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3D microfluidic chip can separate silicon dioxide  (SiO2) 
microspheres of two different sizes (20 and 5 μm), whereas 
the complex stacking multilayered structures (sandwich-like) 
microfluidic chip can be used to sort three different kinds of 
 SiO2 particles (20, 10 and 5 μm) with ultrahigh separation 
efficiency of more than 92%. Furthermore, these robust fil-
ters can be reused via cleaning by backflow (mild clogging) 
or disassembling (heavy clogging).

1 Introduction

In the past decades, microfluidic chip has attracted great 
attention due to its advantages of ultralow reagent con-
sumption, low cost, high-speed, high integrity, portability 
and miniaturization (Whitesides 2006). For practical appli-
cations, a variety of functions such as pumping, mixing, 
trapping and sorting was integrated into microfluidic chip. 
Among them, separation is one of the most important func-
tions for chemical and biological applications. The present 
separation methods can be classified into two categories: 
active techniques and passive techniques (Sajeesh and Sen 
2014). The former one always requires external field such 
as magnetic (Kang and Park 2007; McCloskey et al. 2003; 
Weddemann et al. 2009), optical (MCGloin 2006; Dhola-
kia and Cižmár 2011; Xiao and Grier 2010) and acoustic 
(Nilsson et al. 2004; Nam et al. 2012; Liu and Lim 2011; 
Shi et al. 2008) to control the interaction between particles, 
microchannel structures and the flow field. For the latter 
methods, such as pinched flow fractionation (Yamada et al. 
2004; Jain and Posner 2008; Takagi et al. 2005) and iner-
tia flow fractionation (Park and Jung 2009; Ali et al. 2008; 
Yoon et al. 2009), flow velocity need to be precisely con-
trolled to achieve the separation.

Abstract High efficiency integration of functional micro-
devices into microchips is crucial for broad microfluidic 
applications. Here, a device-insertion and pressure sealing 
method was proposed to integrate robust porous aluminum 
foil into a microchannel for microchip functionalization 
which demonstrate the advantage of high efficient foil micro-
fabrication and facile integration into the microfluidic chip. 
The porous aluminum foil with large area (10 × 10 mm2) 
was realized by one-step femtosecond laser perforating tech-
nique within few minutes and its pores size could be pre-
cisely controlled from 3 μm to millimeter scale by adjusting 
the laser pulse energy and pulse number. To verify the ver-
satility and flexibility of this method, two kinds of different 
microchips were designed and fabricated. The vertical-sieve 
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As a commonly passive technique, the size-based method 
(Sethu et al. 2006; Mohamed et al. 2007; Zheng et al. 2007) 
separates particles without any external field and velocity 
demand, which means it can be easily applied in a min-
iaturized chip for further research such as point-of-care 
diagnostic test. Various methods have been proposed to 
integrate the filtering membrane into a microchip for real-
izing the size-based separation. For example, femtosecond 
laser two-photon polymerization (TPP) microfabrication can 
directly fabricate regular multiporous membranes inside a 
microchannel, but the fabrication process is too complicated, 
time-consuming and not suitable for large-area fabrication 
(Wei et al. 2011; Xu et al. 2016). Moorthy and Beebe (2003) 
directly fabricated the porous filters by ‘emulsion photo-
polymerize’ in the pre-defined location of a channel. Xiao 
et al. (2010) used assembly and transfer printing method 
to fabricate and integrate the porous structure into micro-
channel. Although their methods are convenient, both of the 
pores size and position cannot be precisely tuned to fulfill 
the demands for sorting particles with different sizes. Wei 
et al. (2011) used soft lithography to fabricate the PDMS 
membrane and integrated it into a microfluidic chip by pre-
polymer bonding, whereas the multistep fabrication of the 
membrane is complex and difficult to operate. Moreover, 
the PDMS film (20 μm thickness) is too soft and elastic 
which tends to collapse when endures with continuous flow. 
Besides, in order to realize the separation function, many 
packaging methods have been developed for integration of 
functional membranes into a microfluidic chip. Traditional 
packaging methods such as thermal bonding can directly 
bond multilayer structure (Aran et al. 2010; Wu and Steckl 
2009), whereas the different thermal expansion coefficients 
of the individual layers may cause distortion of the porous 
membrane. The prepolymer which is employed to bond the 
microchip and membrane may block the channel and the 
membrane. In addition, these bonding methods are irrevers-
ible, which means the chip can only be used for one time.

