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Abstract In this paper, we introduce a novel valve-less
rectification micropump based on bifurcation geometry.
Three micropumps based on three different bifurcation
configurations were designed, fabricated and experimen-
tally investigated. These designs demonstrate the potentials
of developing bidirectional micropumps and multifunction
microfluidic devices (combined functions of micro pump-
ing and mixing). Polydimethylsiloxane (PDMS) was
employed to fabricate the micropumps. Circular piezo-
electric transducers (PZT) were used as flow actuators.
Detailed fabrication procedures are illustrated. The mi-
cropumps were tested against two ranges of actuator fre-
quencies. The first test was conducted in a frequency range
between 0 and 100 Hz with small increments of 5 Hz,
while the second test was conducted in a frequency range
between 0 and 300 Hz with increments of 50 Hz. Ethanol
was used as the working fluid in all experiments. A new
dimensionless parameter was introduced to evaluate the
efficiency of valve-less rectification micropumps and
determine the optimum operational frequency. The flow
rate and maximum back pressure were measured. Results
of experiments confirmed and demonstrated the feasibility
of valve-less rectification micropumps based on bifurcation
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geometry at a low frequency range. Additionally, results
showed the potentials of multifunctional, bidirectional, and
self-priming micropumps.
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1 Introduction

Many studies on developing, modeling and optimization of
micropumps have been published in the past decade
(Nguyen et al. 2002; Laser and Santiago 2004; Iverson and
Garimella 2008; Amirouche et al. 2009). Micropumps can
be categorized with respect to their working principles as
mechanical and non-mechanical micropumps. Mechanical
micropumps usually use mechanical parts to deliver a
constant fluid volume. Examples of mechanical micro-
pumps are rotary, peristaltic, check valves, and valve-less
rectification micropumps. The valve-less rectification
micropump can be further categorized as a displacement
mechanical micropump. On the other hand, non-mechani-
cal micropumps add momentum to the fluid by converting
another energy form into kinetic energy. Examples of non-
mechanical micropumps are electrokinetic, magnetohy-
drodynamic, and electrochemical micropumps.

The valve-less rectification micropumps have gained
increased research attentions in recent years. The advan-
tages of valve-less rectification micropumps include having
no-moving parts, ease to fabricate, cost effective, having
the ability to pump particle-laden fluids and live cells,
being compatible with a wide range of materials and
working fluids, and delivering a favorable flow rate and
back pressure (Stemme and Stemme 1993; Olsson et al.
2000; Yamabhata et al. 2005). Figure 1 shows the working
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Fig. 1 The pumping
mechanism of the valve-less
rectification micropump
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principles of the valve-less rectification micropump. In
the supply mode, the piezoelectric transducers (PZT) dia-
phragm moves upward and generates a negative pressure
inside the pump chamber. As a result, the fluid flows into
the chamber. More fluid enters from the right bifurcation
compared with the left one due to the difference in the flow
resistance. On the other hand, when the PZT moves
downward, in the pump mode, a positive pressure is gen-
erated inside the pump chamber. Therefore, the fluid flows
out of the chamber. More fluid exits the left bifurcation
compared with the right one during the pump mode. Due to
the combined effects of the PZT diaphragm oscillation, a
net flow rate is observed from the direction of right to left.

The efficiency of the valve-less rectification micropump
depends primarily on the microfluidic diodicity (the ratio of
the pressure drop of the backward flow to the forward
flow). The backward flow is the flow in the direction where
the flow confronts a higher flow resistance, while the for-
ward flow is the flow in the direction where the flow
confronts a lower flow resistance. There are two conven-
tional rectifying geometries commonly studied in the lit-
erature: nozzle/diffuser and Tesla geometries (Olsson et al.
1995; Forster et al. 1995). Fadl et al. (2007) experimentally
measured the microfluidic diodicity for several noncon-
ventional geometries, and the results suggested that flow
rectification might be achievable by using nonconventional
geometries other than nozzle/diffuser and Tesla geome-
tries. Recently, Fadl et al. (2009) numerically evaluated the
microfluidic diodicity at low Reynolds numbers for both
conventional geometries and nonconventional geometries,
and the results suggested that there are nonconventional
geometries such as the bifurcation geometry which can
effectively rectify the flow at low Reynolds number. The
work by Fadl et al. (2009) showed that the bifurcation
geometry has the highest microfluidic diodicity at low
Reynolds numbers among other nonconventional rectifying
geometries investigated in the study.

Several studies were published in the literature that
focused primarily on valve-less rectification micropumps.
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Most of the studies have used either Tesla or nozzle/dif-
fuser geometries for flow rectification. For example,
Stemme and Stemme (1993), Olsson et al. (1995, 1997b),
Gerlach and Wurmus (1995), Gerlach (1997), Jiang et al.
(1998), Biittgenbach and Robohm (1999), Singhal et al.
(2004), Chen et al. (2008), and Shen and Liu (2008) con-
ducted researches on valve-less rectification micropumps
based on nozzle/diffuser geometries. They employed flat-
walled and pyramid-trunk-shaped nozzle/diffuser geome-
tries. They also tested micropumps with one chamber
versus two chambers. In their studies, a PZT diaphragm
was utilized to actuate the micropump, and silicon-glass or
polydimethylsiloxane (PDMS)-glass were used to fabricate
the micropumps. There were many inconclusive results
throughout the literature as discussed by Fadl et al. (2009).
However, most results showed that the micropump per-
formance has a strong dependence on the flow Reynolds
number and nozzle/diffuser angle. The performance of
valve-less rectification micropump has been numerically
simulated and characterized by many researchers (Olsson
et al. 1997a, 2000; Sun and Huang 2006; Cui et al. 2008).
Other studies had also been conducted to characterize the
losses within a nozzle/diffuser geometry (Yang et al. 2004;
Rosa and Pinho 2006; Wang et al. 2009a).

