a closed state. When ∆P reached Pc, the system was in the open state, and gas
was released instantaneously. Then the system was in state iii. After the pressure gradually
decreased to state iv, the gating liquid was reconstructed and returned to state i. Therefore,
we further designed single-pore systems and porous systems to study the self-oscillating
behavior of SOLGM for periodic gas transport.

3.3. Design Strategy and Parameter Regulation of SOLGM
3.3.1. Stable Single-Pore Systems

Figure 3 shows the design and regulation of the self-oscillating behavior of single-
pore systems. The single-pore system consists of a single-pore membrane and a gating
liquid. Single-pore membranes were made from flat PTFE membranes by laser cutting
methods. According to the adjustment of laser cutting intensity and cutting speed, we
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mainly fabricated single-pore membranes with pore sizes of 60, 90, 150, 180, and 220 µm.
To achieve better self-oscillating behavior, we designed a stable single-pore system. The
following requirements must be met: (1) the gating liquid must have an affinity for the
single-pore membrane and can completely infiltrate the single-pore membrane; (2) there
is no mutual solubility between the gating liquid and the transport fluid; (3) the affinity
between the transport fluid and the single-pore membrane must be lower than that between
the gating liquid and the single-pore membrane, in case the transport fluid replaces the
gating liquid in the transportation process [19]. But for gas transport, as long as the gating
liquid is very affinitive to the membrane, the system can be very stable. The wettability of
gating liquid on single-pore membranes was measured by the sessile drop method. The CA
of the gating liquid is shown in Figure 3. The gating liquid has a CA value of 40.2 ± 0.3◦,
indicating that the gating liquid is very compatible with the single-pore membrane [20].
However, the Pc (Figure 3a) and pressure amplitude (Figure 3c) of different pore sizes are
almost constant with the increase in flow rate. However, the Pc and pressure amplitude of
single-pores decrease gradually with the increase of pore size. The Laplace equation shows
that the pressure is inversely proportional to the average effective pore size. The larger the
average pore size, the smaller the pressure.
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Figure 3. Design and regulation of self-oscillating behavior of the single-pore. Evolution as a
function of the flow rate of the single-pore system with different pore sizes of (a) critical pressure,
(b) periodic time, (c) pressure amplitude, and (d) periodic release. The gating liquid was measured
on polytetrafluoroethylene (PTFE) membranes to characterize the wettability of single-pore systems.

Meanwhile, with the increase in flow rate, the periodic time gradually decreases
(Figure 3b). Single-pore systems of the same pore size have a specific Pc, and the pres-
sure is a change caused by the compression of gas injection. The lower the flow rate of gas
injection, the more time it takes for the ∆P to rise to the Pc. Moreover, with the increase
in pore size, the periodic time and periodic release of the system for gas transport show
a decreasing trend as a whole under the same flow rate. Like the above, because of the
larger pore size, the smaller pressure, and the less time required to reach the Pc. The smaller
pressure means the smaller volume of gas accumulation, and therefore, the smaller periodic
release. In addition, the relationship between the periodic gas release of the single-pore
system with the same pore size and the flow rate is proportional; the larger the flow rate, the
greater the periodic release (Figure 3d). As the flow rate increases, the volume of gas released
per unit time will also increase in the open state. Based on the above results, the single-pore
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system can be used as a stable system for periodic gas transport. Changing the gas injection
flow rate can realize the gas transport control with variable periodic time and release quantity.
Therefore, quantitative and periodic gas transport control devices can be designed.

3.3.2. Stable Porous Systems

In order to verify the universality of the self-oscillating behavior in SOLGM for periodic
gas transport, reasonable adjustments were made, and further studies would be carried
out in porous systems. Here, the porous system consists of a porous membrane and a
gating liquid, and the porous membrane uses SSMs. As mentioned above, in single-pore
systems for gas transport, on the condition that the gating liquid is very affinitive to the
membrane, SOLGM can be very stable. The wettability of gating liquid on porous systems
was measured by the sessile drop method. The CA of the gating liquid is shown in Figure 4a.
The gating liquid has a CA value of 15.4 ± 2.0◦, indicating that the gating liquid is very
compatible with the porous membranes. We selected SSMs with pore sizes of 5, 10, 30, and
110 µm to construct the porous system. It is worth noting that the pore size of SSMs we
have converted is based on the mesh parameters of SSMs, not the actual pore size.
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wettability of porous systems.

