
Vol.:(0123456789)1 3

Microfluidics and Nanofluidics           (2020) 24:29  
https://doi.org/10.1007/s10404-020-02334-6

RESEARCH PAPER

Acoustic bubble‑based bidirectional micropump

Yuan Gao1 · Mengren Wu1 · Yang Lin1 · Weiqi Zhao1 · Jie Xu1

Received: 9 December 2019 / Accepted: 16 March 2020 
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract
Efficient transportation of fluids and microparticles is an important capability in many medical and biological applications. 
In this article, an efficient bi-directional micropump using microcavity-trapped acoustic bubbles is studied. With acoustic 
actuation, a controllable microstreaming net flow is generated inside a microchannel by the oscillating bubbles. Based on 
theory and experimental results, different sized microbubbles have different resonant frequencies. Thus, by oppositely plac-
ing the different sized microbubbles, the flow direction can be switched via altering the frequency. The pumping flow rate 
can be tuned by adjusting the input voltage and can achieve as high as 1600 nl/min with high stability. Furthermore, the 
bi-directional pumping ability is also proved using blood-mimicking fluid (BMF), allowing for on-chip high-viscosity fluid 
pumping. In the end, the proposed device is employed in pumping Escherichia coli bacteria, indicating that the micropump 
is capable of pumping cells without damaging them. This inexpensive, portable and biocompatible acoustic bubble-based 
bi-directional pump for transporting fluids and particles has great potential to integrate with other on-chip platforms for 
multiple biological and chemical applications, such as drug delivery, cell separation, and chemical analysis.
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1  Introduction

Microfluidic pumps capable of transporting small volumes 
of fluid are widely applied in engineering research and life 
science studies. Comparing with the conventional syringe 
pumps, microfluidic pumps have the capability of combin-
ing with other on-chips functional units to realize portable 
micro total analysis systems (μTAS). Due to the require-
ment of efficient and precise flow control for microfluidic 
applications, many types of pumps have been explored, 
such as electric (Kumar et al. 2016; Vafaie et al. 2016), 
magnetic (Johnson and Borkholder 2016; Tang et al. 2018; 
Zhang et al. 2018), acoustic (Girardo et al. 2008; Johari 
et al. 2011) and mechanical energy-based pumps (Wang 
et al. 2017; Forouzandeh et al. 2019). Among these pumps, 

microelectrothermal pumps have been used in driving high 
conductivity biofluid (Gao and Li 2018; Salari and Dal-
ton 2019); MEMS-based micropumps are applied in drug 
delivery and transport fluid (Nisar et al. 2008; Cobo et al. 
2015); and implantable micropumps are developed for peri-
odic drug delivery and some of them have successfully been 
implanted in the human body to treat anabolic osteoporosis 
(Farra et al. 2012; Johnson and Borkholder 2016). Although 
these pumps are efficient to many biological and chemical 
applications, there still exist challenges including complex 
fabrication processes, expensive materials and setup, and 
limited flow control. To address these critical problems for 
micropumps, acoustic bubbles and acoustically oscillating 
solid structures have emerged as promising tools for precise 
control of the flow in lab-on-a-chip applications.

Acoustically oscillating solid structures can produce 
acoustic streaming, which gained much attention recently 
due to their great potential in a wide variety of lab-on-a-chip 
applications. For instance, oscillating sharp edges have been 
studied for fluid mixing (Huang et al. 2013, 2015), fluid 
bi-directional transportation (Mohanty et al. 2019), particle 
trapping (Leibacher et al. 2015), and nanoparticle synthes-
ing (Huang et al. 2019). Likewise, acoustically oscillating 
bubbles can also produce streaming around the bubbles, a 
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phenomenon termed microstreaming in the literature. Micro-
streaming is due to a non-linear second-order effect (Mar-
mottant and Hilgenfeldt 2003) and can also be harnessed 
for various lab-on-a-chip applications (Hashmi et al. 2012). 
Especially in recent years, many innovative acoustic bub-
ble-based devices have been developed for flow control and 
particle manipulation. For example, Ryu et al. produced a 
directional microstreaming flow by placing a capillary tube 
above an excited acoustic bubble (Ryu et al. 2010). Later, 
a micropump based on lateral cavity acoustic transducer 
(LCAT) was developed for pumping liquids in a microchan-
nel (Tovar et al. 2011). Many effective bubble-based micro-
mixers have also been investigated to mix fluid (Ahmed 
et al. 2009; Wang et al. 2011). For particle manipulation, 
a bubble based separator and switch (Patel et al. 2014), a 
rotational microorganism manipulation technique (Xu et al. 
2013; Ahmed et al. 2016) and a cell lyser and drug trans-
porter have been introduced (Marmottant and Hilgenfeldt 
2003; Marmottant et al. 2006). However, to the best of our 
knowledge, among these acoustic bubble-based applications, 
a micropump that can pump fluids in multiple directions in 
a microfluidic device has never been reported, which is an 
important function for many applications. In this work, we 
applied acoustic bubbles for bi-directional pumping with the 
advantages of low-cost, simple fabrication process, biocom-
patibility and precise controllability.