Similar to the nozzle/diffuser-based micropump
research, valve-less rectification micropumps based on the
valvular conduits (Tesla’s geometry) have been reported in
the literature as well. Design, fabrication, and testing of the
micropumps were conducted by Forster et al. (1995) and
Bardell et al. (1997). Other studies included the transport of
particle-laden fluids using valve-less rectification micro-
pumps (Jang et al. 1999), the effect of the particle-laden
fluids on the performance of the valve-less rectification
micropumps (Jang et al. 2000), optimization (Gamboa et al.
2005), and a low-order modeling of resonance for valve-
less rectification micropumps (Morris and Forster 2003)
were also conducted in the literature.

According to our literature search, the majority of the
valve-less rectification micropumps are based on nozzle/
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diffuser and Tesla structures. Both structures work effec-
tively at high frequency. In fact, Gerlach and Wurmus
(1995), Olsson et al. (1996), and Koch et al. (1998) (nozzle
diffuser) reported that flow rectification is not achievable
in laminar flow. Moreover, Gamboa et al. (2005) (Tesla
structure) showed in his results that flow rectification is not
achievable when Re is less than 200. However, most
microbiological applications have fluid flows at low Rey-
nolds number (Geschke et al. 2004). Wang et al. (2009b)
have reported an optimized design for a valve-less rectifi-
cation micropump based on nozzle/diffuser where they
examined the pump performance against low actuator fre-
quencies (0-20 Hz). The maximum reported flow rate was
0.06 wl/min. Moreover, valve-less rectification micro-
pumps based on nozzle/diffuser and Tesla structures are
unidirectional when no structural modifications are intro-
duced. In this study, we introduce a valve-less rectification
micropump that is capable of rectifying the flow at low
Reynolds number/low frequency, achieve bidirectional
pumping, and multifunctions (pumping and mixing).
Additionally, because of the nature of the bifurcation, they
can well integrate in microarrays since they can be
designed in single and multiple generations. Therefore, the
nature design of microarrays by itself can be used to rectify
the flow when an oscillating flow is introduced. As a result,
the extra pressure drop introduced by external rectifying
geometries can be eliminated.

The first bidirectional valve-less rectification micro-
pump was claimed by van der Wijngaart et al. (2000)
where maximum flows of +30 pl/min and —30 pl/min
were measured. However, the operating frequency were
between 0.1 and 80 kHz. Another bidirectional valveless
micropump was reported by Hayamizu et al. (2003) where
the micropump was controlled by driving waveform. The
micropump generated maximum flow rates of 4393 nl/s
and —323 nl/s in the forward and backward directions,
respectively. Moreover, an additional bidirectional valve-
less rectification micropump was reported by using two
oblique channels and two pump chambers with two PZT
actuators (Yoon et al. 2007). The reported flow rate ratio
(the ratio between the discharge flow rate and the suction
flow rate) was only between 1.01 and 1.03. It is noted that
the net flow rate is the difference between the rates of the
suction and discharge flows.

Microsystems devices that can combine mixing and
pumping work were reported in the literature. Lastochkin
et al. (2004) reported a microfluidic pump and mixer based
on AC faradaic, Yang et al. (1998) reported the first mi-
cropump with active micromixer using turbulence to
enhance the mixing of liquids, Rife et al. (2000) minia-
turized acousto-fluidic devices to operate a valve-less
micropump and produce mixing in low Reynolds number
flows, Deshmukh et al. (2001) reported a continuous

micromixer with pulsatile flow micropump using silicon on
insulator (SOI) and quartz dies and, finally, Sheen et al.
(2007) studied the flow characteristics and mixing perfor-
mance in a PZT self-priming micromixer by using micro-
particle-image velocimetry (micro-VIP).

According to our literature review, the only work which
employed the bifurcation geometry to rectify the flow was
reported exclusively at the macro scale (Jianhui et al. 2007).
In this work, the bifurcation geometry was made of a
Y-shaped circular tube (which will be difficult to fabricate at
the micro scale). The reported maximum flow rate and the
mean pressure were 3 ml/min and 33 Pa, respectively.

In this paper, we introduce a novel valve-less rectifica-
tion micropump based on a bifurcation geometry and
PDMS micro fabrication techniques. Three different
micropumps based on three different bifurcation configu-
rations were designed, fabricated, and experimentally
investigated at a low frequency range. Additionally, we
introduce a new dimensionless parameter to evaluate the
efficiency of the valve-less rectification micropumps and
determine the optimum micropump operational frequency.

2 Pumping mechanism and characterization

Valve-less rectification micropumps are displacement
mechanical micropumps and recognized by being valve-
less. Instead of having dynamic valves, the valve-less
rectification micropumps have rectifying geometries (pas-
sive valves) to rectify the flow. The rectifying geometries
have flow resistances that depend on the flow direction.
The ratio of the pressure drop in both directions is called
microfluidic diodicity and it is defined as follows (Forster
et al. 1995):

APy

D=">"
AP;

where D;, AP,, and AP; are the microfluidic diodicity,
pressure drop in the backward direction, and pressure drop
in the forward direction, respectively. In order to achieve
flow rectification, the value of the microfluidic diodicity
must be different than one. The efficiency of the flow
rectification depends on the value of the microfluidic
diodicity. High rectification efficiency means efficient
micropump.

