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bstract

In this paper, a novel micromixer which possesses both pumping and mixing capabilities has been investigated by an externally triggered
icro-PIV and the fluorescent tests. A mixing region with triangular-wave structures was integrated into an obstacle-type valveless micropump.
he velocity and vorticity fields measured by micro-PIV indicated that the flow recirculation occurred upstream the obstacles and along the lateral
irection of the triangular structures when the pump mode and supply mode were switched. Moreover, the distributions of recirculation regions
aried rapidly due to the high frequency oscillating flow, which had significant effects in the mixing process. The mixing indices obtained from the

ixture of fluorescent and blue dyes exhibited that the mixing region which is 2100 �m in length provided the best mixing effects. The advantages

uch as rapid and uniform mixing, device portability, easy fabrication, etc. were all attainable in this self-pumping micromixer. In the future, the
umping and mixing performances can be optimized based on the quantitative measure technologies.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, many different types of micromixers have
een developed for microfluidic-based biomedical and chemical
nalysis systems. Biological processes, for instance, polymerase
hain reaction (PCR), DNA hybridization, cell activation,
nzyme reactions, and protein folding all require a high effi-
ient mixing for initiation. A micromixer is also an essential
lement in a versatile microfluidic chip such as micro-total-
nalysis-system (�TAS). Therefore, a novel micromixer design
equires some considerations such as rapid mixing, small size
f devices, and good integration ability.

How to accomplish high mixing efficiency is the primary
hallenge of a micromixer design because the intermolecular dif-
usion dominates the mixing behaviors at low Reynolds number.
wo categories of micromixers are mainly adopted to enhance

ixing: passive and active types. The passive micromixers such

s T-type, serpentine microchannel, modified Tesla structures,
nd embedded barrier [1–4] utilize the different geometries to
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aximize the interfacial surface area. However, high-pressure
oss is expected for a complex structure design. On the other
and, the external forces or moving parts are needed to induce
ixing in active micromixers. For instance, ultrasonic vibration,
agneto hydrodynamic (MHD) stirrer, and ac electroosmotic
ow [5–7] have been investigated to perturb the fluids. More-
ver, a review on micromixers and mixing principles has been
resented by Hessek et al. [8].

Previous study [9] has shown the feasibility of a self-
umping micromixer which is composed of a PZT (piezoelectric
eas–zirconate–titanate) valveless micropump and passive

icrostructures. Both fluids transport and mixing effects were
arried out at the same time. MEMS fabrication processes and
imple patterns enable the self-pumping micromixers to be
ass-produced in a cost-effective way. Another desirable trait

f these micromixers is that they can be incorporated easily in
ortable biomedical analysis systems. In this study, an exter-
ally triggered micro-particle image velocimetry (micro-PIV)
as used to study the flow characteristics. Furthermore, the
mission of fluorescence was used to verify the performance
n the mixing process. The quantitative results contributed to
he study of mixing mechanism and can be used to improve
ffectiveness of pumping and mixing.

mailto:sheenh@ntu.edu.tw
dx.doi.org/10.1016/j.sna.2007.02.031
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Nomenclature

Symbols
D channel width (�m)
Df diffusion coefficient (mm2/s)
Ī mean intensity value
I(j) intensity at a cross-section
L characteristic length (mm)
Mi mixing index
N number of total pixels
Pe Peclet number
Re Reynolds number
t specific time phase in an operating cycle
T period of an operating cycle
u velocity in x component (mm/s)
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v velocity in y component (mm/s)
wz vorticity in z component

. Experiments

.1. Design and fabrication

Fig. 1 illustrates the schematic diagram of the self-pumping
icromixer. A PZT valveless micropump with asymmetric

bstacles served as the driving source. A circular PZT disc of an
mm diameter was placed on the silicon plate of the mixer to
eform the chamber. Two fixed-valves with opening angles of
◦ formed by the trapezoid obstacles and the channel wall were
esigned based on the nozzle-diffuser principle [10]. The throat
etween the obstacle and the side-wall was 40 �m. This element
rovided the direction-dependent flow resistances. Therefore,
ore flows were obtained in the diverging-direction, i.e., in

he downstream direction than in the converging-direction. The
idth and depth of the microchannel were 500 and 80 �m,

espectively.
On the microchip, there were two inlets for injected solutions

nd one outlet for the mixture. A mixing region was between

he first obstacle and the chamber. In the mixing region, the 2D
riangular-wave structures were staggered on the side-walls to
nhance mixing. The triangular structure was 150 �m in height.