It is of great importance to generate bubbles and main-
tain them in desired positions for the acoustic bubble-
based applications. Hashimi et al. utilized a micromilled 
asymmetric teardrop-shaped cavity to trap a three-dimen-
sional air bubble in an open fluid domain (Hashmi et al. 
2013). Lin et al. also explored the method to generate 3D 
microbubbles inside a microchannel using nanostructures 
fabricated by two-photon polymerization technique (Lin 

et al. 2019a, b). Electrolysis is also used to generate and 
control small bubbles using a Pt electrode on the surface 
(Chung and Cho 2009). As a liquid handing tool, micro-
pipette has been used to inject air bubbles in a droplet 
and a hydrophobic plate is used for transporting and 
pumping (Chung and Cho 2008; Ryu et al. 2010). Using 
a microliter syringe, researchers successfully created an 
acoustically excited bubble by simultaneously injecting 
gas and liquid into a microchannel for biomedical applica-
tions (Rogers and Neild 2011; Tandiono et al. 2012). With 
the help of vertical and lateral cavities within sidewalls, 
air–liquid interface can be created inside the microchannel 
by slowly injecting liquid into an air-filled microchannel 
(Ahmed et al. 2016; Garg et al. 2018). In this study, we 
develop a method via creating cavity structures inside a 
recirculated microchannel to trap air–liquid interfaces for 
generating bi-directional acoustic microstreaming flow for 
pumping fluids and biological samples (Fig. 1). Based on 
theoretical calculation and experimental results, the flow 
direction and flow rates are accurately controlled in the 
microchannel by controlling the applied frequency and 
voltage applied to the piezoelectric actuator. We also 
investigate the stability of the bubbles and their influence 
on pumping performance. Furthermore, we implement the 
acoustic bubble-based pumping device for driving blood-
mimicking fluid (BMF) and Escherichia coli, demonstrat-
ing potential real-world applications of bi-directional fluid 
flow control.

Fig. 1   a Configuration of the acoustic-based bi-directional micro-
pump device and piezoelectric transducer; b, c acoustic microstream-
ing flow induced by different sized bubbles: small-sized bubble and 
large-sized bubble, respectively; d, e the velocity profile inside the 

microchannel of the bubble based micropump device given by par-
ticle image velocimetry (PIV) measuring technique. The actuation 
voltage is 5 Vpp and the frequencies are 24 kHz and 19 kHz, respec-
tively
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2 � Experimental section

2.1 � Microfabrication

The Polydimethylsiloxane (PDMS) microchannel with pre-
designed cavity structures was fabricated using standard soft 
lithography and mold replica technique (Xia and Whitesides 
1998). SU-8 2050 (Microchem Corp., USA) photoresist 
was spin-coated on a 4-inch silicon wafer to produce the 
desired master mold, followed by UV exposure and devel-
opment. Then, a mixture of a PDMS (Sylgard 184, Dow 
Corning) with 10:1 base to curing agent ratio was prepared 
and placed in a vacuum desiccator (Bel-Art Scienceware, 
NJ) for removing air bubbles. After that, the PDMS mixture 
was poured onto the silicon master mold and placed into 
oven to bake at 65 °C for 1 h. When curing is completed, 
the PDMS was peeled off gently and punched with one inlet 
and one outlet.

