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One-way valve of microfluidic system is fabricated through introducing Janus Si pillar 

arrays with outstanding anisotropic wettability into the T-shaped microchannel. The 

one-way valve shows great ability to guide the fluid flow and to seperate gas from liquid 

in MF systems, which make the one-way valve competitive candidate for further 

improvement of MF systems. 
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Anisotropic Janus Si Nanopillar Arrays as a 

Microfluidic One-Way Valve for Gas-Liquid 

Separation 

Tieqiang Wang,a c Hongxu Chen,a Kun Liu,a Yang Li,b PeihongXue,a Ye Yu,a 
Shuli Wang,a Junhu Zhang,*a Eugenia Kumacheva*b and Bai Yanga 

In this paper, we demonstrate a facile strategy for the fabrication of one-way valve for 

microfluidic (MF) systems. The micro-valve was fabricated by embedding arrays of Janus Si 

elliptical pillars (Si-EPAs) with anisotropic wettability into a MF channel fabricated in 

poly(dimethylsiloxane) (PDMS). Two sides of the Janus pillar are functionalized with 

molecules with distinct surface energies. The ability of the Janus pillar array to act as a valve 

was proved by investigating the flow behaviour of water in a T-shaped microchannel under 

different flow rates and pressures. In addition, the one-way valve was used to achieve gas-

liquid separation. We believe that the Janus Si-EPAs modified by specific surface 

functionalization provide a new strategy to control the flow and motion of fluids in MF 

channels. 

 

 

Introduction 

In the past decade, microfluidics (MFs) has shown promising 
applications in chemistry and biochemistry, owing to reduced 
reagent consumption, shortened analysis time, high sensitivity, 
portability and low cost.1-9 Nevertheless, some technical 
challenges limit practical applications of MF devices. One of 
the technical difficulties includes control of the motion of fluids 
in microchannels, which requires the use of micro-valves.10-14 
Applications of micro-valves include flow regulation, on/off 
switching and sealing of liquids, gases or vacuum. Although a 
variety of miniaturized mechanical valves and pneumatic-
controlled valves have been fabricated by micro-manufacture 
technologies,4,15-17 all of them require the fabrication and 
construction of mechanical moving parts or external control 
parts in the channel, which increases the cost and size of the 
integrated MF device. To overcome this drawback, non-
mechanical materials-based valves have been introduced, which 
utilized a reversible volume change of the materials, due to the 
change of temperature, pH or phase transition of the 
surrounding solution.18-20 These non-mechanical methods 
require changes of the chemical or physical environments for 
the liquid, which limits their applications in MF devices. Thus, 
the development of alternative cost-efficient non-mechanical 
micro-valves is highly desirable. 
In a microchannel, the flow behaviour of a fluid is strongly 
affected by the surface properties of the surrounding walls, due 
to the large surface-to-volume ratio. Thus, tuning of the 
wettability of the walls may lead to another strategy in 
controlling fluid flow.14 For example, anisotropic wetting 
surfaces, such as the gradient surface and stooped nanohairs, 
can result in inhomogeneous distribution of liquid on the 

surface and provides the capability to guide liquid flow in a 
particular direction.21-23 Although control of fluid flow by 
modifying the wettability of microchannels has been reported 
by many research groups,24-36 the number of works utilizing 
surfaces with anisotropic wetting properties to enhance the fluid 
control in microchannels is limited.37-39 In addition, to the best 
of our knowledge, micro-valves utilizing anisotropic wetting 
surfaces have not been reported. 
Recently, we have reported the utilization of two-dimensional 
(2D) elliptical hemisphere arrays (EHAs) of polystyrene as a 
mask to fabricate silicon elliptical pillar arrays (Si-EPAs), 
which were used for the fabrication of Janus Si pillar arrays 
with unique anisotropic wettability.40 In the present work, we 
report the application of these arrays as a one-way valve for MF 
systems. The one-way valve was fabricated by integrating a 
poly(dimethylsiloxane) (PDMS) channel with the Janus Si-
EPAs. The ability of the Janus array to function as a valve was 
demonstrated by investigating the flow of an aqueous solution 
in the MF channel. By examining the fluid motion under 
different flow rates (2.0-8.0 µL min-1) and pressures (26-83 
mbar), we found that the Janus Si-EPAs performed similarly to 
the closed elastomeric membrane valve.17 In addition, we 
investigated how the size of the MF channels and the geometry 
of the Janus Si-EPAs affect valve performance. Finally, the 
applications of the one-way valve were demonstrated for the 
separation of gas from water in the microchannel. 
 