To achieve net flow rates through flow rectification, the
following two conditions must be met: first, generation of
oscillatory flows; second, flow oscillation in rectifying
geometries. Typically, PZT actuators are used to generate
oscillatory flows, and the rectifying geometries are used to
rectify the flows. Nozzle/diffuser and Tesla structures are
typical rectifying geometries in the literature. Regardless of
the rectifying geometries type, all valve-less rectification
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micropumps share the same pumping mechanism and
factors that may affect the pumping performance. The
parameters that affect the pumping performance are mainly
associated with the actuators (PZT) and rectifying geom-
etries. Therefore, the valve-less rectification micropumps
can be characterized with respect to the actuator charac-
teristics and the geometrical characteristics of the rectify-
ing geometries. In general, parameters that have an
influence on the oscillatory flow behavior will certainly
affect the pumping performance to a certain extend.

With respect to the rectifying geometries, the flow
resistance coefficients in the forward and backward direc-
tions (& and &) are employed to characterize the micro-
pumping efficiency (Olsson et al. 1995, 2000; Jiang et al.
1998; Singhal et al. 2004; Yang et al. 2008). In the present
design, the backward direction is the direction from the
main channel to the secondary channel, while the forward
direction is the direction from the secondary channel to the
main channel. The forward and backward flow resistance
coefficients can be defined as:

s AP
f= "2/~
pVE/2
. APy
R

where &, &, Vi, Vi, and p are the flow resistance coeffi-
cients in the forward direction, flow resistance coefficients
in the backward direction, flow velocity in the forward
direction (secondary channel), flow velocity in the back-
ward direction (main channel), and the fluid density,
respectively. The pressure drop along the rectifying
geometry is influenced apparently by the geometrical
parameters of the rectifying geometries such as nozzle
diffuser angle and nozzle diffuser length in the case of the
nozzle/diffuser micropump (Olsson et al. 1997a, b, 2000;
Yang et al. 2004; Gamboa et al. 2005). In our design, the
geometrical parameters may include the bifurcation angle,
the width ratio between the main and secondary channels,
number of generations, and the symmetry of the secondary
channels. The flow resistance coefficient and the time-
dependent chamber volume are utilized to calculate the
flow rates and pump pressure, respectively, with different
arrangement of pump chambers (Ullmann 1998).

In addition to the friction factor, the flow resistance can
be predicted by the geometry effects such as conversion
and diversion in the case of nozzle/diffuser (Jiang et al
1998; Olsson et al. 1999). The rectifying-directing capa-
bility of the rectifying geometries is defined by the ratio of
the resistance coefficient in the backward direction to the
resistance coefficient in the forward direction as

&

&
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the value of # is larger than one when the net flow rate in
the forward direction (as predicted) and smaller than one
when a reverse flow in the backward direction may occur.

Besides the flow resistance, the flow inductance needs to
be considered to investigate the effects of the unsteady flow
on the flow behavior in the valve-less rectification micro-
pumps. The conventional expression given in the literature
for the flow impedance is given as follows

. AP _
Z=""=R+iol
0

where Z, Aﬁ, Q, R, o and [ are the complex form of the
flow impedance, complex form of pressure drop, volume of
flow rate, flow resistance, radian frequency, and fluid
inductance, respectively. It shows that impedance is
primarily affected by flow resistance and pressure
oscillating frequency (Morris and Forster 2003, 2004). In
the case of oscillating flow, the velocity is derived based on
the time-dependent pressure gradient. Since the pressure
gradient is only a function of time and typically expressed
in the form of Fourier series or Euler formula, a phase-lag
may exist between the flow velocity and the pressure
gradient. The synchronization between the flow velocity
and the pressure gradient can be identified qualitatively by
using Wormersley number (Wo) where it can compare the
transient initial force to the viscous force (Loudon and
Tordesillas 1998)

Wo=r n

Vf

where r, n, and vf are characteristic length of channel,
radial oscillating frequency, and kinematic viscosity of the
fluid, respectively. When Wo < 1 no phase-lag can be
observed and the flow velocity synchronize well with the
time-dependent pressure gradient. However, this is not the
case when Wo is larger than one where phase-lag between
the flow velocity and the pressure gradient can be observed.
Moreover, when Wo = 10 the parabolic-shape velocity
profile is no longer exists when the flow oscillates in cir-
cular tubes. The maximum velocity is not located at the
center; instead, it is shifted toward the channel wall
(Uchida 1956; White 1999).

Reynolds number is a critical parameter that is used
widely to characterize the valve-less rectification micro-
pumping (Olsson et al. 1995, 2000; Jiang et al. 1998; Yang
et al. 2004; Gamboa et al. 2005; Singhal et al. 2004; Chen
et al. 2008; Wang et al. 2009a). However, contradictions
over flow rectification with respect to Reynolds number
were reported in the literature. For example, some studies
suggested that flow rectification in a nozzle/diffuser ele-
ment is not achievable in laminar flow (Gerlach and
Wurmus 1995; Olsson et al. 1996; Koch et al. 1998), while
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Singhal et al. (2004) reported that flow rectification is
achievable in a nozzle/diffuser element for laminar flow.