2.2 � Experimental setups

To avoid randomly trapped bubbles at the corner of the 
rectangle-shaped channel, we designed a ring-shaped 
recirculated channel to demonstrate the pumped flow. The 
width and depth of the ring-shaped recirculated channel are 
800 μm and 100 μm, respectively. Two small (120 μm × 
175 μm) and two large (320 μm × 275 μm) cavity struc-
tures were oppositely placed in the center of microchannel 
as shown in Fig. 2. The center to center distance between the 
two small cavity structures, the two neighboring large and 
small cavity structures, and the two large cavity structures 
are 700 μm, 950 μm and 1000 μm, respectively. The height 

of the structure (100 μm) was designed to be the same as 
the depth of the microchannel. After standard soft lithog-
raphy and mold replica process, the PDMS microchannel 
was bonded on glass microscope slides (75 mm × 50 mm 
× 0.90–1.10 mm, Corning®, USA) using 1.5 min plasma 
treatment.

To activate the device, a 27 mm piezoelectric transducer 
(Vktech, USA) was adhered to this glass slice covered by 
ARcare® 90,445 (Adhesives Research, Glen Rock, PA) plas-
tic double-sided adhesive tape. The piezoelectric transducer 
was driven by a function generator (DG1022U; Rigol Tech-
nologies Inc., Beijing, China) and amplified (25 × ) by a volt-
age amplifier (Tegam 2350, Tegam Inc., Madison, OH). The 
device is mounted on the stage of an inverted microscope 
(Nikon Eclipse Ti-S, Nikon Instrument Inc), monitored by a 
high-speed camera (Phantom Miro M310, Vision Research 
Inc., USA) and illuminated by a fluorescence illuminator 
(X-cite 120, Lumen Dynamics, Ontario, Canada).

2.3 � Flow characterization by microparticle image 
velocimetry (µPIV)

To quantitively characterize the velocity field around the 
microbubbles, a widely used processing technique, micropar-
ticle image velocimetry (µPIV) was applied. The 2 µm flow-
tracing fluorescent particles were used for µPIV process. The 
device was placed on an inverted microscope equipped with 
a fluorescence illuminator and a high-speed camera. Once the 
pumping flow was generated in the device, the high-speed 
camera started to capture images with high resolution (1280 
× 720). Images were then analyzed by open-source Matlab-
based software—PIVLab (Thielicke and Stamhuis 2014). In 
pre-processing phase, the region of interest (ROI) was first 

Fig. 2   Dimensions and SEM images of the small cavity structure and large cavity structure
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defined, as shown in Fig. 1d and e. The image contrast was 
then enhanced using a contrast limited adaptive histogram 
equalization (CLAHE). Images were cross-correlated using 
50% overlapped interrogation area with two passes to quan-
tify the displacement between the pairs of successive images. 
During post-processing, a smoothing procedure and velocity 
limits were used to remove noise vectors; the appearance was 
set as HSV (hue, saturation, value) color map. As a result, the 
velocity field around the bubble was obtained. Although the 
velocity may be not very accurate due to the bubble oscillation, 
the characterization of the velocity distribution was demon-
strated by µPIV measurement.

2.4 � Sample preparation

To demonstrate the particle transportation and visualize the 
microstreaming flow direction generated by the micropump 
device, DI water with 2.0 μm diameter green fluorescent 
microparticles (Fluoro-Max dyed polystyrene microspheres, 
Thermo Fisher Scientific, Waltham, MA) was used as fluid 
media.

To validate the micropump device with biological sam-
ples without damaging live cells, Escherichia coli was cho-
sen as a sample cell type to be examined in the micropump 
device. The E. coli cells were grown in Tryptic Soy Broth 
culture medium at 37 °C shaking incubator. Once the E. coli 
concentration kept constant at 8.0 × 108 cell mL−1, they were 
combined with 0.4% Trypan blue for assessing cell viability, 
followed by injecting cells into chips for experimentation.