ig. 1. The schematic diagram of the self-pumping micromixer including two
symmetrical obstacles and one mixing region with triangular-wave structures.
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Fig. 2. The fabrication procedure of a self-pumping micromixer.

he distance between two adjacent triangular structures on the
ame side was 450 �m. The length of the mixing region is
xtremely short (2100 �m), from the first triangular structure
o the inlet of the pumping chamber. The 2D triangular-wave
tructures were selected here because those gave better bubble
olerance and caused less flow resistance than the square-wave
nes.

The other important reason why the triangular-wave struc-
ures were adopted here is that the additional perturbation of
eciprocated flow is expected. Vortices generated by the recip-
ocated motion of a triangular structure in the traditional flow
ave been presented by PIV measurement [11]. The vortices
manated and moved along the lateral of the triangular structure.

recent study also proposed a mixing mechanism by using the
eciprocated flow to pass a sawtooth structure [12]. The mixing
ffects were thus enhanced even at a cycling rate of 1 Hz. There-
ore, the mixing efficiency can be drastically rose if these flow
haracteristics are applied in our micromixer.

The fabrication procedure of the micromixer is shown in
ig. 2. A single polished silicon wafer with a thickness of
00 �m was used in the fabrication of the micromixer. The
hotoresist AZ-P4620 was spun on the wafer and only one
hotomask was required for the photolithography step. An
nductive-couple-plasma (ICP) etcher which is suitable for high
spect ratio anisotropic etching was used after the patterns
ere exposed and developed. The microchannels were encap-

ulated by anodic bonding of a silicon wafer to the glass (Pyrex
740) at a temperature of 400 ◦C. Finally, the PZT plate with
thickness of 200 �m was adhered on the chamber. The holes
rilled on the silicon wafer were sealed by glass tubes. There-
ore, the pump pressure and volume flow rate can thus be
valuated.

.2. Velocity and vorticity fields by externally triggered
icro-PIV

The microflow characteristics were measured by an exter-

ally triggered micro-PIV system. An Nd-YAG laser double
ulsing at 15 Hz was used to illuminate the flow field. The fluo-
escent particles (Duke ScientificTM) with mean diameter 1 �m
erved as the seeding particles. The excitation peak and emis-
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ion peak are at 542 and 612 nm, respectively. A high sensitive
CD having 1600 × 1200 pixels resolution was mounted on an

nverted NikonTM microscope to capture the images. A 10×
bject lens was used to observe the flow behaviors and to collect
he fluorescence emission.

The flow rate of the pump is dependent on the operating
requency of the PZT plate. In this experiment, the maximum
ow rate occurred at 2.2 kHz for various voltage inputs. Two
perating modes (pump mode and supply mode) existed in
n operating cycle when the PZT disc deformed the chamber.
lthough the micro-PIV is an efficient instrument to measure
ow characteristic, the sampling rate, 15 Hz, is still much lower

han the cycling rate of the pump such that the oscillating motion
f the fluids cannot be directly obtained. Therefore, an exter-
ally triggered signal which can keep specific phase delay with
espect to the driving voltage is required in this experiment.
n HPTM function generator provided both square wave and

xternally triggered signals to an amplifier and synchronizer,
espectively. The 10 times amplified square-wave voltage by the
ower amplifier was used to drive the PZT disc. The synchro-
izer served as a timing and control module in the micro-PIV
ystem.

Various phases were set to investigate the unsteady flow
n one operating cycle. The time interval between consecutive
hases was 1/16T. Thus the flow motions, no matter in pump
ode or supply mode, were measured in detail. One hundred

airs of images (frames A and B with a time interval of 5 �s)
ere captured and averaged to reduce the background noises.
elocity vectors were computed from the image pairs by the
ross-correlation algorithm with Nyquist condition.