PZT actuators play also a role in characterizing the
valve-less rectification micropumping. The PZT type, PZT
frequency, PZT thickness, PZT excitation signals, PZT
driving voltage, and PZT displacement are factors that
were reported in the literature to have an influence on the
micropumping performance (Stemme and Stemme 1993;
Forster et al. 1995; Gerlach and Wurmus 1995; Jang et al.
1999; Morris and Forster 2003; Tracey et al. 2006; Sun and
Huang 2006; Cui et al. 2007; Yoon et al. 2007; Cui et al.
2008). Additionally, local and global sharp peaks pumping
flows were reported when the PZT actuators reach local
and global resonance frequencies, respectively (Park et al.
2002; Feng and Kim 2004).

Additionally, Jianhui et al. (2007) have predicted the
flow rate and mean pressure of valve-less rectification
pump in the macro scale based on bifurcation geometry. In
their work, they showed analytically that the pumping
characteristics depend on the characteristics of the recti-
fying geometry, flow field, and PZT like other pumps in
their category. However, their work was in the mini scale
and the bifurcation was fabricated in circular tubes.

Finally, air bubbles were reported in the literature to have
a negative effect on the micropumping performance of the
valve-less rectification micropumps (Richter et al. 1998;
Shen and Lu 2008). To summarize, all valve-less rectifica-
tion micropumps have the same pumping principles, but
differ in the type of the rectifying geometries. Many factors
have an effect on the pumping performance of the valve-less
rectification micropumps, and they are divided into two
categories: first, parameters that are related to the rectifying
geometry and, secondly, parameters that are related to the
pumping actuators. The presence of bubbles is found to have
a negative effect on the pumping performance of the valve-
less rectification micropumps.

3 The micropump design

Computer-aided design software (AutoCAD, Autodesk
Inc., San Rafael, CA, USA) was used to design the desired
bifurcation rectifying configurations. Three different
bifurcation designs were employed: a single bifurcation, a
double-generation bifurcation, and a hybrid bifurcation
design (combined micromixer and micropump applica-
tions), as shown in Fig. 2.

The first design, a single bifurcation shown in panel (a)
of Fig. 2 was intended to be used as a benchmark design as
well as to prove the feasibility of the valve-less rectification
micropump based on the bifurcation rectification geometry.
The second design is the double-generation bifurcation
shown in panel (b), which was intended to compare its

micropumping performance to the micropumping perfor-
mance of the single generation design (to investigate the
effect of the number of generations). Both designs, single
and double-generation configurations have one inlet and
one outlet. In contrast, the third design shown in panel (c)
of Fig. 2 was intended to investigate the capacity of a
multifunction microfluidic device and to integrate a mi-
cromixer and micropump into one single design. The third
design has two inlets and one outlet which is one of the
advantages of using the bifurcation geometry to rectify the
flow in a micropump. Because of the inherent nature of
the bifurcation geometry (one main channel and two sec-
ondary channels), it was feasible to pump and mix two
different fluids using a single microfluidic device.

The diameters of the micropump chamber and PZT are 10
and 12 mm, respectively. The first design has two secondary
channels, while the second design has two secondary and
four sub-secondary channels. The height of the channels is
230 pm, and the width ratio of the channels before and after
the bifurcating tip is 2. In other words, the width of the main
channel is twice the width of the secondary channel. Simi-
larly, the width of the secondary channel is twice the width
of the sub-secondary channel, in the case of the double
generation design. All the secondary channels have the same
width, as do the sub-secondary channels. The width of the
main channel is 200 pm and the bifurcation angle is 90° (the
angle between the secondary channels as well as the sub-
secondary channels). In the case of the first and second
design, the width of the collecting chamber is 2.5 mm (the
chamber located between the bifurcation geometry and
the inlet/outlet channels). On the other hand, the diameter of
the inlet/outlet circle, in the case of the third design, is
2 mm. Guides or aligning structures (the structures that can
be seen around the micropump chamber in Fig. 2) were
implemented in the designs to better align the PZT actuators
during the fabrication process. The arrows in Fig. 2 refer to
the predicted pumping direction.

4 Fabrication procedure

The bidirectional and multifunction valve-less rectification
micropump consists of five components: channels, a pump
chamber, a membrane, an actuator, and a sealer. The mem-
brane, the micropump channels, and the pump chamber were
fabricated using PDMS Replica Molding (REM). The PZT
(Digi-Key Corp., Thief River Falls, MN, USA) was used to
actuate the micropump, and soda-lime glass substrates were
used to seal the channels and the pump chambers.

The softlithography technique was employed as the
main fabrication method; see Fig. 3 for the fabrication
steps. First, a glass wafer was cleaned and dehydrated on a
hotplate at a temperature of 120°C for 1 h (step 1). Second,
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Fig. 2 Bifurcation designs
implemented in the present
investigation: a single
bifurcation; b double-generation
bifurcation; ¢ hybrid bifurcation

Fig. 3 The fabrication
procedure of the valve-less
rectification micropumps based
on bifurcation geometry

a thin layer of chromium (10 nm) was sputtered on the
glass wafer to achieve better adhesion (step 2). Thirdly,
three layers, base and two structure layers, of an epoxy-
based negative photoresist (SU-8, MicroChem Corp.,
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Newton, MA, USA) were spun on using a spinning
machine. The first layer was 5 pm thick (SU8-5) and acted
as an adhesion promoter. The second and third layers were
created as structure layers with a total thickness of 230 pm
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(step 3). The wafer was then exposed to UV-light for cross
linking (step 4). The first fabrication step ends with
developing the master wafer in y-butyrolactone (GBL) and
propylene glycol methyl ether acetate (PGMA, MicroChem
Corp., Newton, MA, USA) (step 5). The master wafer was
then inspected under the microscope and extra develop-
ment time was given when needed. The master wafer was
then inspected to assure a uniform thickness by using an
advanced surface texture measuring system (Dektaks,
Veeco Instruments Inc., Tucson, AZ, USA).