3 � Theory

3.1 � Microstreaming flow

When a microbubble or air–liquid interface is oscillating by 
mechanical perturbation in the fluid media, a circulating flow 
pattern is formed resulting in microstreaming. There would 
be inner vortices (primary vortices) in the boundary layer, 
which would drive outer vortices (secondary vortices) over 
a scale similar to several radii of the bubble (Lane 1955). 
Microstreaming flow around a bubble can be described as 
(Marmottant et al. 2006)

where Δ� denotes the phase difference between the two 
modes of the bubble’s motion: (1) a dipole (translational 
harmonic vibration) and (2) a monopole (volume pulsation/
radial motion). Translational vibration means that the bubble 
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force, a dipole and the hexadecapole singularity of the bub-
ble center (Pozrikidis 1992; Longuet-Higgins 1998). Rb is 
the radius of the bubble. us is the streaming velocity of a 
vibrating bubble, which is given by:

where u0 is the amplitude of the oscillatory flow, � is the 
angular frequency and � is the length of the gradient of u0 
along with the boundary layer (Nyborg 1958; Lighthill 1978; 
Squires and Quake 2005).

The microstreaming occurs due to the first order pulsa-
tile flow generated by pulsation of the microbubble, which 
induced the second-order streaming flow due to the inertial 
force and the viscous force. This pumping phenomenon 
requires that the Reynolds number near the bubbles is 
large enough for the second-order streaming flow to be 
dominated by inertial force (Dijkink et al. 2006; Tovar 
et al. 2011). The Reynold’s numbers near the bubble is 
given by:

where A is the maximum oscillation amplitude of liquid–air 
interface. ν is the kinematic viscosity of the liquid.

3.2 � Microstreaming and frequency

According to Eq. 1, the microstreaming flow pattern is 
associated with the oscillation mode of the microbubble, 
which is affected by the acoustic force and gas compress-
ibility. The strong microstreaming flow is produced when 
the applied frequency is close to the bubble’s resonant fre-
quency. The linear resonant frequency f  of a free-standing 
spherical bubble can be presented by Minnaert eigenfre-
quency equation (Minnaert 1933).

Here, � is the polytropic exponent, which is 1.4 for an air 
bubble (Crum 1983). P0 is the ambient pressure and ρ 
denotes the density of the liquid. The equation shows that the 
resonant frequency of the bubble is related to the radius of 
the bubble and thus the microstreaming is strongly depend-
ent on the driving frequency and the radius of the bubble. 
Although the theoretical calculation is valid only for free-
standing spherical bubbles, it estimates that the resonant 
frequencies of the large bubble and small bubbles used in 
our experiments are 16.3 kHz and 31.0 kHz, respectively, 
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which provides a starting point for the experimental efforts 
discussed in the next section.

3.3 � Acoustic radiation force and drag force

Under acoustic actuation, microparticles suspended in 
a fluid may experience acoustic radiation force and drag 
force. Whether the movement of microparticles is domi-
nated by acoustic streaming induced Stokes’ drag force 
or secondary radiation force depends on the size, as well 
as the properties of microparticles and the surrounding 
fluid, which has been explained in several theoretical and 
numerical studies (Qiu et al. 2019). At low Reynolds num-
ber, the drag force is given by Stokes’ law, which can be 
described as:

where μ is the viscosity of the fluid media, Rp is the radius 
of the particle, υ is the relative velocity of the fluid and 
particles.

The time-averaged product of the gradient in the acous-
tic pressure and in the fluctuation of bubble volume pro-
duces a type of acoustic radiation force (Dayton et al. 
1997). The radiation force is a second-order non-linear 
force acting on a particle, which is induced by the nonuni-
form momentum around the particle. The primary acoustic 
radiation force in the acoustic wave can be expressed as 
(Yosioka and Kawasima 1955):

where k is the acoustic wave number, z is the position of the 
particle relative to the pressure node, Es is the energy density 
(Groschl 1998). Ks is the acoustophoretic coefficient and is 
expressed by (Yosioka and Kawasima 1955):

where 
∼
� denotes the density ratio of the particle to the media, 

� denotes the sound speed ratio of particle to the media. 
When acoustophoretic coefficient becomes negative ( Ks < 
0), the particle will move toward the pressure antinodes. 
Conversely, particles will move toward the pressure nodes 
when acoustophoretic coefficient is positive.

