
43rd AIAA Aerospace Sciences Meeting and Exhibit, 10 - 13 Jan 2005, Reno, Nevada AIAA2005-0679

An Electrostatically Activated

Resonant Micropump-mixer
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An active mixing and pumping strategy is proposed to enhance mixing of two fluids
through vortex formation and accumulation. A resonant micropump-mixer is designed
and fabricated, where an electrostatically activated plate is placed at or in close vicinity
of the interface between the two incoming streams at the junction of a Y- or T-shaped
microchannel. Mixing is enhanced by increased interface area between the two fluids
during the vortex formation at the tip of the resonant plate. Several packaging techniques
are employed so that the two initially segregated streams flow underneath and above the
resonant plate. Fabrication of the micropump-mixer is achieved in two steps. Commercial
PolyMUMPs process is initially used to fabricate a resonant plate. The resonant plate is
then flip-chip bonded into a prefabricated microchannel. The Laser Induced Fluorescence
(LIF) technique is used for flow visualization and characterization, where effective mixing
and pumping capabilities of the micropump-mixer are demonstrated.

Nomenclature

x̄ nondimensional distance x/L
C Concentration gradient
D Diffusion coefficient
d Tip deflection
E Moment of inertia
f Frequency
g Gap between the plate and the electrode
h Thickness of the resonant plate
I Module of elasticity
L Length of the plate
q Electrostatic force between the plate and the electrode
w Width of the plate
x Distance along the plate

Symbols
∆ Normalize tip deflection d/g
Φ Mass flux per unit area

∗Graduate Research Assistant.
†Assistant Professor, AIAA Member, mohseni@colorado.edu
Copyright c© 2005 by the American Institute of Aeronautics and Astronautics, Inc. The U.S. Government has a royalty-free

license to exercise all rights under the copyright claimed herein for Governmental purposes. All other rights are reserved by the
copyright owner.

1 of 12

American Institute of Aeronautics and Astronautics Paper 2005-0679



I. Introduction

With recent progresss in microfabrication techniques, microfluidic devices have become commercially
appealing due to their numerous applications in biotechnology and process engineering. Miniaturization

often results in cost reduction by reducing the amount of samples and reagents used, automation, and
increasing throughput. Lab-On-a-Chip1 devices, Micro Total Analysis Systems2 (µTAS), and microreactors3

are among potential applications of microfluidic devices. In these applications the generic term mixing
comprises a multitude of operations that target different tasks such as mixing, emulsification, blending,
and suspension. Consequently an essential area in microfluidic research concerns mixing and dispersion of
reagents, which can be small molecules, large macromolecules, particles, and bubbles and drops. Therefore,
microscale mixing is crucial to effective performance of many microfluidic devices.4 A common feature of
the above-mentioned applications is to merge two or more streams of fluids being separated before. As a
result, significant demands exist for faster, smaller, and more effective micromixers.

Mixing rate is characterized by the diffusion flux given by the Fick’s law Φ = −D ∇C, where Φ is the
mass flux per unit area, D is the diffusion coefficient, and ∇C is the concentration gradient. The net mass
flow rate is proportional to the contact surface area. The more the contact surface, the higher the mixing
rate. This is the essence of most micro-scale mixing techniques.

Conventionally, mixing of fluids at large scales involves generating turbulence. However, micromixers are
commonly identified by small characteristic length and small velocity; resulting in low operational Reynolds
numbers. In such cases, where turbulence is often absent, mixing is mainly achieved by molecular diffusion.
Since diffusion is often a slow process, particularly in liquid media, various mechanisms for mixing in laminar
flow regime have been suggested (see e.g., Ehrfeld et al.3). A key concept for enhancing microscale mixing
is to increase the interface area between the two fluids. In this study, vortex formation and roll-up are
suggested as an efficient technique to increase the contact area, and hence, increase mixing between two
fluids (see Fig. 1).

Figure 1. Fluid entrainment for effective
mixing in a vortex pair formation.