The fluorescent particles were diluted with depleted ion water
o act as the working fluids. Based on a first-order inertial
esponse to a constant flow, the particle response time was
round 10−7 s−1. The error due to Brownian motion in the exper-
ment was less than 1%. A testing micropump was mounted on

n experiment holder to keep the focus plane and the chip par-
llel. The arrangement of the instruments and micromixer are
iven in Fig. 3.

ig. 3. The arrangement of the instruments and the self-pumping micromixer.
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.3. Evaluation of mixing efficiency

In order to observe the mixing behaviors, fluorescent and blue
yes were used in the experiment. The fluorescence intensity is
ot in direct proportion to the concentration. Therefore, the blue
ye was chosen to mix with the fluorescence in order to absorb
xcess emission. The linear relation between the intensity and
oncentration was thus obtained. The images were recorded by
microscope and a CCD. The captured images were processed
y digital image processing to count the pixels of each grey
evel.The estimation of the mixing efficiency is by analyzing
he distribution of fluorescence intensities at a cross-section of a

icrochannel. The mixing index [13] which compares the grey
evel of each pixel along a cross-section and the mean value is
iven as follows:

I = 1 − 1

Ī

√∑
(I(j) − Ī)2

N
(1)

For uniform mixing, the deviation of the fluorescence inten-
ity should be 0, thus the mixing index being 1. On the other
and, as the mixing index drops from 1 to 0, less and less mixing
ccomplishes. A zero mixing index means no mixing. There-
ore, the mixing indices are also useful to assess the effects of
he mixing region.

. Results

.1. Velocity and vorticity fields

The unsteady flow field in the x–y plane was successfully
easured by the externally triggered micro-PIV system in both

perating modes. In the supply mode, the flow sucked towards
he chamber from both the inlet and outlet because of the
nderpressure in the expanded volume. The reverse result was
btained in the pump mode when the chamber was compressed.
wo regions which had interesting phenomena were observed

n the experiment: upstream region of the upstream obstacle
region I) and the triangular-wave mixing region (region II).
he micro-PIV images of the two regions are shown in Fig. 4.

The velocity and vorticity field shown as follows were accord-
ng to the operating condition of a 50 V input voltage. Similar
esults were also measured for lower voltage inputs. The flu-
ds drawn from the two inlet glass tubes were in the same
ow rate. Fig. 5(a)–(d) illustrates the velocity vectors in the
egion I at four different phases 0T, 1/4T, 1/2T, and 3/4T,
espectively. The flow recirculation appeared upstream the first
bstacle when the pump mode was changed to the supply mode
s given in Fig. 5(a). The upper fluids rotated clockwise while the
ower ones rotated counterclockwise. Moreover, the secondary
ecirculation regions with opposite rotations were between the
rimary ones and the channel walls. The flow recirculation was
onducive to mixing because the fluid rotation increases the

nterfacial surface area by convection. The fluids in Fig. 5(b)
ow rightward to the chamber in supply mode. The reversed
ow in pump mode is obtained in Fig. 5(d). No recirculation
ow was observed when the supply mode was changed to pump
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Fig. 4. The instantaneous

ode as shown in Fig. 5(c). The flow was smooth most of the
ime in a cycle.

The key in the design of this mixer is the triangular-wave
tructure with staggered arrangements in the mixing region. The
elocity fields in Fig. 6(a)–(d) clearly demonstrate the mixing
echanism in the mixing region in a time period. The structures

orced the fluids to move in the y-direction. Fig. 6(b) and (d)
hows the supply and pump mode smooth flow field, respec-
ively. The highest velocities appeared in the back region of the
riangular structures when the fluids were accelerated towards
he downstream direction. The high concentration materials
ere carried to the central axis from the side-wall. Further-
ore, the recirculation flow patterns were also observed when

he two operating modes were switched and shown in Fig. 6(a)

nd (c). The recirculation regions appeared at the upstream side
f the triangular-wave structures when the pump mode was
hanged to the supply mode (t = 0T). Very similar phenomenon
as observed at the downstream side when the supply mode

t
d

ig. 5. The velocity vectors at four different phases in region I: (a) pump mode was
as changed to pump mode at 1/2T and (d) pump mode flow at 3/4T.
s of two measure regions.

as switched to the pump mode (t = 1/2T). The rotation flows
ffectively reduced the gradient of concentration in the radial
irection and provided a nice mixing mechanism. The size of
ecirculation region was dependent on the lateral length of the
riangular structure. Longer length can be thus used to induce
arger size of recirculation region. Although this may enhance
he mixing effects, the pump efficiency could be reduced due to
dditional flow resistance.