Particles move to pressure nodes due to the primary 
acoustic force. Once the particles aggregate, the interparti-
cle force becomes more and more significant. The second-
ary radiation force is a short-range effect and can keep the 
particles oscillating in a certain range of distances, which 
is given by (Coakley and Nyborg 1978):
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where ρ l is the density of the liquid, ρ p is the density of 
the particle, d denotes the distance between the center of 
the bubble and center of the particle. ω presents the applied 
frequency, and ξ is the oscillation amplitude of the bubble.

In this work, to demonstrate the pumping flow and acous-
tic microstreaming pattern, the particle size is selected as 
2 μm, which is dominated by the drag force rather than sec-
ondary radiation force. Therefore, the pumping flow rate can 
be estimated by tracing the trajectory of the particles.

4 � Results and discussion

4.1 � Mechanism of bubble‑based bidirectional 
micropump

The working mechanism of this acoustic bubble-based bi-
directional micropump is shown in Fig. 1a. Due to surface 
tension, air was passively trapped inside cavity structures 
and liquid–air interfaces were generated when liquid flowed 
through the microchannel. As mentioned previously, when 
exposed to the acoustic field activated by an external piezo-
electric transducer, the air–liquid interfaces oscillate, and the 
microstreaming flow was generated as the driving frequency 
gets close to the resonant frequency of the bubbles. The dif-
ferent sized cavities, therefore, were designed for creating 
different sized bubbles with different resonant frequencies. 
The different sized cavity structures oppositely faced each 
other in the center of the lower part of the channel. Thereby 
the opposite directional microstreaming flow was achieved 
by adjusting the applied frequency.

To characterize the microstreaming pattern around the 
air–liquid interface, we injected green fluorescent par-
ticles with deionized (DI) water into the channel using a 
syringe pump. After that, the inlet and outlet of the recircu-
lated channel were sealed by tape to make sure there is no 
pressure difference between them. Once the fluid achieved 
equilibrium state, the acoustic wave was applied to actu-
ate the micropump and a strong directional microstreaming 
flow occurred around two different cavity structures at their 
resonant frequencies respectively, which is schematically 
presented in Fig. 1b and c. Additionally, to quantitatively 
characterize the velocity field of the microstreaming inside 
the channel, a microparticle image velocimetry ( �PIV) tech-
nique was used. The velocity vector distributions at the fre-
quencies of 19 kHz and 24 kHz around two different struc-
tures are shown in Fig. 1d and e. It is worth noting that the 
microstreaming flow pattern can be affected by frequency, 
shape and volume of bubbles, as well as surround structures 
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(Tho et al. 2007; Wang et al. 2013). In this study, at frequen-
cies of 24 kHz and 19 kHz, the flow direction is dominated 
by the two symmetric vortices generated on the two sides 
of oscillating bubbles. As marked in Fig. 1b and c, the two 
symmetric vortices drew the fluid to the bubble and pass 
the structural gap to the backside of the bubbles/structures.

4.2 � Pumping performance

4.2.1 � Pumping behavior

To further demonstrate the pumping behavior, we took 
images from a defined observation window, located at the 
center of the upper channel (Fig. 1a), to show the move-
ment of microparticles. Figure 3 shows the movement of 
microparticles transported at the frequency of 24 kHz and 
19 kHz at different frames in the defined observation win-
dow. Specifically, with the frequency of 24 kHz, the small 
bubbles were actuated and the microparticles were moving 
from right to left with the flow. Conversely, the large bubbles 
were excited and particles were pumped from left to right 
achieved by tuning the frequency to 19 kHz. The results not 
only demonstrated particle transport but also proved that the 
selective flow control in a microchannel can be realized 
using this acoustic bubble-based bi-directional pump device.

4.2.2 � Frequency sweeping

In this part, we investigate the relationship between the 
bubble’s resonant frequency and pumping performance. 
To obtain the optimal pumping performance for the two 

directions at the constant voltage, the frequency was swept 
around theoretical resonant frequencies with a 1 kHz incre-
ment at a constant 5 Vpp actuation voltage. The results of the 
flow rate versus frequency are presented in Fig. 4a. The flow 
rate was mapped by tracing the trajectory of the suspended 
particles in the defined observation window. When particles 
moved along the positive x-axis in the defined observation 
window (clockwise direction), the large microbubbles were 
actuated by the acoustic force with the positive velocity. On 
the contrary, the particles moved in the opposite direction 
when small microbubbles were activated. As can be seen, 
the peak flow rate occurs when the driving frequencies are 
19 kHz and 24 kHz, respectively. During the experiment, the 
pumping flow direction can be instantly switched by chang-
ing the frequency from 19 to 24 kHz, or 24 kHz to 19 kHz 
(Video 1). Based on this result, 19 kHz and 24 kHz are con-
sidered as the optimal working frequencies that were used 
for the following studies.