Micromixers can be classified in two categories, passive and
active. While external perturbations are introduced in active
micromixers to enhance mixing, no external perturbation ex-
ists in passive micromixers. Passive micromixers can be cat-
egorized based on the arrangment of mixed phases to parallel
or serial lamination,5,6 injection,7 chaotic advection,8,9 and
droplet micromixers.10 The mixing process in passive mixers
relies entirely on diffusion or chaotic advection. Decreasing the
diffusion path between the mixing fluids and/or increasing the
contact surface between them will enhace mixing. Lamination
is a basic technique used in designing many passive micromix-
ers, e.g. in,11 where successive layers of fluids are separated
and then recombined, resulting in several relatively thin layers
of fluid. Chaotic advection is also explored in passive mixers to reduce the diffusion path, and consequently
enhancing mixing. An interdigital glass micromixer was recently developed,12,13,14 where improvement in
mixing is achieved at the expense of excessive pressure drop along the channel and increased pumping power
requirement. Liu et al.8 created a 3-D serpentine microchannel design with a repeating “C-shaped” unit.
The 3D nature of the flow in the channel introduces chaotic motion, resulting in improved mixing. Passive
lamination and chaotic mixing are effective strategies to enhance mixing, however, by increasing the channel
length they often result in significant increase in the pumping power requirement.

Active micromixers can be categorized based on the nature of the external disturbances such as tempera-
ture,15 pressure,16 electrokinetics,17,18 electrohydrodynamics,19 dielectrophoretics,20 magnetohydrodynam-
ics,21 and acoustics.22 The structure and fabrication of active micromixers are often more complicated than
passive micromixers and they require external power sources. However faster mixing rate with a shorter
channel length has made active mixers the choice in many applications.23

2 of 12

American Institute of Aeronautics and Astronautics Paper 2005-0679



There have been many design strategies for active micromixers. Deshmukh et al.16,24 used two positive
displacement pumps to design an integrated micromixer in order to drive the two fluids independently, where
steam bubbles are utilized in the pump to generate fluid motion. The two fluids are alternately induced into
the mixing channel when the pumps are operated out of phase. This results in a rapid mixing of the two
fluids via dispersion. Ultrasonic vibration of a bulk piezoelectric lead-zirconate-titanate (PZT) ceramic is
employed in the design of an ultrasonic micromixer by Yang et al.25 A micromixer based on electroosmosis
phenomena was suggested by Chen et al.26 Ma et al.27,28 developed electrostatically actuated MEMS planar
flaps for enhancement of fluid mixing in gas environment. Bottausci et al.29 considered an active chaotic
advection micromixer where cross-stream secondary channels are used for time-dependent actuation. A time
dependent electric field was used by Chen et al.26 to take advantage of electroosmosis perturbation to mix
fluids. There are excellent reviews of various aspects of mixing and micromixers. The reader is referred
to, for example, Nguyen and Wu,30 Ottino and Wiggins,31 Stone et al.,32 and Kakuta et al.33 for further
references.

This manuscript is organized as follows: In the next section the design concept of a resonant plate
micropump-mixer is presented. Electromechanical design of the micropump-mixer is summarized in section
III. Fabrication technique and assembly are outlined in section IV, while flow visualization technique and
set-up are discussed in section V. Section VI contains data analysis and characterization of the mixing
process. Finally, concluding remarks and future directions presented in section VII.

II. Micropump-mixer Design

Most available micromixers require long channel length, complicated design, and high pumping power.
In this study, we present a new strategy for effective mixing. The key concept is that an increase in the area
of the interface between two fluids would results to increased mixing. A resonant plate, preferably located at
the interface between the two fluids, can constantly increase the interface area by perturbing the interface.
The resonant plate create a compact shear and vortical region around the tip of the plate. As depicted in
Fig. 1, vortex formation involves significant entrainment that can enhance mixing (see Fig. 1).

A resonant microfan for operation in gas environment was recently fabricated at the University of Col-
orado.34,35 Resonant frequencies of 10-30 KHz was reported in air for a microfan operating 30 µm above a
substrate. Linderman et al.34,35 showed that the net induced gas flow by the microfan is dominated by the
formation of vortices and a recirculation zone. A similar design is used in this study to fabricate a resonant
plate for effective mixing and pumping of fluids, in particular in liquids.