Here, we present a device-insertion and pressure sealing 
technique for alternative particle separation, which involves 
a simple step of inserting robust porous mental aluminum 
foil (25 μm thickness) into a microchannel for functional 
microchips. The microchip can separate particles of vari-
ous sizes by simply substituting with appropriate aluminum 
foil using femtosecond laser perforating technique (Li et al. 
2015a, b; Sugioka and Cheng 2014; Wang 2005; Jiang et al. 
2016), which can fabricate porous foils with controllable 
micropores of sizes from 3 μm to several mm (Supplemen-
tary Material) by adjusting the laser pulse energy and pulse 
number. The total time for creating of 200 × 200 porous 
arrays (4.8 × 4.8 mm2) is less than 30 min. The robust alu-
minum foil shows strong mechanical strength and can be 
reused many times by ultrasound cleaning. The insertion 
and pressure sealing method is simple, rapid and effective 

in contrast to other integrated methods as mentioned above. 
At last, a sandwiched-like microfluidic chip with integrating 
of two kinds of aluminum foil with different pores sizes is 
designed to sort three different kinds of particles (5, 10 and 
20 μm diameters) with high separation efficiency (> 92%). 
We believe this promising approach combining femtosec-
ond laser perforating and easy packaging of a microfluidic 
chip can be widely applied in a variety of fields including 
particle purification, blood cells separation and cell-sample 
preparation.

2  Experimental

2.1  Material

Poly (dimethylsiloxane) (PDMS) was supplied by Dow 
Corning (USA). Silicon dioxide  (SiO2) microspheres with 
diameters of 5, 10 and 20 μm were manufactured by Huge 
Biotech Corp. (Shanghai, China). The aluminum foil was 
purchased from New Metal Material Tech. Corp. (Beijing, 
China). The glass used as the master for the sandwich struc-
ture was obtained from Citotest Corp. (Jiangsu, China). The 
stainless steel wire with 275 μm diameter was purchased 
from a local store.

2.2  Fabrication of aluminum foil with micropore 
arrays

The porous aluminum foil as the filtering membrane was 
fabricated by a regenerative amplified Ti: sapphire femto-
second laser system (Legend Elite-1K-HE, Coherent, USA) 
which generates 104 fs pulses at a repetition rate of 1 kHz 
with a central wavelength of 800 nm. The diameters of 
the pores can be tuned from 3 μm to several millimeters 
by adjusting the laser pulse energy and pulse number. The 
advantages of this technique are rapid and suitable for large-
area fabrication. Details of the micropore aluminum foil pro-
cessing were described in the Supplementary Material. A 
field-emission scanning electron microscope FE-SEM (JSM-
6700F, JEOL, Tokyo, Japan) was utilized for the micropore 
characterization.

2.3  Fabrication of the vertical‑sieve 3D microchip

The schematics of the insertion and pressure sealing tech-
nique are shown in Fig. 1a. Firstly, the microchannel with 
275 μm diameter was fabricated by using the stainless steel 
wire as the mold. A curing agent and the PDMS prepolymer 
mixed by 1:10 weight ratio were poured into a Petri dish 
where the stainless steel wire was fixed in the middle of it. 
The thickness of the PDMS was about 10 mm. After curing 
on a hotplate at 80 °C for 3 h, the PDMS slab was peeled 
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off from the Petri dish and immersed in ethanol for 20 min 
to remove the master (stainless steel wire) easily. Then, the 
PDMS was cut into a cuboid (8 × 5.5 × 5.5 mm3) by a scal-
pel. In order to insert the aluminum foil, a slit (~ 7 mm deep) 
was made by the scalpel, while the bottom of the microchip 
was still connected. The robust porous aluminum foil was 
inserted into the slit carefully. Finally, a clamp was used to 
hold both ends of the microchannel to seal the slit.