The second step included fabricating the channels, pump
chamber, membrane, and integrating the actuator (PZT).
The PDMS (Sylgard 184 elastomer kit, Dow Corning,
Midland, MI, USA) was mixed at a ratio of 10:1 (silicon
elastomer base:curing agent). The mixture was degassed
under vacuum until all trapped air bubbles were released.
The double sided moulding (Lucas et al. 2008) was used to
precisely produce a 200 pm thick membrane (step 6). After
the curing of the PDMS membrane layer, a small droplet of
silicon glue (RS Components, Morfelden-Walldorf, Ger-
many) was placed on the bottom of the PZT and then the
PZT was pushed against the membrane (step 7). At the
same time, a new PDMS mixture was prepared and
degassed. The new mixture was poured on the wafer and
placed on the hot plate (step 8). After the PDMS was cured,
the PDMS-PZT was peeled off carefully and slowly.

The third fabrication step included bonding the PDMS-
PZT composite to a lime-soda glass wafer. First, the lime-
soda glass was diced and cleaned using water, acetone, and
ethanol, respectively. The glass and PDMS-PZT were
placed inside a barrel etcher (Surface Technology Systems,
Newport, UK). As a result, an irreversible bond was
formed due to the surface treatment in an oxygen plasma
environment (step 9). Finally, the fabrication procedure
ended with fluidic connections of metallic micropipes at
the inlets and outlets.

5 Experimental apparatus

Figure 4 shows the experimental apparatus which was used
in the present investigation. The experimental apparatus

Fig. 4 The experimental
apparatus; the hybrid
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Japan), a digital microscopic camera (dnt Gmbh, Dietzen-
bach, Germany), and a laptop. A square signal and 220 V
with a zero offset were used to control the PZT. The choice
of the excitation signal was based on the fact that the
square signal is the typical exciting signal in microfluidic
micropumps (Jang et al. 2009). Indeed, Forster et al. (1995)
reported that the output of fixed-valve micropumps was
significantly larger for the square signal than the sinusoidal
signal. The micropump was investigated against two ranges
of actuator frequencies, 0—100 Hz and 0-300 Hz, the first
range has small increments (5 Hz) and was chosen to test
flow rectification at low frequency and to observe the
changes in the flow rectification behavior when small
increments were chosen. The second range was chosen to
investigate the flow rectification when larger increments
(50 Hz) were utilized. The second range is large enough to
accommodate the 50 Hz increments and keep the fluid flow
in the laminar region (the Reynolds number for the oscil-
lating flow in the main channel is around 2000 when the
PZT actuator’s frequency is equal to 300 Hz). In general,
the choice of the actuator frequencies is arbitrary and it was
reported to be between 0.1 and 5000 Hz (Laser and San-
tiago 2004). Typically, water, methanol, and ethanol were
utilized as working fluids in mechanical micropumps
(Laser and Santiago 2004). Since PDMS is hydrophobic
(exhibit slip boundary condition; Byun et al. 2008) and
methanol is toxic, ethanol was used as a working fluid in all
the experiments. Flow rate measurements were conducted
based on the bubble tracking method (Yoon et al. 2007;
Wang et al. 2009b) in the inlet/outlet tube. To evaluate the
flow rate measurement errors, the flow rate was measured
using two different methods at two different locations,
simultaneously. In the inlet tube, an air bubble was trapped
and the bubble velocity between two specified marks was
measured using a stopwatch. At the same time, the dis-
charged fluid was collected from the outlet tube during the
same time when the bubble moved between the two marks.
The discharged fluid was weighed on a scale (Scout Pro
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SPU402, OHAUS Corp., Pine Brook, NJ, USA), and the
mass used to calculate the flow rate. The difference in the
flow rate values between the two measurement methods
was less than 3%. To evaluate the experimental error,
experimental samples were randomly chosen and repeated
three times. The error analysis suggested that the experi-
mental error is equal to or less than 10% with a confidence
interval of 90%.

A length scale (ruler) was attached to the experimental
stand for back pressure measurements (ethanol column
height). The digital microscopic camera was fixed under
the micropump chamber to monitor the flow in real time
during the experiments. The real-time monitoring of the
flow behavior during the experiments provided assistance
to analyze the experimental data. A blue dye (Pelikan,
Hannover, Germany) was used in the experiments to better
visualize the flow behavior and clearly track the position of
the air bubble inside the inlet/outlet tubes. The frequency
and the voltage were monitored during the experiments by
using an oscilloscope.

