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ABSTRACT

This paper reports on a highly economical and accessible microfluidic pump using a piezoelectric air
microblower for the controlled pumping of small-volume fluids into microfluidic chips. The present
pump exerts high-accuracy control over the driving pressure to deliver fluids into and flexibly alter their
flow rate inside microfluidic channels with a fast response at the millisecond scale and high pumping
pressure stability. We have demonstrated the applications of this pump to shift the fluidic interface
between laminar flows across a microfluidic channel, produce microdroplets with controllable sizes and
chemical ingredients, and generate a discrete concentration gradient when incorporating a microfluidic
concentration generator. Owing to its easy assembly and low cost, the microfluidic pump can provide a
highly accessible and inexpensive solution to pumping and manipulating liquids in microfluidic devices
for many chemical and biological studies, and will be particularly suitable for applications requiring full

system integration and flow rate control automation within a limited space and financial budget.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Miniaturized microfluidic pumps have attracted much attention
owing to the high demand to manipulate fluids at the microscale
in many microfluidic lab-on-a-chip platforms. Numerous efforts
have been made to develop micropumping technologies based on
different mechanisms, such as electromagnetic actuation [1-3],
piezoelectric vibration [4,5], thermo-pneumatic actuation [6,7],
chemical reactions [8,9], capillary drag [10-12], and degas-driven
flow [13,14]. Although commercial syringe pumps are widely used
in research and clinical laboratories and offer high accuracy and
robustness, their high cost impedes their extensive use in many
portable microfluidic applications, especially when a number of
pumps are needed to deliver different fluids at controlled flow
rates. Another type of pump often used in microfluidic applica-
tions owing to its small size and low cost is the peristatic pump;
however, its flexibility and accuracy of controlling the flow rate are
relatively low. In addition, the delivery tubings of peristaltic pumps
often need to be elastomeric to maintain a circular cross section
after multiple cycles of squeezing and releasing. This requirement
reduces the range of liquids that are compatible with these tubings,
especially in chemical experiments [15].

The recent advances in micro-electro-mechanical systems
(MEMS) technology have led to inexpensive commercial
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microblowers at a unit price of less than ten U.S. dollars
(MZB1001T02; Murata Manufacturing, Kyoto Prefecture, Japan).
The microblower has a compact footprint area of 20 mm by 20 mm
and a thickness of 1.85 mm. Owing to its piezoelectric drive system,
it consumes much lower power than common air-compressed
devices. Basically, this microblower operates on the principle of
the piezoelectric effect [16]. As shown in Fig. 1(b), the piezoelectric
element is attached to a flexible diaphragm. When driven by a
voltage, in a certain half period, the diaphragm vibrates at a pre-
determined frequency to draw air into the central cavity above the
diaphragm; in the next half period, the air is discharged to provide
an ejection flow rate that is greater than or equal to that corre-
sponding to the displacement volume of the vibrating diaphragm.
An increase in the applied voltage can lead to an increase in air
pressure at the output nozzle of the microblower. Recently, this
microblower has been used to develop a pneumatically tunable
antenna capable of reconfiguring its radiation directivity [17].

In this paper, we report on a highly economical and accessible
microfluidic pump that utilizes a miniature microblower to con-
trol the driving pressure for delivering fluids into and controlling
their flow rate inside microfluidic devices with high flexibility, good
accuracy and fast response. The simple design, low cost, and easy
assembly render the proposed pump suitable for portable microflu-
idic applications.
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Fig. 1. (a) Microblower-based microfluidic pump. (b) Cross-sectional schematic of the microblower used in the proposed pump in (a). (c) Driver circuit of the microblower.

(d) Schematic and dimensions of a typical horizontal liquid reservoir.