Experimental section 

Materials 
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Silicon and glass substrates were cleaned by immersion in 
piranha solution (3:1 concentrated H2SO4/30% H2O2) for 1 h at 
70 °C to create a hydrophilic surface and then rinsed repeatedly 
with Milli-Q water (18.2 MΩ cm-1) and ethanol. The substrates 
were dried in nitrogen gas before use. PDMS elastomer kits 
(Sylgard 184) were purchased from Dow Corning (Midland, 
MI). 16-Mercaptohexadecanoic acid (MHA), Trichloro 
(1H,1H,2H,2H-perfluorooctyl) silane (PFS) and Polystyrene 
(PS) (Mw=280,000) were all purchased from Aldrich. Sulfuric 
acid and hydrogen peroxide were used as received. The “T-
shaped” and “cross-shaped” glass MF chips were obtained from 
Key lab of Analytical Chemistry for Life Science Nanjing 
University. The MF chip used for gas-liquid separation was 
fabricated through photolithography. 

Preparation 

PS elliptical hemisphere arrays were first fabricated through a 
micromolding method and used as the etching mask for the 
preparing of Si elliptical pillar arrays.41 To fabricate Janus Si-
EPAs, the elliptical pillar frameworks were firstly modified 
with PFS through chemical vapor deposition. Then, through 
oblique thermal evaporation of gold, one side of all elliptical 
pillars was deposited with a thin film of Au (about 20 nm). 
Selective modification of MHA onto Au surface was performed 
through immersing the Janus array into an ethanol solution of 
MHA with concentration of about 4 mM. As a control sample, 
the frame work of the cylindrical sample was Si cylinder arrays 
etched from PS round hemisphere arrays which was fabricated 
based on the same micromolding strategy without ovalization 
of the mold. To fabricate PDMS MF channel, PDMS 
prepolymer was first casted onto the glass MF chip, after the 
PDMS prepolymer were cured in a conventional drying oven at 
60 °C for 3 h, the PDMS MF channel was peeled off from the 
MF chip. After the PDMS channel was connected with an 
automatic sample injector using a PTFE pipe, the PDMS 
channel was compressed onto the surface of the Janus Si-EPAs 
to fabricate the MF one-way valve based on the as-prepared 
Janus arrays. 

Characterization 

Scanning electron microscopy (SEM) micrographs were taken 
with a JEOL FESEM 6700F electron microscope with primary 
electron energy of 3 kV. Before imaging, the samples with 
polymer structures were sputter-coated with 2 nm of Pt. The 
chemical compositions were determined by X-ray 
photoelectron spectroscopy (XPS, Thermo ESCALAB 250). 
The wetting behavior of water droplet on the surface of Janus 
array was recorded using a drop shape analysis system (DSA 10 
MK2, KRÜSS). The running behavior of Rhodamine B 
aqueous solution in the MF channel was recorded with an 
Olympus fluorescence microscope (BX51). The water pressure 
in the MF channels was measured using Microfluidic Flow 
Control System (MFCS and FLOWELL, FLUIGENT). 
 

Results and discussions 

Fabrication of the Janus Si elliptical pillar arrays  

Figure 1 shows the preparing procedure of the Janus Si-EPAs 
(Figure 1(a)) and the Janus array-based MF one-way valve 
(Figure 1(b)). Briefly, the Si-EPAs were fabricated via an 
etching method by using PS-EHAs etching masks, which were 
prepared by a micromolding method.40,41 The scanning electron 
microscopy (SEM) image of the as-prepared Si-EPA clearly 
shows the elliptical shape of the Si pillars (Figure 2(a)). The 
average height of the pillars was about 504 nm (Figure 2(b)). 
The surface of the Si-EPAs was modified with a thin layer of 
hydrophobic trichloro (1H,1H,2H,2H-perfluorooctyl) silane 
(PFS) molecules by using chemical vapor deposition. The peak 
at 684 eV (F1s) in the X-ray photoelectron spectroscopy (XPS) 
spectrum of the modified Si-EPAs (Figure 2(c)) explicitly 
indicates that the PFS molecules were bonded onto the Si 
surface. Next, a thin layer of Au was obliquely deposited onto 

fabrication process of the one-way valve for MF 
system.