4.2.3 � Effect of driving voltage

To further characterize the pumping behavior, we explored 
the influence of the applied voltage on the pumping per-
formance. During the experiment, we applied input voltage 
ranging from 1 to 7 Vpp with 1 Vpp increment to actu-
ate small-sized bubbles and large-sized bubbles at 24 kHz 
and 19 kHz  respectively (Video 2 and 3). As shown in 
Fig. 4b and c, with increasing voltage, the pumping flow 
rate increased significantly. For the small bubbles induced 
counterclockwise flow, the flow rate rises from 50 nl/min to 
1200 nl/min. For the large bubbles induced clockwise flow, 

Fig. 3   Movement of the microparticles in the observation window (refer to Fig. 1). a Microparticles moved toward left when the small bubbles 
were activated at 24 kHz; b Microparticles moved toward the right when the large bubbles were actuated at 19 kHz
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the flow rate can achieve from 20 nl/min to 1600 nl/min. 
These experimental results are reasonable since oscillating 
bubble amplitudes increase with the voltage, and based on 
the stream function of the microbubbles, they will generate 
stronger microstreaming flow to produce a higher flow rate.

4.3 � Pumping test with blood‑mimicking fluid (BMF)

Pumping biological fluid samples is a necessary step 
for many lab-on-a-chip and point-of-care applications. 
Blood as the most important body fluid has been widely 
studied and processed for various microfluidic applica-
tions, including drug delivery, cell separation, and dis-
ease diagnosis. Due to the similar properties with blood 
and being non-hazadous, blood-mimicking fluid (BMF) is 
usually used for simulating blood in early-stage biomedi-
cal experiments. To realize realistic blood flow mimick-
ing, the dynamic viscosity of BMF should be similar to 
human blood. Here, we conducted experiments to further 

investigate the capability of our pumping system in bio-
logical samples using blood-mimicking fluid.

At a constant voltage (5 Vpp) and frequencies (24 kHz 
and 19 kHz), the pumping performance was studied by 
altering the viscosity of the pumping liquid. According 
to a recent study on human blood viscosity (Yousif et al. 
2011), we added glycerol into DI water to adjust the vis-
cosity and made the blood-mimicking fluid. During the 
experiment, glycerol and water mixture with different vis-
cosities were injected into the channel respectively. As 
shown in Fig. 4d, the micropump is capable of driving 
up to 50% glycerol/water mixture, which is 8 times more 
viscous than water. Additionally, the flow rate decreases 
with increasing glycerol percentage. The result proved that 
this bi-directional pumping device has a great potential 
for various biological fluid sample transportation, such as 
plasma (10% glycerol), whole blood (22% glycerol) and 
platelets (26% glycerol) (Bosart and Snoddy 1927).

Fig. 4   a Plot of pumping flow rate versus driving frequency; b, 
c pumping flow rate versus the voltage, illustrating the flow rate 
increased with increasing voltage; at a frequency of 24  kHz and 

19 kHz, respectively; d plot of the pumping flow rate versus glycerol 
concentration at 5 Vpp demonstrating high viscosity fluid pumping. 
The pumping flow rate decreased with the increase of viscosity
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4.4 � Cell viability test