6 Pump efficiency

In the micropump literature, researchers have typically
characterized the micropump performance by the micro-
pump flow rate and back pressure. Pump flow rate and back
pressure are important parameters for pumps of any scale.
However, it is noted that the use of the flow rate and back
pressure alone to characterize micropumps is not sufficient.
For example, power consumption should be a vital
parameter to evaluate micropumps. Therefore, the effi-
ciency of the micropumps plays a crucial rule when an
evaluation process is considered. Valve-less rectification
micropumps were fabricated in different methods (e.g. soft
lithography and hard lithography); employed different
actuators (e.g. pneumatic and PZT actuators), membranes
(e.g. PDMS and silicone), and rectification geometries (e.g.
Tesla and nozzle/diffuser); tested at different resonance
frequencies and voltages; and, not surprisingly, the
micropumps delivered different flow rates and back pres-
sures. Valve-less rectification micropumps rectify an
oscillating flow to a one way flow. Therefore, it has two
different flow velocities: one is the mean oscillating fluid
velocity and the other is the net unidirectional flow
velocity. The latter is the velocity difference between the
forward and backward flow, which can be observed at the
inlet/outlet tube. Thus, only a fraction of the input energy
through the actuator can be effectively utilized to generate
the net unidirectional flows. The input power E' (J/s) uti-
lized to pump the fluid in a channel can be calculated as
E' = AFV, where AF is the total force difference across the
channel and V is the average fluid velocity. For oscillation
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flows inside the chamber, the average velocity V, can be
estimated as V) = 2hf, where h is the membrane deflection
and f is the PZT frequency. Typically, the piezoelectric
actuators have relatively small strains on the order of 0.1%
(Mulling et al. 2001); therefore, the deflection can be
approximated using the following formula:

h =0.001 *DPZT (1)

where Dpyr is the diameter of the PZT. In other words, the
membrane deflection, approximately, is equal to 0.1% of
the PZT diameter. Assuming the difference in AF inside the
chamber and at the inlet/outlet can be neglected, the ratio of
the average fluid velocities in the pump chamber and the
inlet/outlet tube can be used as a third parameter to better
assess the valve-less rectification micropumps efficiency
and locate the optimum operational frequency where the
maximum flow rate per each pumping cycle is delivered. It
is true that neglecting the force difference is quite arbitrary
in the above discussion, a better characterization of the
valve-less rectification micropumps efficiency is open for
discussions. The following formula was used to evaluate the
dimensionless parameter which was employed to evaluate
the efficiency of the valve-less rectification micropumps as
well as locating the optimal operational frequency:
!

Efficiency = Eou V= e

E! Vo

in

()
where E. , E/,V, Vo, and V, are the output power, input
power, dimensionless parameter (the velocity ratio), aver-
age velocity inside the micropump chamber, and the
average unidirectional velocity inside the inlet/outlet tubes,
respectively.

7 Results and discussion

Three bifurcation designs were tested and the results are
presented in four different diagrams: flow rate versus
frequency (0-100 Hz), flow rate versus frequency (0—
300 Hz), flow Reynolds number versus frequency, and
velocity ratio versus frequency.

Figure 5 shows a comparison in the results between the
single and double-bifurcation micropumps. Panel (a), the
flow rate versus frequency diagram in the frequency range
of 0-100 Hz, with small increments of 5 Hz, shows that
rectification is achievable at all frequencies between 0 and
100 Hz. Additionally, a bidirectional pumping was
observed in this frequency range of the experiments where
the flow reverses the direction in the frequency range
between 25 and 40 Hz. The maximum positive and nega-
tive flow rates are 8 and 10.5 pl/min, respectively. The
positive flow is the flow in the predicted direction as shown
in Fig. 2, while the negative flow is the flow in the opposite
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direction. While the double-generation result shows that
flow rectification is achievable at all frequencies. However,
the phenomenon of bidirectional pumping was not
observed at the frequency range of 25-40 Hz as shown in
the single bifurcation micropump design. The maximum
positive flow rate is 20.94 pl/min occurring at f = 45 Hz.
Panel (b) is the flow rate versus frequency in the oscillation
frequency range of 0-300 Hz with increments of 50 Hz.
Panel (b) shows that the phenomenon of bidirectional
pumping (reversing the flow direction) is not observable
when a large increment is employed in the case of the
single generation design; and the flow rate increased and
reached a local peak at 100 Hz and then decreased and
reached a local minimum between the frequency of 150
and 200 Hz. After 200 Hz, the flow rate is increasing
monotonically as the frequency increases. The maximum
flow rate of 8.7 pl/min was observed at 300 Hz. On the
other hand, the double-generation result shows that the
phenomenon of bidirectional pumping is observable when
the frequency is increased beyond 200 Hz. The flow
reverses direction and a negative flow rate was observed at
250 and 300 Hz. The maximum negative flow rate was
20.94 pl/min at 300 Hz, which is the same value as the

0 10 20 30 40 50 60 70 80 90 100
Frequency Hz

maximum positive flow rate that occurs at f = 45 Hz as
shown in panel (a). Panel (c) displays the Reynolds number
versus frequency. In the case of the single generation
design, the Reynolds number diagram shows that the
Reynolds number in the inlet/outlet tube ranges between
0.12 and 0.36. Corresponding to panel (a), the flow Rey-
nolds number reaches the maximum at the frequency of
35 Hz. In contrast, Reynolds number in the inlet/outlet tube
in the case of the double-generation design is between 0.1
and 0.73, bearing the same patterns displayed in panel (a).
The velocity ratio versus the PZT frequency is displayed in
panel (d) of Fig. 5. The pump efficiency can be estimated
based on the value of the velocity ratio. Results show that
the optimum frequency (maximum velocity ratio) occurs
when the frequency is equal to 5 Hz for both designs,
single and double generations. At this frequency, the losses
in the flow energy were minimized, and the maximum flow
rate per each pumping cycle is delivered. The maximum
value of the velocity ratio is 4.71 and 10.41 in the case of
single- and double-generation designs, respectively. Fur-
thermore, the maximum back pressure in the case of the
single generation design is 0.46 kPa when f = 35 Hz and
the flow rate = 0 pl/min. Whereas the maximum back
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pressure in the case of the double-generation design is
1.0 kPa when f = 45 Hz and the flow rate = 0 pl/min.
Figure 6 shows the experimental results for the third
design of the bifurcation configuration which is intended
for the combined micromixing-micropumping applications.
Panel (a), the flow rate versus frequency, in the frequency
range of 0—100 Hz with small increments of 5 Hz, shows
again that rectification is achievable at all frequencies.
However, the phenomenon of bidirectional pumping is not
observable. The zigzag flow rate pattern as a function of
the frequency has three minimums and three peaks. The
three minimums occur at 15, 35, and 80 Hz and the three
peaks occur at 20, 65, and 95 Hz, respectively. The mea-
sured maximum positive flow rate is 137 pl/min. In panel
(b), the flow rate versus frequency between 0 and 300 Hz,
with increments of 50 Hz, the results show that the phe-
nomenon of bidirectional pumping is also not observable in
the entire range of frequencies under investigation, which
is different from the experimental findings with respect to
the first and second designs. The flow rate increased
monotonically with the actuator frequency. The maximum
positive flow rate is observed at f = 300 Hz and equal to
116 pl/min. Panel (c), the Reynolds number versus