Figure 2. The SEM images of (a) the fabricated silicon pillar array and (d) 
the as-prepared PFS-MHA Janus arrays. (b) and (e) are the cross-section 
SEM images taken along the short axis direction of the elliptical pillar 
array of the sample shown in (a) and (d), respectively. The XPS spectrum 
of (c) the PFS-modified silicon pillar array and (f) the as-prepared Janus 
arrays before the MHA modification. 
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the Si-EPA surface by thermal evaporation, as shown in Figure 
2(d). A cross-section SEM examination of the modified Si-
EPAs proved the Janus nature of the Si pillar arrays, that is, one 
side of each Si pillar was covered by gold while almost no gold 
was deposited on the other side (Figure 2(e)). In addition, the 
presence of the F1s peak at 684 eV in the XPS spectrum for the 
modified Si-EPAs also suggested a partial coverage of gold on 
the Si pillars (Figure 2(f)). Finally, a self-assembled monolayer 
of hydrophilic 16-mercaptohexadecanoic acid (MHA) molecule 
was selectively attached on the top of the gold layer by using 
covalent bonding between Au and the thiol group of MHA. 
Additionally, as shown in the XPS spectrum of the PFS-MHA 
Janus pillar array (Figure S1), the F1s peak still exist while the 
S2p peak also appears at 164 eV, this clearly indicate that the 
hydrophilic MHA molecular was selectively attached on the top 
of the gold while the other area was still modified by 
hydrophobic PFS molecular. Following this procedure, one side 
of the Si pillars was covered with a hydrophobic PFS layer, and 
the other side of the pillars was covered with a hydrophilic 
MHA layer, thereby rendering a Janus nature of the pillars. 

Wetting behaviour of the Janus Si pillar arrays 

Because of the Janus structure, the modified Si-EPAs were 
expected to exhibit anisotropic wettability, which was 
examined by studying the wetting behavior of water on the 
surface. Figure 3 shows the photographs of a 20-µL water 
droplet, which were taken at different time intervals after the 
droplet contacted the surface of the arrays. The photographs 
were taken along the direction perpendicular to the evaporating 
direction of gold. The sample shown in Figure 3(a-d) was 
fabricated by evaporating gold along the long axis of the 
elliptical pillar (abbreviated as the long-axis-sample), while 
Figure 3(e-h) shows the photographs of the sample fabricated 
by evaporating gold along the short axis of the elliptical pillar 
(abbreviated as the short-axis-sample). As the water was 

Figure 3. Photographs of the water drop taken at different time after the water 
drop contacted the surface of Janus array of (a-d) the long-axis-sample and (e-
h) the short-axis-sample. The MHA-modified direction was placed at the right 
side when taking photographs. 