Figure 2. Resonant fan micropump-mixer design
concept.

An electrostatically activated resonant plate is used
for pumping and mixing in both liquid and gas environ-
ments. The resonant plate is placed at or reasonably close
to the interface between the two incoming fluid streams at
the junction of a Y-shaped microchannel (see Fig. 2). An
electrode lies on one side of the channel in the vicinity of
the junction for actuation of the plate at its first resonant
mode. Actuated resonant plate will disturb the shear layer
at the interface of the two fluids, where it enhance vortic-
ity generation. Consequently, an intense vortical region
is generated around the tip of the resonant plate, and
the resulted interface stretching would enhance mixing.
In the mean time, the resonant plate will also pump the
flow through the channel. This effect is similar to thrust
generation by flapping wings of insects.36,37 In summary,
the resonant micropump-mixer of this study is effective
in microscale mixing, while it could also pump the mixed fluids through the channel. This is an important
feature that we would like to demonstrate in this investigation.
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III. Electromechanical Design

Actuation at the natural frequency of the cantilevered plate is an important parameter in order to
take advantage of the resonance of the plate for maximum actuation amplitude. Furthermore, the current
electrostatic actuation design is susceptible to snap through. In this section models for predicting these
quantities are presented. Such models will be used as a guide in the design of the resonant micropump-
mixer.

x
y q

L g

Outflow

Inlet 2

Inlet 1

Electrode

Figure 3. Microfan model for electromechanical analy-
sis.

Electrostatic Drive Voltage. At the snap-
through voltage the nonlinear electrostatic forces
overpower the linear mechanical resistance of the ac-
tuated plate and the device quickly flattens against
the driving voltage. Therefore, the micropump-
mixer ought to operate at a voltage below the
snap-through value. In order to determine the
snap-through voltage, the resonant plate is molded
as a cantilever beam fixed at one end (see Fig.
3). Fluid damping effects are neglected in the
current model. The electrostatic force q(x) be-
tween the plate and the electrode depends on
the deflection of the plate at any distance x,
along the plate. Assuming a square-law cur-
vature for the beam deflection, the load distri-
bution along a plate of length L is given by38

q =
ε0εrw

2

(
V

g − x̄2d

)2

, (1)

where x̄ = x/L, is the nondimensional distance along the plate, w is the width of the plate, g is gap between
the plate and the electrode, and q is in N/m.

Figure 4. Driving voltage versus the normalized deflec-
tion for various plate thicknesses.

Using the conventional beam theory,39 the tip
deflection under partial loading is given by

d =
1

6EI

∫ L

0

x2(3L− x)q(x)dx, (2)

where I = wh3/12 is the moment of inertia, E is
the module of elasticity, and h is the thickness of
the resonant plate. Combining equations (1) and
(2) one can obtain

d =
ε0εrwV 2

12EI

∫ L

0

(3Lx2 − x3)
(

1
g − x̄2d

)2

, (3)

The integral in equation (3) can be solved for the
voltage40 to obtain

V =

√√√√8∆2EIg3

ε0εrwL4

(
2

3(1−∆)
+

tanh−1
√

∆√
∆

− ln(1−∆)
3∆

)−1

, (4)

where ∆ = d/g is the normalize tip deflection. Therefore, the driving voltage for any given tip displacement
can be calculated from the equation (4). Driving voltages for a silicon plate of length L = 300 µm at various
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plate thicknesses between 1-2 µm are shown in Fig. 4. Note that normalized loads greater than 0.5 can not
be realized as it exceeds the snap-through voltage.

f  
  (

kH
z)

L  (   m)µ
Figure 5. Resonant frequency versus the length of
the plate. g = 50µm, w = 600µm, E = 169 GPa for
Polysilicon, ε0 = 8.85 × 10−12 C2/N m2, and ε1 = 1
C2/N m2 for air.