3  Results and discussion

3.1  Novel strategy for integrating of aluminum foil 
with robust micropore arrays into microchip

A device-insertion and pressure sealing method (Fig. 1a) 
was presented to integrate robust porous aluminum foil into 

a 275 μm-diameter microchannel (Fig. 1b). Aluminum foil 
as a common material is widely used in industry, food, medi-
cine, chemicals and other fields which is flexible and can 
be readily bent or wrapped around objects. The porous alu-
minum foil was realized by using point-by-point femtosec-
ond laser perforating. The thickness and the whole area of 
the foil (Fig. 1c) were 25 μm and 15 × 15 mm2, respectively. 
The black area (5 × 5 mm2) containing 26,000 holes with 
diameter of 11.5 μm (The inset of Fig. 1c) was processed 
just in 20 min, which demonstrates the high efficiency and 
large-area fabrication capability. The integrated microfluidic 
chip was obtained by vertical inserting the porous aluminum 
foil into the microchannel, as shown in optical microscopic 
image (Fig. 1d) and the digital photograph (The inset in 
Fig.  1d). Compared with those methods which directly 
fabricate 3D filters in a channel, our direct insertion tech-
nique was simple and effective. In addition, the package of a 

Fig. 1  Novel fabrication scheme for the vertical-sieve 3D micro-
filter chip. a The schematic diagram of the fabrication process for a 
microchannel and microfilter chip. The aluminum foil was vertically 
inserted into the microchannel and sealed by a clamp with rapid inte-
gration and high reliability. b Optical image of the prepared micro-
channel (275  μm). c The photograph images of the pre-prepared 

robust aluminum foil. The large area (4.8 × 4.8 mm2) of the foil can 
be fabricated within 30 min, which showed fast processing capabil-
ity of femtosecond laser perforating technique. The inset is the SEM 
image of the micropore arrays in the aluminum foil. d The resulted 
integration chip (the inset photograph of the device)
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microchip by a clamp made it easy to integrate an aluminum 
foil into a channel without blocking caused by prepolymer 
bonding. The robust vertical-sieve 3D microchip can be 
reused for many times just by disassembly and ultrasonic 
cleaning when it is clogged by particles.

3.2  Filtering property of the vertical‑sieve 3D 
microchip

In order to demonstrate the filtering property of the vertical-
sieve 3D microchip with micropore aluminum foil, two kinds 
of  SiO2 particles (10 and 20 μm) mixture was used. The 
concentration of the particles was about 1000 beads  mL−1 
with the mixture ratio (67:33 for diameters of 20 μm:10 μm). 
The interspace between two pores was 18 μm which can be 
arbitrarily adjusted by programmable design. The particle 
suspension was injected from one side of the channel by a 
syringe pump with a flow velocity of 2 mL/min, as shown 

in the time-lapsed microscopic images (Fig. 2a, b). It can 
be clearly identified that the particles (diameter of 10 μm) 
smaller than the pores can pass through the aluminum foil 
easily (Fig. 2a), whereas the particles (20 μm) larger than 
the pores were all blocked in front of the aluminum foil 
(Fig. 2b). With the time lapsing, the bigger particles clogged 
the porous foil and the smaller particles also began to be 
blocked, which restrict the further separation of particles 
(Supplementary video). The clogging can be solved by back-
flow with velocity of 1 mL/min (mild clogging) or disassem-
bling the microchip and ultrasonic cleaning of the aluminum 
foil (heavy clogging). The microscope images of the particle 
suspension before and after filtering (Insets of Fig. 2c, d) 
also verified that the 20 μm particles were all filtered out by 
the aluminum foil. The statistical results also demonstrated 
that the particles larger than the pores were removed with 
100% efficiency which is defined as the ratio of the fraction 
of particles desired to the total fraction of particles in the 