frequency, shows that the Reynolds number varies between
0.36 and 2.4 in the frequency between 0 and 100 Hz. Panel
(d), the velocity ratio versus frequency, shows that the
optimum operational frequency (maximum velocity ratio)
is f = 5 Hz. At this frequency, the maximum velocity ratio
is 23.25 while the maximum back pressure is 2.86 kPa
when f = 90 Hz and the flow rate = 0 pl/min.
Experimental results in Fig. 5 show that the double-
generation bifurcation micropump design performed better
than the single generation bifurcation design. The double-
generation design has a higher flow rate as well as maxi-
mum back pressure. It is also noted that the capability of
bidirectional pumping was observed at different actuator
frequencies. The bidirectional pumping phenomenon was
observed at a low frequency range for the single bifurcation
design, while for the double-generation bifurcation design,
it occurs at relatively high frequencies (250 and 300 Hz).
Two explanations can be given to justify that the bidirec-
tional pumping phenomenon occurs at two different ranges
of actuator frequencies. First, the microfluidic diodicity is
not equal for both designs. That means, for a specific fre-
quency each design will confront a different ratio of flow
resistance. Second, the single generation design would

Fig. 6 The results of the hybrid A Flow Rate vs. Frequency (0-100 Hz) B Flow Rate vs. Frequency (0-300 Hz)
bifurcation design. a Flow rate 150 1 1504
versus frequency (0-100 Hz); 1
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tolerate larger size air bubbles than the double-generation
design (the width of sub-secondary tubes in the double-
generation design is half the width of the secondary tubes
in the single generation design). Thus, the sub-secondary
channels in the second design may become blocked by air
bubbles that can often pass through the secondary channels,
in the first design, due to the difference in channel width
between both designs. As a result, an extra deviation in the
microfluidic diodicity between both designs would be
introduced. Both explanations may suggest that it would be
difficult for the bidirectional phenomenon to occur at the
same actuator frequency for the two different designs with
different values of microfluidic diodicity.

In contradiction to the single-generation and double-
generation designs, the hybrid-bifurcation design (for the
combined micromixing-micropumping applications) did not
exhibit any bidirectional pumping capability. Both the first
and second designs have fluid collecting chambers. The
existence of these collecting chambers has added additional
losses (entrance and exit losses) to the fluid flow. As a result,
using the microfluidic diodicity of the bifurcation geometry
by itself without taking into consideration the collecting
chamber will result in prediction errors. For example, using
numerical simulations to predict the experimental results or
to determine the rectification efficiency of the micropump
based on the microfluidic diodicity of the rectifying geom-
etry alone will not be accurate, since the rectification char-
acteristics of the micropump are entirely dependent on the
total microfluidic diodicity which includes the bifurcation
geometry as well as the collecting chamber.

Using numerical simulations, Fadl et al. (2009) pre-
dicted that the microfluidic diodicity of the bifurcation

Fig. 7 Air bubbles inside the
pump and collecting chambers
in the case of the single
generation and double-
generation designs (notice the
difference in the bubble size
when the frequency increases
from 10 to 80 Hz)

Single-generation bifurcation

geometry will increase with the increase of the flow Rey-
nolds number or actuator frequency. As a result, the net
flow rate, theoretically, will increase monotonically with
the Reynolds number/actuator frequency. However, in
practice, many factors affect the characteristics of micro-
pump performance. For example, due to the PDMS per-
meation of gas, the flow is two-phase instead of a single-
phase flow (most numerical simulations and theoretical
analysis treat the flow as a single phase flow). Additionally,
gas permeation through the PDMS walls may lead to a slip
boundary condition (Singh et al. 1998; Randall and Doyle
2005; Huang et al. 2006; Tremblay et al. 2006; Sadrzadeh
et al. 2009). Air bubbles were clearly visible in the
experiments, and they have certainly significant effects on
the flow dynamics. It was also observed that the bubbles’
size inside the micropump vary with the actuator frequency
as shown in Fig. 7. Figure 7 also shows that the size of air
bubbles increases as frequencies increase from f = 10 to
S = 80 Hz. This is valid for both designs (single generation
and double-generation). Moreover, the way the air bubbles
interact with the rectifying geometries has a significant
effect on the rectification characteristics. Depending on the
bubbles size, the bubbles may pass through the rectifying
geometry or stagnate at the entrance of the rectifying
geometry. As a result, the value of the microfluidic diod-
icity would be changed and the outcome would be hard to
predict. We believe that the combined effects of extra
losses caused by the collecting chamber, permeation
properties of the PDMS, dynamics of bubble interactions in
the two-phase flow with the rectifying geometries, as well
as the possible deformation of the PDMS structures under
the oscillatory pressure variations, have changed the

Pump
chamber

Collecting
chamber

Air bubble
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Fig. 8 The micromixer-
micropump based microfluidic
device. Parallel flow layers are
visible at the inlets and a mixing
was visually observed at the
outlet

Inlets

characteristics of the microfluidic diodicity and, as a result,
triggered the bidirectional pumping phenomena. Predic-
tions and simulations of these interactions are challenging
and are out of the scope of the current investigation.