First Resonant Frequency. The angular natural
frequency of the resonant plate can be defined as41

f =
Wn

2π
=

3.52
2π

√
EI

m̄L4
, (5)

where m̄ is the distributed mass over the resonant plate.
Figure 5 shows this relationship between the resonant fre-
quency and the length of the plate for a few microfabri-
cated test cases considered in this study. The resonant
frequency drops sharply as the length of the plate is in-
creased. The first resonant frequency of the plate is mea-
sured by the reflection of a laser beam from the free end
of the resonant plate. The amplitude of the plate’s deflec-
tion increases around the resonant frequency. This could
cause the widening of the reflection pattern which results
in measurement errors. Four different resonant plate pro-
totypes with 300 µm length are fabricated and used to
evaluate the accuracy of the model. The measured res-
onant frequency for these prototypes are found to be: Prototype 1: 11.1 kHz, Prototype 2: 12.2 kHz,
Prototype 3: 10.9 kHz and Prototype 4: 10.7 kHz. Small variation in the frequency measurement can be
explained by the increase in the amplitude of the plate’s deflection around the resonant frequency, which
results in widening of the reflection pattern.

IV. Micropump-mixer Fabrication and Assembly

Figure 6. Resonant fan micropump-mixer design.

Package and fabrication technique brings MEMS inte-
gration to a new level of design flexibility, however pack-
aging is one of the major challenges of MEMS devices.
MEMS packaging is more challenging than IC packaging
due to the diversity of MEMS devices and the require-
ment that many of these devices be in contact with their
environment. In order to consider the hermeticity issue
in fluid environment, packaging become even more chal-
lenge in microfluidic device. In this research a particular
fabrication processes are required in order to retain flow
visualization capabilities inside the micropump-mixer. As
shown in Fig. 6, the resonant micropump-mixer is fab-
ricated and packaged from three individual components:
1st microchannel substrate, 2nd microchannel substrate,
and a resonant plate.

A. Resonant Microfan Design & Fabrication The fabrication process of the microfan is based on
a similar design suggested by Linderman.34,35 The two dimensional structure of the microfan can be easily
fabricated using micro photolithography technology. A substrate with structure layer was supported by
sacrificial layer. The sacrificial layer can be washed away using postprocessing steps and free the suspended
structural layer on the substrate. The material used for the structure layer defining the fan plate must be
conductive, or a combination of conductive and insulating materials in order to allow charge to flow into
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the fan for electrostatic actuation. By using the commercial MUMPs process, the fan is designed based
on PolyMUMPs, a three-layer polysilicon surface micromachining process. The resonant microfan design
in the PolyMUMPs process is by using a single polysilicon layer (Poly 1 layer) for the fan plate and the
second polysilicon layer (Poly 2 layer) as reinforcing rib to add further strengthen to the fan plate. A 0.5µm
thick gold layer (Metal layer) is patterned as anchor bonding pad. The sacrifice layer (Oxide 1) is used to
release the gold bumped substrate to the target substrate. A typical design for the resonant microfan using
commercial PolyMUMPs is shown in Fig. 7(a). 5µm etch holes must be distributed across the fan plate at
approximately 80µm intervals to allow the hydroflouric acid (HF) used during the release process for rapidly
under etch. The layout of the microfan design is shown in Fig. 7(b).

(a) (b)

Figure 7. Following34,35 (a) Layout description for commercial PolyMUMPs process, (b) Resonant microfan
layout.

Figure 8. The 1st and the 2nd microchannel substrate layouts.

B. Microchannel Design and Fab-
rication. In order to have a two in-
coming streams where the microfan sit
in the middle and a clear side view to
observe the mixing performance, two-
layer microchannel structure is needed.
The Y-Shaped microchannel presented
here is made from SU-8. SU-8 is a
widely used negative epoxy type near-
UV photoresist that can be easily ap-
plied. SU-8 layers as thick as 2 mm
with aspect ratios greater than 20 has
been reported with standard contact
lithography equipment.42,43 SU-8 lay-
ers are applied and then patterned on
a ceramic substrate for the 1st mi-
crochannel, and on glass substrate for the 2nd microchannel. In this study, SU-8 2100 is used in the
fabrication of microchannels with a thickness of 200 µm. The microchannel design and layouts are shown in
Fig. 8.