2. Structures, materials, and assembly

The microfluidic pump was composed of a microblower, an
electronic driver, a horizontal liquid reservoir, and input and out-
put tubings (Fig. 1(a)). The driver circuit converted the applied
DC voltage (9-21V) to an AC voltage for driving the microblower
(Fig. 1(c)). Once the voltage was applied, a high-pressure air
flow was generated, which exited from the outlet nozzle of
the microblower and then flowed into a horizontally placed
solution reservoir (Fig. 1(a) and (d)). To form the reservoir, a
shallow cavity was machined through the entire thickness of a
3-mm-thick poly(methyl methacrylate) (PMMA) sheet (Acrylite
Plexiglass; Midwest Plastics, Omaha, NE) using a milling machine
(Mini-Mill/GX, MiniTech, Norcross, GA). The formed cavity was
then sandwiched between two other PMMA sheets with an O-
ring (oil-resistant Buna-N; McMaster-Carr, Elmhurst, IL) and six
stainless-steel screw nuts (M1; Accuscrews, Huddersfield, UK). The
typical dimensions of a 4.7 mL-volume reservoir are provided in
Fig. 1(d). The solutions to be pumped were loaded into the reservoir
through the corresponding inlet. Subsequently, the air outlet noz-
zle of the microblower was connected with the input tubing of the
reservoir (inner diameter or ID = 1 mm, Tygon tubing; Cole-Parmer,
Vernon Hills, IL) and the microfluidic pump was ready to use. The
horizontal design of the reservoir can eliminate the effect of gravity
on the flow rate of solutions injected into a microfluidic device. This
is because when the pressurized fluids leave the reservoir, they can
exit the outlet of the reservoir horizontally while keeping the sur-
face level of the fluids consistently in contact with the top PMMA
sheet. If a vertical reservoir was used, the surface level of the solu-
tions would decrease as the liquids were pumped out, reducing
the gravity-induced pressure on the connected microfluidic chan-
nels and thus causing variations in the flow rate of the solutions in
the channels. In contrast, the horizontal design of our reservoir can
provide a constant output flow rate for a given voltage applied to
the microblower, without requiring a feedback electrical circuit to
compensate for pressure variations induced by liquid level changes.

To demonstrate the applications of the pump, three poly-
dimethylsiloxane (PDMS)-based microfluidic devices were fabri-
cated. The first PDMS device was used to demonstrate the control
of the fluidic interface between laminar flows and the other two
to demonstrate the generation of microdroplets and the discrete

concentration gradient of a chemical. These devices were manufac-
tured using a conventional soft lithography technique [18]. Briefly,
the patterns were designed with AutoCAD software (Autodesk,
San Rafael, CA, USA) and a master mold made of SU-8 photoresist
(SU-8-50, Microchem, Westborough, MA, USA) was then formed
on a silicon wafer using conventional photolithography. A two-
part curing PDMS precursor solution (A:B weight ratio=10:1; Dow
Corning, Midland, MI) was mixed and then degassed in a home-
made chamber for 30 min under vacuum (10~ Torr). The degassed
PDMS solution was then poured over the master mold in a dispos-
able polystyrene petri dish (diameter: 100 mm; Sigma-Aldrich, St.
Louis, MO) and baked on a hot plate at 80°C for 2 h. After thermal
curing, the PDMS slab containing the channels was peeled off from
the master mold. The inlet and outlet ports of the PDMS device
were then manually punched with a mechanical puncher (diam-
eter: 1mm; Acuderm, Fort Lauderdale, FL). Lastly, the PDMS slab
was bonded to a microscope glass slide (75 mm x 50 mm x 0.9 mm;
Corning Inc., Corning, NY) through oxygen plasma treatment.

3. Results and discussion
3.1. Driving pressure, flow rate, stability, and response time

The stability of the driving air pressure is a critical factor for a
high-performance microfluidic pump. Thus, an air-pressure sensor
(SPDO15AA; Smartec, The Netherlands) was used to monitor the
pressure of the air exiting the output nozzle of the microblower.
This air pressure was determined by the DC voltage applied to the
driver circuit and was observed to linearly increase with the applied
voltage (Fig. 2(a)). The air pressure stability was analyzed by testing
the variance of the air pressure over a period of time under a certain
driving voltage. As shown in Fig. 2(b), at the driving voltages 9, 12,
15, 18, and 21V, the maximum pressure variation over 30 min was
only 0.22 kPa or 0.7% of the full scale.