Figure 4. (a) The optical microscope image of the T-shaped MF channel and a schematic illustration of the sectional profile of the channel (inlet: height =38 µm, top 
= 65 µm, bottom = 120 µm; outlet: height = 36 µm, top = 18 µm, bottom = 65 µm). The white arrow represents the injecting direction of the water. (b-d) the flow 
behavior of the Rhodamine aqueous solution in the T-shaped MF channel bounding (b) the PFS-MHA Janus pillar array, (c) Si pillar array without asymmetric 
modification and (d) planar Si substrate, the inset is the schematic illustration of the bottom geometry of the microchannel. The time point of (b), (c) and (d) is about 
0 s, 2 s, 4 s, and 7 s from left to right. The scale bars are 500 µm and the downward direction is the MHA-modified direction. The red threads near the T-junction 
result from the reflection of ambient light against the side wall. 
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continuously injected into the water droplet on the surface of 
the Janus arrays, the three-phase contact line only moved 
towards the MHA-modified direction, while the contact line at 
the PFS-modified side was pinned on the surface. Owing to 
distinct surface energies of the molecular modified on two sides 
of the Janus pillars, the advancing angle of water on such 
surface was anisotropic, thereby leading to anisotropic 
spreading of water. 
Although the wetting behaviours of water on both samples were 
anisotropic, they are obviously different. Anisotropic wetting 
on the long-axis-sample was significantly faster than that of the 
short-axis-sample, and the advancing angle of the former was 
smaller than that of the latter. We ascribe this difference to the 
lower energy barrier for the water to wet the surface along the 
long-axis-direction than that along the short-axis-direction.40 
Therefore, the speed of wetting for the long-axis-sample was 
substantially larger than that of the short-axis-sample. In 
addition, the degree of coverage of the pillar with gold was also 
higher for the long-axis-sample (Figure 2(b) and Figure (S2)). 
Thus, the ratio of the hydrophilic area-to-hydrophobic area was 
larger for the long-axis-sample, which could contribute to the 
higher speed of anisotropic wetting. To facilitate the discussion 
of the valve function of the as-prepared Janus array, unless 
specified, we describe the pillars coated with gold along their 
long axis in the rest of the paper. 

Fabrication of the one-way valve based on the Janus Si pillar 

arrays 

In order to explore potential applications of the Janus Si pillar 
array in MF devices, a T-shaped microchannel fabricated in 
PDMS was integrated with the Janus Si-EPAs to build a one-
way valve (Figure 1(b)). In brief, the T-shaped PDMS channel 
was cast on a glass MF molds. After being cured and peeled 
off, the T-shaped PDMS micro-channel was compressed 
against the surface of the Janus Si-EPA, so that the Janus array 
was positioned at the T-junction. To observe the fluid motion in 
the microchannel, an aqueous solution of fluorescent 
Rhodamine dye was used. Figure 4(a) shows the optical 
microscopy image of the T-shaped MF channel. The solution 
was introduced in inlet 1 through small PTFE tubing connected 
to an automatic sample injector under a flow rate of 2.0 µL min-

1. The outlets were all connected to the atmosphere. Under this 
condition, the driving pressure was ~26 mbar. Figure 4(b) 
shows the flow behaviour of the Rhodamine aqueous solution 
in the T-shaped MF channel bound to the PFS-MHA Janus 
pillar array. The aqueous solution was directed to the outlet 2 
channel (the hydrophilic MHA-modified direction), while a 
very small amount of the solution flowed into but stopped in 
the outlet 1 channel (the hydrophobic PFS-modified direction). 
The corresponding video of the Rhodamine solution flowing in 
the T-shaped channel is given in Electronic Supplementary 
Information (Video S1). These results revealed that the fluid 
motion into the outlet 1 channel was largely suppressed and the 
Janus Si pillar array served as a one-way valve in the 
microchannel. Since the interaction between the aqueous 
solution and the hydrophobic PDMS surface is very weak, we 
believe that it is the anisotropic wettability of the Janus Si-
EPAs surface that induces the anisotropic flow behavior of 
water in the T-shaped MF channel. We note that during the 
entire process no external pressure was exerted on the outlet 1 
channel, which allowed us to avoid the utilization of the costly 
and bulky external flow control parts. In the control 
experiments, we tested the flow behaviour of the Rhodamine 
aqueous solution in the T-shaped MF channel bounding Si 

pillar array without asymmetric modification and planar Si 
substrate (Figure 4(c-d)). We found that the solution readily 
moved in both directions of the T-shaped channel, which 
suggested that these two surfaces did not guide the direction of 
flow in the MF channel. 
To further demonstrate the valve performance of the Janus Si 
pillar arrays, we used a cross-shaped MF channel. Owing to the  
anisotropic wettability of the Janus array, the aqueous 
Rhodamine solution moved into the outlet 2 channel (the 
MHA-modified direction), while the other two outlets channels 
were “closed” (Figure S3). 