C. Resonant Micropump-Mixer Assembly. The gold-bumped resonant microfan chip is flip-chip
bonded to the 1st microchannel substrate under 15 lb bonding force at 60◦C. With the fan chip aligned
and bonded to the target substrate, the system is placed in a Hydroflouric Acid (HF) bath to remove the
sacrifical oxide layer, leaving the fans attached only to the substrate by gold bump anchors (see Fig. 6). The
surface profile was measured using the ZYGO 3D Surface Profiler. The measurement shows that the height
of the channel is around 300 µm and the anchor of the gold bump is around 35 µm.
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The gap between the plate and the electrode is controlled by changing the bonding force. The resonant
plate is, then, flip-chip bonded to the 1st microchannel substrate under 15 lb bonding force at 60 C. With
the fan chip aligned and bonded to the target substrate, the system is placed in a Hydroflouric Acid (HF)
bath to remove the sacrificial oxide layer, leaving the resonate plate attached only to the substrate by the
gold bump anchors in the 1st microchannel substrate.

Figure 9. The resonant plate micropump-mixer.

Using ZYGO 3D Surface Profiler, the height of the
channel is found to be around 200 µm and the anchor
of the gold bumps to be around 35 µm (See Fig. 10).
After the resonant plate is bonded to the 1st microchan-
nel substrate, the 1st substrate with the resonant plate is
flip-chip bonded to the 2nd microchannel substrate. Both
the 1st and the 2nd inlet channels are 700 µm × 200 µm
, while the outlet channel is 1200 µm × 400 µm height.
A UV adhesive (Norland Optical Adhesive 61) is used to
seal a glass cover on the side for flow visualization. The
complete fabricated resonant micropump-mixer is shown
in Fig. 9, where the final size of the visualization proto-
type is 1.27 cm × 1.27 cm × 0.45 cm. Fig. 11 outlines
the fabrication process flow chart of resonant micropump-
mixer.

Gold anchor

Ceramic substrate

ElectrodeMicrofan

SU−8  layer

Figure 10. Flip-chip assembled resonant plate array on the 1st microchannel substrate with gold wiring and
electrode.

V. Flow Visualization of Micromixing

In this study laser-induced fluorescence (LIF) technique44 is used for flow visualization of the mixing
process inside the resonant micropump-mixer. LIF is optical emission from molecules that have been excited
to higher energy levels by absorption of electromagnetic radiation. The main advantage of fluorescence
detection compared to absorption measurements is the greater sensitivity achievable because the fluorescence
signal has a very low background. LIF provides selective excitation of the analyte to avoid interferences for
molecules that can be excited resonantly. Since fluorescence emission intensity of the dye molecules is a
passive scalar that can be measured for concentration variations inside the channel, LIF is an effective
technique in characterizing mixing at microscale. A schematic of our experimental setup is shown in Fig.
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Figure 11. Fabrication process flow chart for the resonant micropump-mixer.

12. A Leica MS5 stereomicroscope attached to a PC and a CCD camera is used for imaging.
The excitation source for molecular LIF is typically a tunable dye laser in the visible spectral region. Our

choice of the fluorescent dyes depends on the fluorescence excitation wavelengths of the laser (Nd:YAG laser:
532nm), the selected filter (Optical filter: 578∼633 nm), and the solubility in the water. To this end, aqueous
solution of the fluorescent dye- Rhodamine WT (RWT), are used in this investigation. RWT diluted with
deionized water (DI water) is pumped through the 1st fluid inlet while plain DI water is pumped through
the 2nd fluid inlet. An automatic syringe pump is used to keep a laminar flow rate of 0.24ml/min through
each channel. Mixing performance of the micropump-mixer is visualized by investigating the evolution of
the fluorescence intensity across the channel width. Rhodamine WT fluorescent dye is excited by a light of
a shorter wavelength (green). The emitted light is, then, at a longer wavelength; red in this case. The laser
illumination is directed into the flow field through the microscope via a dichroic mirror. The optical filters
are chosen so that only emitted light from the particles is transmitted to the CCD cameras. The cameras
are coupled to the tereomicroscope via Optem 7:1 variable zoom tubes. The micropump-mixer is fixed on a
3-axis stage inside the field of view of the microscope.