In order to study the mixing mechanism in detail, the dis-
ribution of vorticity is considered here. A vorticity is a vector
ith magnitude proportional to the strength of rotation. The z

omponent of a vorticity, wz , is defined as

z = ∂v − ∂u
(2)
∂x ∂y

Positive values of wz correspond to counterclockwise rota-
ion. The contours presented in Fig. 7(a)–(d) illustrate that the
istributions of the vorticity upstream the first obstacle are in

changed to supply mode at 0T, (b) supply mode flow at 1/4T, (c) supply mode
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ig. 6. The velocity vectors at four different phases in region II: (a) pump mod
as changed to pump mode at 1/2T and (d) pump mode flow at 3/4T.

ccordance with the velocity field in Fig. 5(a)–(d). The red
olor and blue color designate the positive and negative vor-

icity, respectively. The high vorticity regions were generated
pstream the throats at 0T as shown in Fig. 7(a). The primary
nd secondary vorticity regions with opposite magnitude existed
t both sides anti-symmetrically with respect to the central axis.

d

r
s

ig. 7. The vorticity contours at four different phases in region I: (a) pump mode was
as changed to pump mode at 1/2T and (d) pump mode flow at 3/4T.
changed to supply mode at 0T, (b) supply mode flow at 1/4T, (c) supply mode

owever, the magnitudes and sizes of the high vorticity regions
ere not noticeable most of the time upstream the obstacle as

emonstrated in Fig. 7(b)–(d).

In the mixing region, high vorticity regions occurred in cor-
espondence with the staggeringly arranged triangular-wave
tructures and their magnitudes were anti-symmetric with

changed to supply mode at 0T, (b) supply mode flow at 1/4T, (c) supply mode
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the confluence. A recirculation region occurred upstream the
obstacle and its size enlarged as the excitation voltages were
increased. However, the measured velocities in Fig. 5 indicated
that the duration of the recirculation region, about 1/4 cycle, was

Table 1
The residence times and Peclet numbers were evaluated based on the net flow
velocity with various driving voltages
ig. 8. The vorticity contours at four different phases in region II: (a) pump mod
as changed to pump mode at 1/2T and (d) pump mode flow at 3/4T.

espect to the central axis as shown in Fig. 8(a)–(d). In our test
esults, the spatial distributions of high vorticity regions were
ime-dependent.

Moreover, the high vortice regions in Fig. 8(a) and (c) were
nduced due to the flow rotations, while the others in Fig. 8(b)
nd (d) were induced due to the dramatic velocity gradient. The
egular motion of the vorticity region was only observed in peri-
dically unsteady flow in the microchannel. The high vorticity
egions were important to the mixing efficiencies. The mixing
echanism due to the intermolecular diffusion was replaced

y the high angular momentum fluids motion. The mixing effi-
iency was verified by two different dyes and will be discussed
n the following section.

.2. Pumping and mixing performance

Mixing and pumping were actualized at the same time when
he square waves were put in to drive the PZT disc. The pump
ressures were all higher than 800 Pa for all input voltages of
0–50 V. Fig. 9 shows that the flow rate obtained at the outlet
ncreased when voltage inputs were raised linearly. The maxi-

um flow rate obtained in the tests approached 50 �l/min. The
et volume flow depended on the difference of the forward and
he backward flow rates per cycle. The mixing quality can be
stimated by Peclet number, Pe, which is determined by the
atio of the diffusive time to the residence time:

e = uL

Df
(3)

here L is the hydraulic diameter of the channel, and Df is
he mass diffusion constant here is 10−10 m2/s. Table 1 gives
he residence times and Peclet numbers in accordance with the

est results of Fig. 9. A high Peclet number indicate that poor

ixing is inevitable unless a passive or active device is used.
n this experiment the flow recirculation resulted in a rapid and
niform mixing. This phenomenon will be discussed later.