Examination of valve performance of the Janus arrays 

To further investigate the performance of the valve based on the 
Janus Si-EPA, we examined the motion of the aqueous solution 
moving in the T-shaped channel under different flow rates 
(Table 1). Table 1 shows the flourescence microscopy images 
that were captured when the aqueous solution flow out of vision 
of the microscope. In addition, according to the flourescence 
images, the ratio of the flowing distance of aqueous solution 
along the PFS-modified direction to that along the MHA-
modified direction (DPFS/DMHA) was used to characterize the 
valve performance of the Janus Si-EPAs (the relationship 
between the flow rate and DPFS/DMHA is also given in Figure S4, 
the higher this ratio was, the better the Janus array based valve 
performed). When the flow rate was 2.0 µL min-1, the driving 
pressure used was relatively low (26 mbar). The ratio 
DPFS/DMHA was close to zero, indicating that the Janus array 
efficiently functioned as a one-way valve. When the flow rate 
increased to 3.0 µL min-1, the driving pressure of the liquid 
increased from 26 to 35 mbar, a small amount of the solution 
entered into and stopped in the outlet 1 microchannel (the PFS-
modified direction). This result suggested that as the driving 
pressure became higher, the flow of liquid in the PFS-modified 
direction of flow was not completely suppressed. When the 
flow rate increased further from 3.0 to 8.0 µL min-1 
(corresponding to the increase in driving pressure from 35 to 83 
mbar), the channel along the PFS-modified direction gradually 

 

Flow Rate 
(µL min-1) 

Flow 
Speed 

(m min-1) 

Driving 
Pressure 
(mBar) 

Fluorescence 
Images 

DPFS/D
MHA 

2.0 0.57 26 0 

3.0 0.85 35 
0.08 ± 
0.06 

4.0 1.14 45 
0.37 ± 
0.12 

8.0 2.28 83 
0.98 ± 
0.10 

Table 1. The detail flowing parameters of the aqueous solution in the T-shaped 
channel under different flow rates. The scale bars are 1 mm and the downward 
direction is the MHA-modified direction. 
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opened. When the flow rate was above 8 µL min-1, the channel 
in the PFS-modified direction was completely open for the 
Rhodamine solution. These results imply that in the particular 
pressure range the Janus arrays could serve as a valve similar to 
the closed elastomeric membrane valve reported before.10,17 As 
concluded in Table 1, there exist a threshold pressure (failure 
pressure) for this one-way valve performance. Since the main 
driving force of the directional flow is the surface tension 
difference between two opposite directions, we believe that the 
main reason for the failure of the as-prepared one-way valve is 
the excess of the liquid pressure. If the driving force of the 
aqueous solution is much smaller than the surface tension 
difference, the aqueous will flow along the MHA-modified 
direction, however, if the driving force exceeds the surface 
tension difference, the directional flow of aqueous solution will 
failed. Additionally, there are still some other minor reasons for 
the failure of the valve, such as the deformation of the 
PDMS,42,43 and the fluctuations of the driving pressure, 
utilization of undeformable glass material to fabricate the 
microchannel or stabilizing the driving pressure may be some 
possible approach for the improvement of the valve 
performance. 
Next, we performed a close-open-close procedure of the valve 
by varying the driving pressures from 20 to 60 mbar, and 
subsequently decreasing it to 20 mbar. Figure 5 shows the 
fluorescence images of the aqueous solution in the T-shaped 
microchannel during a close-open-close cycle (the MF channel 
was the same as that shown in Figure 4(a)). When the driving 
pressure was relatively low (~20 mbar), the Janus arrays served 
as a one-way valve well (Figure 5(a)). After the pressure was 
increased above the failure pressure of ~60 mbar, the outlet 1 
channel opened and the Rhodamine solution flowed into the 
outlet 1 channel (Figure 5(b-c)). To close the outlet 1 channel,  

Sample 
Flow Rate 
(µL min-1) 

Flow Speed 
(m min-1) 