To further demonstrate the application of the pump with bio-
logical samples, the pump was tested by driving E. coli cells 
in the flow. During the experiment, by tuning the applied 
frequency, the direction of pumping E. coli cells can be 
switched rapidly. Once the applied frequency changed from 
19 to 24 kHz, the E. coli cells were instantly pumped from 
clockwise direction to counterclockwise direction. When the 
acoustic actuation is off, it was observed that E. coli cells 
stop moving immediately. Thus, the position of E. coli can 
be transported and controlled easily by switching frequency 
and stopping actuation, demonstrating the high controllabil-
ity of the bi-directional micropump. In addition, to prove its 
performance for pumping E. coli, it is important to know 
that whether the pumped E. coli cells are still viable since 
the cells could be damaged under strong forces. The viabil-
ity of the pumped E. coli cells was tested with 4% Trypan 
blue solution, which can stain non-viable cells through the 
damaged cell membrane. Figure 5a and b show cell viability 
before and after 10 min actuation of the micropump. The 
cells highlighted by a yellow circle demonstrate a living cell 
and the cell marked by a red circle indicates a dead one. To 
quantify the cell numbers and viability, we used a hemocy-
tometer to count the live and dead cells. The viability of the 
cells was calculated by Eq. 9. 

Figure 5c shows that the cell viability before acoustic 
pumping was 94.2% and the cell viability in the micropump 
remained 91.8% after 10 min acoustic actuation of the pump. 
From these results, we can conclude that the bi-directional 
micropump does not cause perceptible damage to the cells 
after acoustic excitation, which makes it suitable for han-
dling biological samples for various experiments.

(9)Viability (%) =
Total number of viable cells

Total number of cells
× 100%

5 � Conclusion

In this study, a novel acoustic bubble-based bi-directional 
micropump was demonstrated for lab-on-a-chip applica-
tions. We fabricated different-sized oppositely-facing cav-
ity structures inside the microchannel using soft lithography 
technique to generate microbubbles. Based on the theoretical 
calculation and frequency sweeping results, we were able 
to find the resonant frequencies for the bubbles of two dif-
ferent sizes, which were 19 kHz and 24 kHz for large and 
small bubbles, respectively. Actuated around the resonant 
frequencies, a directional microstreaming flow was gener-
ated around the oscillating bubbles. Since large bubbles and 
small bubbles were arranged oppositely, the flow direction 
can be switched when altering the driving frequency. To 
the best of our knowledge, this is the first-time explora-
tion of acoustic bubble-based bi-directional pumping and 
their potential applications in microchannels. Specifically, 
the microstreaming flow was created from right to left in 
the upper channel when the small bubbles are activated at 
24 kHz. With applying the frequency of 19 kHz, the micro-
streaming flow switched from left to right. To visualize and 
quantify the flow, 2 μm fluorescent microparticles were 
used as tracer particles in DI water. With increasing actua-
tion voltage, we observed that the pumping effect increases 
and the flow rate achieved as high as 1600 nl/min at 7 Vpp. 
We further investigated the pumping performance in pump-
ing blood-mimicking fluid (BMF). The results demonstrate 
that the pumping device has great potential in pumping bio-
logical samples including whole blood, blood plasma and 
blood cells, with a trade-off of decreasing in pumping flow 
rate when the viscosity of fluid increases. We also tested the 
device for pumping live microorganisms (E. coli). The result 
indicates that E. coli cells can be successfully pumped in the 
microchannel, and the device has a minimum impact on the 
viability of E. coli. Overall, our bi-directional micropump 

Fig. 5   After acoustic excitation, most E. coli cells were still alive. 
The cells highlighted in a yellow circle demonstrates a living cell; the 
cell marked by a red circle indicates a dead one. The E. coli cell via-

bility was evaluated at a 0 min; b 10 min; c cell viability test results 
before and after 10 min acoustic pumping (color figue online)
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shows great promise in realizing useful lab-on-a-chip appli-
cations. In the future, we plan to further explore various 
types of fluids, such as urine and saliva, and integrate the 
micropump with upstream (sample preparation) and down-
stream (sample analysis) microfluidic functions to realize 
fully integrated lab-on-a-chip systems.

Admittedly, the common problems associated with bubble 
based platforms still exist. For example, the size of the bub-
ble in the microchannel could change in time, which could 
result in an undesired change of bubble’s resonant frequency 
for long-term operation (Huang et al. 2012). In future, sev-
eral techniques could be explored to further improve bubble 
stability, such as supplying constant back pressure for the 
bubbles (Gong et al. 2016), and 3D-print armors for the bub-
bles (Bertin et al. 2017; Lin et al. 2019a, b).
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