D
(

R
P

Fig. 9. The flow rates with various driving voltage inputs at 2.2 kHz.

The flow visualization by the fluorescent and blue dyes was
tilized to examine the uniformity in various sections as shown
n Fig. 10. The left photos reveal that the interfaces were clearly
bserved when the fluorescent and blue dyes began to mix at
riving voltage
V, peak to peak)

30 40 50

esidence time (s) 0.33 0.18 0.1
e 5.8 × 103 1.1 × 104 1.9 × 104
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s in various sections with three input voltages 30, 40 and 50 V.
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Fig. 11. The distribution of mixing indices in the micromixer with various input
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Fig. 10. Flow visualization by the fluorescent and blue dye

oo short to enhance the mixing effectively. In addition, due to
he symmetric geometry of the inlet channels, most of the flow

ixing occurred at the interface of the two fluids. However, the
ixture was still in poor mixing when the fluid flow through

he diffuser section. The images in the center of Fig. 10 show
ood mixing quality in the mixing region. Multiple recirculation
ones behind the staggered triangular structures can be observed
nd their positions switched up and down in high frequency. The
ecirculation zones stirred the flow streams so that the diffusion
ffect was enhanced due to the increased interfacial area. The
ight photos exhibit that the fluorescent emission became uni-
orm when the mixture flew through the second obstacle to the
utlet.

In order to quantify the mixing efficiency, the mixing indices
ere evaluated along the streamwise direction as depicted in
ig. 11. The variations of the mixing indices in the three regions:
pstream the mixing region (region A), in the mixing region
region B), and downstream the mixing region (region C),
learly exhibit the mixing status. The mixing indices in region A
ncreased from the inlet to the leading edge of the obstacle due
o the flow recirculation. For the mixing region with staggered
riangular structures, region B, the mixing indices increased dra-

atically from 0.2 to 0.8 within a few milliseconds. However,
he mixing indices became lower as the driving voltage was
ncreased to result in a higher pumping flow rate. For region C,
he mixing effect was only resulted from the mass diffusion. The
iffusion rates were decreased due to the smooth concentration
radients so that the mixing indices did not increase apparently
n this region.

When the images were captured by the CCD, the camera dark
oise and the readout noise led to a decrease of the mixing index.
he former noise depends on the illumination condition and the
perating temperature. The latter is an electronic noise as the
utput signals of CCD are converted into digital forms. A lower

ignal-to-noise ratio is expected for a darker light source, e.g.
0% fluorescence, i.e. the flow is in uniform mixing. Therefore,
he maximum mixing index obtained in the experiment was 0.84
hich was lower than the ideal value.

1

oltages. Region A: from the confluence of the two distinct fluids to the inlet
f mixing region. Region B: the mixing region. Region C: from the inlet of
umping chamber to the upstream position of the second obstacle.

. Conclusions

The characteristics of flow fields and mixing behaviors were
xplored by the externally triggered micro-PIV system and the
ests of fluorescent-blue mixtures. Some important results are
ummarized as follows.
. The velocity and vorticity fields indicated that flow is quite
complex especially when the two operating modes are
switched. Flow recirculation occurs when an oscillating flow
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passes a cusp or more generally an obstacle. The size and
duration of the recirculation region depends on the operat-
ing conditions such as input voltages, frequencies, and the
geometries. Although this kind of behavior provides the mix-
ing mechanism in the mixer, the loss of pump efficiency must
be estimated in the design work.

. Both asymmetric obstacles and mixing region have contribu-
tion to mixing effects. The high frequency regular variation
of high vorticity distributions enables the effective mixing to
be achieved within a very short length in a very short time.
The mixing indices also demonstrated that the high mixing
performance can be obtained in the mixing region.

. The quantitative measurements of both the flow fields
and mixing efficiencies made substantial contribution to
the study of mixing mechanisms. The geometries of the
triangular-wave structures can be modified when we grasp
the connection between the mixing effects and flow field. In
the future, the flow recirculation regions will be anticipated
at the suitable position such as the interface of the distinct
fluids to enhance the mixing effectively.
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