Failure 
Pressure 
(mBar) 

short-axis-
sample 

8.0 2.28 83 

long-aixs-
sample 

3.0 0.85 35 

cylindrical 
sample 

4.0 1.14 45 

 
 
the driving pressure of the aqueous solution was reduced to ~20 
mbar. Under this condition, the directional flow of the solution 
was recovered, and the outlet 1 channel was “closed” again 
(Figure 5(d-f)). 
Since the failure pressure is a critical parameter for the Janus 
arrays to serve as one-way valve of MF system, we studied the 
factors affecting the failure pressure (see Table 2 and Table 3). 
Table 2 shows the detailed flow characteristics in a T-shaped 
channel with different dimensions, for which the Janus array 
failed to function as a one-way valve. The corresponding 
dimensions of T-shaped channels are also listed in Table 2 
(from channel #1 to channel #3, the sectional area of the 
channel gradually decreased). The results given in Table 2 
reveal that a higher failure pressure was characteristic for 
microchannels with larger dimensions. We assume this effect 
was attributed to the larger bottom surface area of the 
microchannel, that is, a larger number of the Janus pillars in the 
channel. In addition, as shown in Table 2, the numerical ratio 
between the failure pressure and the bottom width of channel 
for the microchannels with different dimensions is nearly 
constant. The variation of the failure pressure with the bottom 
width of the channel also showed that this ratio was 
independent of the width of the bottom surface of the channel 
(Figure S5). Furthermore, we have fabricated Janus pillar arrays 
with half density of pillars through combining our colloidal 
lithography method and photolithography method, as shown in 
figure S6. It was found that the failure pressure of this sample 
(~15 mbar) is really much smaller than that of the Janus array 
with higher density of pillars. This could to some extent prove 
this assumption. Moreover, Table 3 shows the characteristic 
flow conditions under which the Janus array based valve failed 
to direct solution flow in a particular direction for the same T-
shaped channel (channel #2) integrated with one of three types 
of arrays, namely, the short-axis-sample, the long-axis-sample 
and the cylindrical sample (the cylindrical sample was a control 
sample, and its detail fabricating process was shown in the 
preparation section). Based on the results given in Table 3, we 

Table 2. The detail flowing parameters of the aqueous solution in T-shaped channel with different dimensions when the Janus array failed to function as a one-way-
valve. 

Channel 
No. 

Horizontal Channel (µm) Perpendicular Channel (µm) Flow Rate 
(µL min-1) 

Flow Speed 
(m min-1) 

Pressure 
(mBar) 

PF/BH 
(mBar µm-1) 

PF/BP 
(mBar µm-1) Top Bottom Height Top Bottom Height 

No. 1 85 140 38 35 85 36 6.0 1.51 45 0.540 0.321 

No. 2 65 120 38 18 65 36 3.0 0.85 35 0.538 0.291 

No. 3 55 110 38 10 63 36 1.5 0.48 32 0.507 0.290 

Figure 5. (a-c) The fluorescence microscope images of the Rhodamine aqueous 
solution when the liquid pressure begins to increase from that lower than failure 
pressure (~20 mbar) to that higher than failure pressure (~60 mbar). (d-f) The 
fluorescence microscope images of the Rhodamine aqueous solution injected into 
the microchannel under pressure of ~20 mbar after the aqueous solution was 
ejected by air. The scale bars are 1mm and the downward direction is the MHA-
modified direction. 

PF represents the failure pressure; BH represents the bottom size of the horizontal channel; BP represents the bottom size of the perpendicular channel. 

Table 3. The detail flowing parameters of the aqueous solution in No. 2 T-shaped 
channel when the Janus array failed to function as a one-way-valve for samples 
with different geometries. 
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conclude that the short-axis-sample possessed the highest 
failure pressure, while the long-axis-sample exhibited the 
lowest failure pressure. Because the wetting energy barrier 
along the anisotropic wetting direction increased in a sequence 
long-axis-sample ~ cylindrical sample ~ short-axis-sample, the 
wetting along the MHA- and PFS-modified directions became 
more difficult from the long-axis-sample to the short-axis-
sample. We believe that it is a larger energy barrier for the 
wetting along the PFS-modified direction of the short-axis-
sample that caused a higher failure pressure for this sample. 
Although the maximum water pressure for the Janus array to 
serve as an efficient one-way valve was not high, the flow rate 
in the range below 3 µL min-1 is sufficient for many MF 
applications. Moreover, the effective area of the Janus array is 
only tens of square micrometers in the T-junction, indicating 
that the array has sufficient ability to direct the flow of water in 
MF channels. Additionally, it does not mean that the higher is 
the better, if one wants to adjust the flowing condition of fluid 
through a relative low pressure change, the valve with lower 
threshold pressure would be a better candidate. 