For the porous systems, the change of the flow rate also cannot affect the Pc of the
system due to the properties of the system itself. The periodic time will decrease as the flow
rate of the porous membranes increases (Figure 4b). Meanwhile, the relationship between
Pc, periodic amplitude (Figure 4c), periodic time, and pore size of porous systems is also
consistent with single-pore systems. Notably, with the increase in pore size, the changes
in periodic release (Figure 4d) are not fully consistent with single-pore systems. This is
mainly due to abrupt changes in the data for the porous system with a pore size of 10 µm
under the flow rate of 0.25 mL/min. We consider that since the SSM with a pore size of
10 µm is a braided twist structure [21], the influence of its structure increases the error.
Moreover, neither the system with a pore size of 5 µm at any flow rate in the experiment
nor the system with a pore size of 10 µm at a flow rate of 0.5 mL/min and 1 mL/min
shows self-oscillating gas release with periodic closed/open states. The results indicate that
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the permeability is mainly based on the pore-flow model [22–24], and the self-oscillating
behavior would be affected by pore size or flow rate.

3.4. Demonstration of SOLGM for Periodic Gas Transport in Droplet Microfluidics

After systematic exploration of the periodic gas release inside the SOLGM, we further
demonstrated the functionality for periodic gas transport (Supplementary Materials Video S2).
Referring to the devices of droplet microfluidics [25], we designed a channel with a cross-
section of the entrance of a rectangle with a length of 4 mm and a width of 5 mm. Air was
used as the transport gas, and droplets (injected by pipette before the connection with the
self-oscillating system) with a volume of 200 µL were used to indicate the trajectory of the
movement. We utilized a porous system (pore size of 30 µm) at a constant gas injection
flow rate of 1 mL/min to demonstrate periodic gas transport. In order not to consider the
influence of friction resistance on the system, the device was hydrophobized (the channel
was sprayed with eykosi magic waterproof and antifouling spray and dried naturally).

The release of transport gas could drive the movement of droplets. As shown in Figure 5,
when t0 = 0 s, the droplet was in the initial position, and SOLGM was in the closed state. As
the amount of gas injection increased, the ∆P reached the Pc, the system was in the open state,
and gas was released instantaneously. As a result, the droplet moved from the position of t0
to t1. Then, due to the decrease in the system pressure and the effect of capillary force, the
system was closed and the droplet was in a resting state from t1 to t2. When t2 = 42.4 s, the
droplet completed the first periodic time movement. Therefore, the closed/open state control
behavior can be switched automatically (t3, t4, t5, t6, and t7 in Figure 5). This pressure-driven
and self-oscillating system that utilizes its gas/liquid/solid interface interaction to achieve
periodic gas transport, without the need for any complex external regulations. In addition,
periodic gas transport could play a promising role in the fields of microreactors [26,27],
chemical reactions [28], soft robots [29,30], and fluid transports [31–33].
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4. Conclusions

In summary, we have shown a new SOLGM with periodic gas transport under contin-
uous gas injection that performs self-oscillating closed/open states. The characterization of
self-oscillating behavior, the design strategy, and the parameter regulation of SOLGM have
been discussed. Owing to the accumulation and compressibility of gases, the pressure of the
system under a constant flow rate induces an increase. Then, when ∆P rises to the Pc, the
rapid gas release leads to a decreased pressure and reversible reconfiguration of the gating
liquid. The self-oscillating behavior with periodic closed/open states for periodic gas trans-
port control has been realized. We further demonstrate the periodic gas transport based
on the porous system in droplet microfluidics. Meanwhile, the experimental results have
shown that the system’s self-oscillating gas transport behavior is conditional and without
the need for any complex external operational variations. The system is still developing and
will be a breakthrough in many new applications, such as pneumatic actuators, multiphase
microreactors, gas-involved reactions, droplet microfluidics, intelligent valves, etc.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/membranes12070642/s1, Video S1: Observation of SOLGM’s self-
oscillating closed/open states. Here, SOLGM is a single pore (pore size of 220 µm). Then the system
achieved the self-oscillating behavior for periodic gas transport control at a constant flow rate of
0.5 mL/min. Video S2: Demonstration of SOLGM for periodic gas transport in droplet microfluidics.
Here, SOLGM is a porous system (pore size of 30 µm). The system realized periodic motion control
of the droplet driven by the self-oscillating gas transport control at a constant flow rate of 1 mL/min.

https://www.mdpi.com/article/10.3390/membranes12070642/s1
https://www.mdpi.com/article/10.3390/membranes12070642/s1
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