VI. Mixing Analysis and Results

Mixing performance of a prototype resonant micropump-mixer is studied in this section. The prototype
has a resonant plate of 300 µm length which is operated at its first resonant mode at 12 kHz with a 20 VAC
power source. The resonant plate operates in a microchannel with the cross sectional dimension of 420 µm
× 1200 µm. In this particular design, the distance between the first resonant plate and the initial contact
line of the two streams is about 2mm.

Three consecutive snap shots of the flow in the outlet channel, with time intervals of 0.53 seconds, are
shown in Fig. 13. Fig. 13(a) shows an organized laminar flow field before the actuation of the resonant
plate starts. Due to the relative large distance between the initial contact line of the two flow streams at
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Figure 12. Schematic illustration of the experimental setup for Laser-induced fluorescence (LIF).

the Y-junction and the location of the resonant plate, some smearing of the interface concentration gradient
is observed by molecular diffusion. Figures 13(b) and (c) show the flow field after the resonant plate is
actuated. An almost instantaneous mixing is observed by operating the resonant plate. While, a microarray
of resonant plates are fabricated, only one plate is actuated during the visualization. Actuation of multiple
plates in the array results in more effective mixing and pumping.

Mixing enhancement is characterized by the measuring the intensity of the emitted light from the fluores-
cent dye. The images were viewed and processed using a Matlab image processing toolbox. The concentration
at each point is then correlated to the local image intensity. The instantaneous normalized pixel intensities
along the channel height are shown in Fig. 14(a, c, e). Since the distribution of the leaser beam intensity
is non-uniform along the channel, a normalized intensity profiling is needed. The normalized intensity en-
ables us to draw a correlation to the concentration profile, as the intensity is proportional to the amount
of fluorescent dye inside any sample pixel region. In order to compare the mixing performance along the
microchannel, three normalized intensity profiles were plotted along the microchannel. Three consecutive
mixing steps (1-3) are shown in Fig. 13. The three intensity profiles were the entrance section in the up-
stream of the microfan (A-A’), the microfan section (B-B’) and the exit section in the downstream of the
microfan (C-C’).

The normalized intensity profiles are plotted using the Matlab image processing toolbox as shown in
Fig. 14. The horizontal axis shows the distance from the bottom of the channel (0 µm) to the top of the
channel (420 µm) and the vertical axis shows the normalized intensity form 0 to 1.0. For same inlet flow

Resonant
plate

DI water

Fluoresent dye

(a) (b)

Figure 13. Imaging profile sections at times (a) 0 sec (b) 0.53 sec
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rates, perfect mixing is achieved when the normalized intensity approaches 0.5 everywhere. When there is
no external perturbation in the channel, mixing is a relatively slow process due to limited contact area of
the two fluids; see Fig. 14(a). When the resonant plate is operating, it disturbs the flow field in the channel.
Figure 14(c) shows the perturbation in the channel. Figure 14(e) shows that downstream of the resonant
plate the normalized intensity is close to 0.5 across the channel, thus effective mixing is achieved. Intensity
profiles plotted for the same cross section but at different times are shown in Fig. 14(b,d,f). These figures
show that mixing is enhanced by the operation of the resonant plate. This is evident in both downstream
and upstream from the fan.

VII. Conclusion

An electrostatically activated resonant plate is used in the design of an effective micropump-mixer in
both liquid and gas media. A resonant micropump-mixer is fabricated and tested successfully by integrating
the resonant plate in a Y-shaped microchannel. The interface between the two fluids is the most unstable
location inside the channel; consequently an ideal place for actuation. The resonant plate must be located
at or near the interface between the two fluids for optimal mixing. Mixing enhancement is observed due
to perturbation of the shear layer between the two fluids at the tip of the resonant plate. A region of high
vorticity concentration is generated around the tip of the plate where effective mixing in observed. Laser
induced fluorescent technique is used for flow visualization and mixing characterization of deionized water
and Rhodamine WT as the fluorescent dye. The resonant plate is activated at its first resonant frequency,
in this case at 12 kHz. Effective mixing and pumping is observed.
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