Fig. 2  The filtering function  (SiO2 particles) of the vertical-sieve 3D 
microchip. a A 10-μm particle passing through the robust porous foil. 
b A 20-μm particle blocked by the aluminum foil. c, d The statistical 
results for different particles before and after filtering (the inset was 

the optical images of the particle suspension before and after filter-
ing). e The separation efficiency (100%) of the robust microchip after 
20 times cycle cleaning (the inset is the optical image of the channel 
before and after cleaning)
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outlet. After many times (~ 20 times) filtering and ultrasonic 
washing (Fig. 2e), the separation efficiency still kept 100% 
which proved the robustness and reusability of the porous 
aluminum foil.

3.3  Design and fabrication of the distinct sandwich‑like 
microdevice for multisize filtering

To further demonstrate the versatility and flexibility of 
this novel device-insertion method, we designed a stacking 
multilayered structure (sandwich-like) microfluidic chip 
which can sort three different kinds of particles (20, 10 and 
5 μm) and realize clogging-free separation with a high effi-
ciency and large flux. As shown in Fig. 3a, the sandwich-
like microchip consisted of five parts: two aluminum foils 
with different size of pores (7.8 and 11.5 μm), top flow 
layer (10 × 9×2 mm3), insulation (10 × 9×1 mm3) and 
bottom flow layers (10 × 9×2 mm3). Here, the same mold 
method was employed to fabricate the PDMS slabs. The 

glasses (5 × 4×1 mm3 for top flow layer and 8 × 4×1 mm3 
for insulation layer and bottom layer) as the masters were 
fixed in the bottom of a Petri dish, and the mixture of the 
curing agent and the PDMS prepolymer was spin-coated 
in the Petri with a spin rate of 300 rpm for controlling 
the thickness of the mixture (2 and 1 mm, respectively). 
After curing on a hotplate for 30 min, the PDMS slab 
was peeled from the Petri. The assembly process is illus-
trated in Fig. 3a. The porous aluminum foil (11.5 μm) was 
sandwiched between the top flow and insulation layer, 
which was used for filtering out particles with diameter 
of 20 μm from a mixed sample (20, 10 and 5 μm). The 
7.8 μm porous aluminum foil was sandwiched between 
insulation and bottom flow layers which can remove par-
ticles with diameter of 10 μm and let the particles with 
diameter of 5 μm pass through. Finally, the sandwiched 
structure microchip was obtained, as shown in the digital 
photographs (Top view in Fig. 3d and side view Fig. 3e).

Fig. 3  Processing scheme of the sandwich-like microchip for three 
kinds of different particles sorting with a high efficiency and large 
flux. a Schematic procedure for fabricating a 3D sandwich-like 
microchip. b, c SEM images of the multipores aluminum foils with 

different diameters of 11.5 and 7.8 μm, respectively. The pores show 
uniform size and the interspace between two holes was 18 μm which 
can be tuned by arbitrarily adjusted by programmable design. d, e 
The photography of the sandwich-like 3D microfluidic chip
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Due to the excellent control of fs laser perforating, the 
fabricated porous aluminum foils present uniformly dis-
tributed micropore arrays (Fig. 3b, c). However, micro-
nanostructures could be formed around the holes due to 
the resolidification of aluminum foil during femtosecond 
laser perforating (The inset images in Fig. 3b, c). It is well 
known that the ablation threshold fluence �(N) for N laser 
shots is related to the single-shot ablation threshold flu-
ence by a power law:

where the incubation coefficient S characterizes the extent 
to which incubation occurs in the material (Mannion et al. 
2004). The lower energy and more pulse number (15 mW, 
160) were used to fabricate the pores with 7.8 μm diameter, 
while the higher energy and less pulse number (30 mW, 100) 
were used for the fabrication of 11.5 μm-diameter pores. 
The smallest size of pore is about 3 μm due to the size of the 
laser focal spot (Supplementary Material).