The driving voltage and the size of the tubing also affect the
output flow rate of fluids from the liquid reservoir. In this exper-
iment, microfluidic tubing (Tygon tubing; Cole-Parmer, Vernon
Hills, IL) with the inner diameter of ID was connected to the output
of the storage reservoir. A ruler was used to measure the mov-
ing distance of fluids d along the tubing at different time points
t (shown in Fig. 3(a)). The average volumetric flow rate of flu-
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Fig. 2. (a) Air pressure at the output nozzle of the microblower as a function of applied driving voltage. (b) Air pressure at the output nozzle of the microblower over a 30-min

period under different driving voltages.
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Fig. 3. (a) Experimental setup for flow rate measurement. (b) Flow rates of water flowing in 0.5 mm- and 1.0 mm-ID tubings as a function of applied voltage. (c) Flow rate of
silicone oils with different viscosities flowing in a 1.0 mm-ID tubing as a function of applied voltage. (d) Flow rate of water and silicone oils with different viscosities flowing
in a 1.0 mm-ID tubing at applied voltages of 10, 15, and 20V. The inset table shows the fitting parameters of a reciprocal function for flow rate with respect to fluid viscosity.

ids v pumped within a time period of At was calculated using
v=m x (ID/2)? x d/ At. Fig. 3(b) shows the relationship between the
flow rate of water and the applied voltage for two different ID values
of the connecting tubing. The results reveal that for a given tubing,
the water flow rate linearly increased with increasing voltage from
8t022V.Theincrease of the voltage led to an enhanced air pressure
at the output nozzle of the microblower, thus increasing the water
flow rate along the tubing. In addition, for a given voltage, the flow
rate increased with increasing ID of the output tubing. According to
Poiseuille’s law [19], the fluidic resistance of laminar flow is given
by Eq. (1):

8nL
R=-"T
aré

where 7 is the viscosity in dyns/cm? (poise, P) (n=0.0091P for
water at 25 °C)andris the inner radius and L the length of the output
tubing. Therefore, the fluidic resistance decreases with increasing
tubing radius, thus increasing the flow rate. Fig. 3(c) shows the flow
rate of silicone oils with different viscosities (0.05,0.1,0.2,and 0.5 P
at 25°C, all from Sigma-Aldrich, St. Louis, MO) flowing along a 1.0-
mm-ID tubing at different applied voltages. Similar to the case of
driving water, the flow rate of driving silicon oil increased linearly
with increasing voltage; the higher the viscosity, the lower the flow
rate. Fig. 3(d) summarizes the flow rates of water and silicone oils
at applied voltages of 10, 15, and 20 V. The result demonstrates that
the flow rate was proportional to the reciprocal of the viscosity.
To study how fast the driving pressure of the pump could
respond to an applied voltage, we monitored the air pressure at
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Fig. 4. Pressure at the output nozzle of the microblower under two different square-wave driving voltages: (a), (b) frequency f=250 mHz, low potential V| =10V, and high
potential Vi =20V; (c), (d) f=100mHz, V. =10V, and Vi =20V. (c) and (d) are the magnifications of (a) and (b) at time t=4.35-4.50s and t=8.1-8.4 s, respectively.

the inlet of the liquid reservoir when a periodic square-wave volt-
age was applied to the driver circuit. The testing setup used in this
experiment was the same as that shown in Fig. 1(a). Fig. 4(a) shows
that the waveform of the output air pressure had almost the same
shape as that of the applied voltage at a frequency of 0.25 Hz. The
magnification of the rising edge of the input voltage and output air
pressure in Fig. 4(b) indicates that the delay time from the input
voltage onset to the stable output air pressure was approximately
40 ms. A similar response was observed when the frequency of the
square-wave voltage changed to 0.1 Hz, as shown in Fig. 4(c) and
(d).

Table 1 compares the characteristics between the microblower-
based pump and other microfluidic pumps. It shows that the
present pump exhibits considerable high accuracy and wide
dynamic range of flow rate. The assembling of the pump is fairly
simple, only involving minor needs of fabrication, which, in con-
junction with the low cost of microblower (<$10 per unit), makes it
highly accessible and useful for microfluidic applications requiring
accurate and wide-range control of flow rate for conducting many
experiments in parallel.