The third design, the hybrid-bifurcation configuration
for combined micromixing-micropumping applications,
shows some promising results. It has the highest flow rate,
back pressure, and velocity ratio among the three designs.
It has no collecting chamber as needed in the other two
designs. As a result, no extra losses were introduced and
the trend of microfluidic diodicity predicted by computer
simulation was not disturbed. The microfluidic diodicity of
the bifurcation geometry itself dominates the total diodicity
of the micropump. The absence of the collecting chamber
has aided the air bubbles to pass through the channels
instead of being trapped in the collecting chamber. Addi-
tionally, the missing of the introduced losses caused by the
collecting chamber has normalized the microfluidic diod-
icity to be only correlated to the bifurcation geometry. This
may explain why the bidirectional pumping phenomenon
was not observed in the hybrid design.

The proposed micropump efficiency is related to the flow
rates delivered by each pumping cycle (supply mode and
pump mode; see Fig. 1). Therefore, it is feasible to locate the
actuator frequency where the flow rate per each pumping
cycle is maximized. The results show that the maximum flow
rate per each pumping cycle is occurred at 5 Hz for all three
designs. However, the maximum total flow rates are deliv-
ered at different actuator frequencies for all three designs.
For example, the maximum total flow rate for the first design
is 10.47 pl/min at 35 Hz which reflects 0.29 pl/min per each
pumping cycle. While the flow rate is 3.56 pl/min at 5 Hz
which reflects 0.71 pl/min per each pumping cycle. Simi-
larly, the flow rate per each pumping cycle at the maximum
total flow rates are 0.46 and 1.4 pl/min, while the flow rates
per each pumping cycle are 1.57 and 3.5 at 5 Hz for the
second and third designs, respectively. Therefore, the
velocity ratio may be used to evaluate the micropump per-
formance beside other conventional parameters (total flow
rate and maximum back pressure).
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The multi-functionality of mixing and pumping was
demonstrated in the experiments. The mixing was exam-
ined at different frequencies and visually observed at the
micropump outlet. However, micromixing in Y-channel
was reported by Kim et al. (2003) and Yi and Bau (2003).
Panel (a) in Fig. 8 shows the photo of two streams of
ethanol at the inlets. A clear ethanol was introduced to one
inlet and an inked ethanol to the second one. Parallel layers
were clearly visible at the inlet region and mixing was
visually observed at the outlet region as shown in panel (b).
The experiment shown in Fig. 8 was conducted at
f = 60 Hz. However, a further investigation is required to
quantify the mixing performance of the hybrid design, and
it is out of scope of the current work.

Finally, all three bifurcation-based micropump designs
are proven to be self-priming. They are capable of pumping
liquids and gases as well. To test the self-priming capa-
bility, the micropump was activated when the entire mi-
cropump was filled with air. Subsequently, a liquid flow
was established and observed through the micropump and a
net flow rate was detected at the outlet tube. When com-
paring the results with the results reported by Wang et al.
(2009b), the valve-less rectification micropup based on the
bifurcation geometry has delivered higher flow rate at the
same frequency and voltage than the valve-less rectifica-
tion micropump based on the nozzle/diffuser in the low
actuator frequency region. Wang et al. (2009b) has repor-
ted 0.06 pl/min at 10 Hz and 200 V, while our third design,
hybrid design, delivered 33.5 pl/min at 10 Hz and 220 V.
However, this comparison may not be accurate due to
differences in the micropump design and experimental
parameters such as rectifying geometries, PZT type, PZT
diameter, and excitation signal.

8 Conclusions
Three different valve-less rectification micropumps based

on bifurcation geometry were designed, fabricated, and
tested. All three micropumps are self-priming. The
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bidirectional pumping capabilities were demonstrated at
certain actuator frequencies for the single bifurcation and
the double-generation bifurcation micropumps, while the
multi-functionality of micromixing-micropumping was
demonstrated for the hybrid bifurcation design. While the
double-generation bifurcation design shows better results
than the single-bifurcation design, the hybrid bifurcation
design was associated with the highest flow rate (137 pl/min),
maximum back pressure (2.86 kPa), and pump efficiency
(23.25). A non-dimensional group was introduced as a third
parameter associated with the pump efficiency, in addition
to the flow rate and maximum back pressure, to better
evaluate the performance and determine the optimum
operational frequency of the valve-less rectification mi-
cropumps where the maximum flow rate per each pumping
cycle is delivered. Additionally, increasing the actuator
frequency with small increments (5 Hz) led to observations
of the bidirectional pumping phenomena in the first design.
This phenomenon has not been observed when the large
increments (50 Hz) were considered. The results also
suggest that the highest pumping efficiency occurs at the
lowest actuator frequency.

In practice, many factors affect the characteristics of
valve-less rectification micropumps and the prediction and
simulation of these factors are challenging and need further
investigation.
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