�
th
(N) = �

th
(1)NS−1

3.4  Demonstration of the sorting property 
of the sandwich‑like microchip

The silicon dioxide  (SiO2) microspheres (with diameter of 
20, 10 and 5 μm, respectively, the inset of Fig. 4b) suspended 
in the deionized water were used to characterize the effi-
ciency of the sorter. The concentration of the microspheres 
was 1000 beads  mL−1 with the mixture ratio (40:32:28 for 
diameters of 20 μm:10 μm:5 μm). The separation procedure 
illustrated in Fig. 4a can be divided into two steps: filtering 
section and flushing section. First the particle suspension 
was injected into inlet by a syringe pump (SPLab01, Shen-
zhen, China) with 2 mL/min. When the mixture meets the 
top flow chamber, 20 μm particles were all filtered out by 
the first layer of aluminum foil. The 20 μm particles can be 
obtained from the outlet 1 with a high percentage (~ 92%, 
Fig. 4c) by subsequently flushing with deionized water while 
10 and 5 μm particles passed through and flowed in the 

Fig. 4  The sorting function of the sandwich-like microdevice. a Pro-
cedure for sorting particles with three kinds of different sizes (20, 10 
and 5  μm). b–e The percentage of the  SiO2 particle mixture before 
and after filter (the inset is the optical images of particles in differ-
ent stage). c The percentage of the microparticles from outlet 1 which 

showed all 5 μm and most of 10 μm particles were removed. d 5 and 
10 μm particles mixture in outlet 2 which showed the 20 μm particles 
were all filtered out by aluminum foil (11.5 μm). e Only 5 μm parti-
cles can be collected from outlet 3



Microfluid Nanofluid (2017) 21:173 

1 3

Page 7 of 8 173

insulation flow layer. The particles (10 μm) were extracted 
from outlet 2 (outlet 1 and 3 closed) (Fig. 4d) with a high 
percentage (~ 97%). When the outlet 1 and 2 were closed, the 
particle suspension (10 and 5 μm) continued flowing from 
the insulation flow chamber to the bottom flow chamber, and 
the particles (10 μm) were trapped on the second foil while 
5 μm particles were collected at the outlet 3. The statistical 
results (Fig. 4e) indicated that 100% particles larger than 
pores had been successfully filtered out, which can be veri-
fied from the optical images of the particles (The insets). In 
separation process, some particles (10 and 5 μm) may stay 
on the first aluminum foil (11.8 μm), and 20 μm particles 
mostly clogged on the pores which decreased the efficiency 
of the separation. This phenomenon can be avoided by 
reversing flow from outlet 3 to flush the microchip (outlet 1 
and 2 closed) under mild clogging condition. With serious 
clogging, the porous aluminum foil in the microchip need to 
be disassembled to cleaned.

4  Conclusion

This work presents a simple, rapid and effective way to fab-
ricate the integrated microchip with filtering property by 
robust porous aluminum foil-insertion and pressure sealing 
techniques. The aluminum foil with large-area (10 × 10 cm2) 
porous arrays was fabricated by femtosecond laser perforat-
ing in a few minutes. The size and pattern of pores can be 
tuned from 3 μm to several mm readily by adjusting the 
laser pulse energy and pulse number. Two different kinds of 
microfluidic chips were designed to demonstrate the feasi-
bility of this device-insertion and pressure sealing method, 
which all realized the particles sorting with ultrahigh separa-
tion efficiency (92–100%). By disassembling the mechani-
cal holder, the robust aluminum foil and microchip can be 
cleaned and reused for many times (more than 20 times). 
We believe this fast and effective approach for functional 
aluminum foil integration can offer a new possibility for 
LOC device design (Di Carlo et al. 2006), and will be widely 
applied in industry and biological fields.
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