3.2. Control of fluidic interface between laminar flows

We demonstrated the control of the fluidic interface between
laminar flows in a microfluidic channel using two microblower-
based pumps A and B. The experimental setup is shown in Fig. 5(a).
Pumps A and B were used to drive yellow and blue water solutions,
respectively, into the channels (width: 70 wm; depth: 50 wm). A
20V DC voltage was applied to pump A to control the flow rate of
blue water and a triangular-wave voltage with a frequency of 0.2 Hz
and amplitude varying between 16 V and 20V was applied to pump
B to inject yellow water into the device. 1.0 mm-ID tubings were
used to realize fluidic connections between different components.

Fig. 5(b) displays time-lapse images showing the shifting of the
interface between the two colored-water flows. During the first half
period, the driving voltage of pump A was initially higher than that
of pump B, causing the blue flow to move faster than the yellow one.

This, in turn, resulted in the interface moving towards the yellow
flow. As the flow rate of the yellow water gradually increased owing
to the increase of the voltage applied to pump B, the interface of
moved towards the blue flow until the applied voltage to pump B
reached its highest value, 20V. During the second half period, the
interface shifted back towards the blue flow because the applied
voltage decreases. Fig. 5(c) quantitatively describes the shift pattern
of the interface with the triangular wave-voltage applied to pump
B. The relative standard deviation of the interface position for six
repeated measurements was as low as 6%, indicating the reliability
of the pump.

3.3. Generation of microdroplets with controlled size and
concentration

We demonstrated the implementation of two microblower-
based pumps to generate microdroplets in a microfluidic device. In
this demonstration, one horizontal reservoir was filled with orange
water and the other one with silicone oil (viscosity =5 P; Sigma-
Aldrich, St. Louis, MO). Surfactant (Span 80, 2 wt%, Sigma-Aldrich,
St. Louis, MO) was pre-added to the silicone oil to prevent droplet
coalescence. Each reservoir was connected to a microblower. As
shown in Fig. 6(a), water was pumped from the water reservoir
into a horizontal channel (width: 100 wm; depth: 50 wm) through
a 1 mm-ID tubing and oil was pumped from the oil reservoir into a
vertical channel (width: 100 wm; depth: 50 wm) through the other
1 mm-ID tubing. The water flow was then pinched off by the oil
flow at the T-shaped junction to form fine droplets. Fig. 6(a) shows
that water droplets were formed when Vyater =18V and Vg =22V
were applied to the water pump and the silicone oil pump, respec-
tively. The diameter of these round droplets was 89.34+5.2 um
(mean + standard deviation, obtained from measurements for 50
droplets). As Vyater increased from 10 to 20V, while maintaining
Vi1 =22V, the diameter of the droplets increased, as demonstrated
in Fig. 6(b). Fig. 6(c) shows that the larger plug-like droplets were
generated when Vyater =16V and Vg; =14V were applied to the
two pumps. The resulting droplets, shown in Fig. 6(c), had length



X. Wang et al. / Sensors and Actuators A 253 (2017) 27-34 31
Table 1
Comparisons of characteristics for different types of pumps used in microfluidic applications.

Pumping method Flow rate (mL/min) Flow pattern Size (mm?) Accuracy Features

Commercial syringe le-10to 128 Continuous or pulsatile 180x270x 210 +<0.04% Commercial product;

pump? stable; high accuracy

Electroactive polymer Up to 0.025 [20] Continuous 2.2x2.2x0.08[20] 11.7-16% [21] Easy control; light

[20,21] Up to 0.0025 [21] 30x12x5(21] weight; small size; low
cost

Peristaltic pump [22] Up to2.74e+5 Pulsatile 168.3 x 120.7 x 114.3 32.9% Simple structure; low
cost; easy control

Osmosis [23] 3.3e-4 Continuous or pulsatile 15x15x 16 4.3% Long-lasting constant
flow; simple structure

Capillary force [24] 3.3e-9to6.1e-8 Continuous 10 x 0.03 x 0.03 <10% Easy to operate; low
cost

Gravity [25,26] 2.1e-5[25] Continuous 20x0.14 x 1 [25] NA Good for low flow rates