Gas-liquid separation in the microchannel based on the as-

prepared one-way valve 

Typically, gas-liquid and liquid-liquid multiphase chemical 
reaction may require the separation of different fluid phases 
from each other for further analysis or processing. In MF 
systems, such separation is challenging, due to the difficulty in 
handling small volumes of fluid. Currently, the separation of 
two immiscible fluid phases is mainly achieved by using 
gravity,44 capillary force,45,46 and Laplace force.47 Here, we 
tested gas-liquid separation on the Janus Si-EPA one-way 
valve. Figure 6(a) shows an optical microscopy image of the 
MF bubble generator combined with the T-junction 
microchannel used for gas-liquid separation. An aqueous 
solution and air were injected from the inlet 1 and inlet 2 of the 
Y-junction of the MF channel, respectively. The flow rate of 
aqueous solution and air is 1 µL min-1 and 30 µL min-1, 
respectively. Water slugs and air plugs formed at the Y-junction 
and moved to the one- way valve T-junction integrated with the 
Janus array. When the aqueous solution reached the T-junction, 
owing to the anisotropic wettability of the Janus arrays, the 
one-way valve directed the flow of water slugs only into the 
outlet 1 channel (the MHA direction), as shown in Figure 6(b-
d). When an air plugs arrived to the T-junction, the outlet 1 
channel was filled with the aqueous solution, while the outlet 2 

channel was open. Thus, the hydrodynamic resistance for the 
flow of the air plug in the outlet 1 channel was significantly 
higher than that for outlet 2 channel, and the air plugs only 
entered the outlet 2 channel, thereby separating themselves 
from the water slugs (Figure 6(e-g)). The separation of the air 
plugs and water slugs into different outlet channels is clearly 
shown in Figure S7. After the air plug moved out of the outlet 2 
channel, owing to the existence of the one-way valve, the 
adjacent water slug moved into the outlet 1 channel, until the 
next air plugs arrived (Figure 6(h-j)). The corresponding video 
of the entire gas-liquid separation process is given in Electronic 
Supplementary Information (Video S2). Since these two fluid 
phases are immiscible with each other, thus, we have observed 
outlets carefully under higher magnification. We found that 
there is little air bubble existing in the liquid phase, and there is 
also no water slugs found in the air phase, thus, we believe that 
the purity of these two phases is nearly 100% after flow out of 
the microfluid channel. These results show that the one-way 
valve based on the Janus arrays can be successfully used for 
gas-liquid separation. 
 

Conclusions 

In summary, we developed a one-way valve in the MF system 
based on the array of Janus Si pillars with anisotropic surface 
wetting behaviour. The performance of the valve was evaluated 
in channels with different dimensions, for different driving flow 
rates and pressure of water and for pillars with varying 
geometries. Gas-liquid separation was also successfully 
performed based on the Janus Si-EPAs one-way valve. Because 
no complicated external control parts are used, the Janus Si-
EPAs valve is a competitive candidate for further developments 
of MF systems. Moreover, as the performance of the valve 
originates from the distinct surface energies of two sides of the 
Janus Si pillars, the separation of other immiscible phases, such 
as oil-water, in MF channels would also be expected through 
modifying two sides of the Janus pillar with oleophobic and 
oleophilic functional groups. We note that the proposed valve is 
passive: the design and valve performance does not change 
from experiment to experiment. We anticipate that smart valves 
based on Janus Si pillar arrays can be produced based on 
selective modification of photo or thermo-responsive materials, 
which should show a broad range of applications in future MF 
systems.  

Figure 6. (a) The microscope image of the MF channel used for gas-liquid separation. The microscope images of the MF channel (b-d) before and (e-g) after the air 
plugs passed the T-shaped junction. (h-j) The microscope images of the MF channel before next air plugs arrived the T-shaped junction. The dark part represents 
water and the light part air. The red arrows represent the flow direction of water and the cyan arrows represent the flow direction of air. The scale bar of (a) is also 
suitable for (b-j) and the upward direction is the MHA-modified direction. 
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