Up to 1.8 [26] 0.15 x0.067 x 0.055
[26]

Finger powered [27] Up to 60 Pulsatile 10x10x 2.5 <4.7% Easy to operate and
integrate with on-chip
functions

Microblower (this le-10to 128 Continuous or pulsatile 20 x20x 1.85 +<1% High accuracy; low

work)

cost; easy to control

3 Model #10060, Nexus 6000 High Pressure Syringe Pump.
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Fig. 5. (a) Setup for controlling the shift of the interface of laminar flows within a microfluidic device using two microblower-based pumps. (b) Time-lapse images showing
that the interface between the blue flow B and yellow flow A shifts across the channel. The interface is indicated by a dashed red line in the first panel of (b). The scale bars
represent 50 wm. (¢) Quantitative shift of the interface as a function of voltage applied to pump B, which was used to control the yellow flow B. The black curve shows the
applied triangular wave with a frequency of 0.2 Hz. The blue circles show the resulting shift of the interface at different time points within a cycle. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

650.4 +40.6 p.m. Similarly, the length of the droplets increased by
increasing Vwater from 12 to 18V and fixing V;; at 14V, as shown
in Fig. 6(d). The results demonstrate that the proposed pumps
can generate droplets with well-controlled sizes in microfluidic
devices.

Furthermore, we combined the capacity of the pump to con-
trol the fluidic interface between laminar flows and to generate
droplets to demonstrate the formation of droplets with different
chemical concentrations. As shown in Fig. 7(a), three pumps were
used in this experiment, one for distributing blue water, one for
clear water, and one for silicone oil (viscosity =5 P). As expected, as
the voltage applied to the blue-water pump decreased from 17V
to 14V and then to 10V and the voltage applied to the clear-water
pump increased from 11V to 15V and then to 20V, the interface
between the two flows shifted towards the blue flow. These two
water flows were then broken into droplets by the oil flow, which
was driven by the oil flow pump, operating at a constant voltage of
16 V. Therefore, the droplets formed in every voltage condition had
a different volume ratio between blue and clear water, as indicated
by the color of the formed droplets. The relative standard deviation
of the droplet size in the voltage conditions of Figs. 7(b)-(d) was
+6.9%, +£6.6%, and +7.4%, respectively.

3.4. Generation of discrete concentration gradient

Fig. 8 demonstrates that the microblower-based pump can
be combined with a microfluidic concentration gradient genera-
tor (CGG) to form concentration gradients of two chemicals. The
CGG had two inlets and eight outlets. The serpentine channels of
the CGG was 500-pm-wide and 100-pm-deep. Two pumps were
used to continuously drive and infuse blue and yellow water from
the corresponding reservoirs to the CGG through the two inlets
(Fig. 8(a)). We observed that as the two input colored streams trav-
eled through the CGG, they were repeatedly split at the nodes,
combined with neighboring streams in a laminar fashion, and
mixed by diffusion in the serpentine channels. At the outlets of the
device, a discrete color gradient comprising eight colors created
from blue and yellow were generated (Fig. 8(b)).

4. Conclusions

We demonstrated an inexpensive and easily fabricated minia-
ture pump consisting mainly of a MEMS microblower and a
horizontal solution reservoir. The flow rate of this pump can be
continuously adjusted with good accuracy and a fast response time
by controlling the DC driving voltage. Owing to its low cost, the
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Fig. 7. (a) Setup for generating droplets with different chemical concentrations using three microblower-based pumps. (b)-(d) Droplets generated by a microfluidic device
using the setup shown in (a). High (b), intermediate (c), and low (d) concentrations of blue dyes are mixed into the corresponding droplets by shifting and stabilizing the
blue-clear water interface in the horizontal channel using the pumps. The scale bars represent 200 wm. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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(b)

Microfluidi
device

Fig. 8. (a) Setup for generating a concentration gradient using two microblower-based microfluidic pumps. (b) Eight different concentrations generated at the outputs of a

microfluidic device using the setup shown in (a).

device is particularly suitable for applications requiring full sys-
tem integration and flow rate control automation, especially when
a number of miniature pumps need to be used within a limited
space and financial budget.
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