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An oscillating feedback micromixer with no moving parts comprises an inlet channel, a diverging mixing chamber, a
splitter, two feedback channels, and an outlet channel. Using the Coanda effect, two liquids are passively mixed in an
oscillating feedback micromixer. Three oscillating feedback micromixers were experimentally investigated using two
miscible liquids. The first had asymmetric feedback channels and a splitter, the second had symmetric feedback channels
and a splitter, and the third had symmetric feedback channels and no splitter. Three chaotic mixing modes—vortex mix-
ing, internal recirculation mixing, and oscillating mixing—were observed with increasing Reynolds numbers. The asym-
metric oscillating feedback micromixer was determined to have the best mixing performance among the three
micromixers. The splitter and asymmetric feedback channels can facilitate internal recirculation through feedback chan-
nels and fluidic oscillation, thereby enhancing the mixing efficiency. A completed mixing was achieved in the asymmetric
micromixer. VC 2014 American Institute of Chemical Engineers AIChE J, 61: 1054–1063, 2015
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Introduction

In the past decade, micromixers have found comprehen-
sive applications in micrototal analysis systems and micro-
reactors.1,2 Micromixers can be classified as active
micromixers or passive micromixers according to the pres-
ence of an external energy supply. In active micromixers,
mixing is completed by supplying external energy from sour-
ces such as ultrasound, acoustically induced vibrations, elec-
trokinetic instabilities, and small impellers. In contrast,
passive micromixers enhance mixing efficiency using hydro-
dynamic forces generated in specially designed microchannel
configurations, without any external energy input. Further-
more, passive micromixers have no moving parts. Thus, pas-
sive micromixers can be fabricated and controlled easily. In
contrast to passive micromixers, active micromixers have
generally moving parts and/or complicated control systems
and input systems for supplying external energy. The fabri-
cation of moving parts inside an active micromixer is con-
siderably difficult. Control systems and energy input systems
generally have much larger volume than micromixers.
Hence, it is difficult to integrate these two systems and an
active micromixer. Thus, passive micromixers exhibit greater
potential for efficient use than active micromixers.

According to the flow patterns in microchannels, passive
micromixers can be roughly classified into three: lamination,
droplet, and chaotic advection micromixers. Because of the
micromixers’ small dimensions, flows in all three types of
passive micromixers are laminar. In lamination micromixers,

two or more lamellae are formed in microchannels, in which
no transverse flow occurs. Mass transfer between two adja-
cent lamellae is dominated by molecular diffusion. To
enhance mixing efficiency, reducing mixing path is essential
for lamination micromixers. Thus, generating lamellae as
thin as possible is essential in channel design for lamination
micromixers. The inlet configuration is an important factor
affecting lamellae’s thickness. Lamination micromixers can
be classified as T-type micromixers,3,4 Y-type micromixers,5

or hydraulic focusing micromixers6,7 according to their inlet
configurations. A split and recombine flow micromixer can
be roughly considered as a cascade of multiple lamination
micromixers.8,9 In a T-type or Y-type micromixer, mixing
can be improved when an asymmetric two vortex flow
regime, identified from the planar topology in the T-channel
junction and denoted engulfment flow, occurs at moderate
Reynolds numbers.10–12 However, in most of the lamination
micromixers, because the diffusion rate caused by the ther-
mal motion of molecules is low, a long mixing channel is
typically required to ensure sufficient mixing time. In droplet
micromixers, two different liquids are fed into a microchan-
nel through a T-type inlet or coaxial inlet. Because of sur-
face tension, droplets are formed in the microchannel, and
the required mixing path is reduced.13–16 To ensure the for-
mation of droplets, the flow rates of liquids, that is, the
Reynolds numbers, should be sufficiently low. In contrast
with lamination and droplet micromixers, chaotic advection
micromixers generate secondary recirculating flows with
transverse velocity components that are perpendicular to the
axial direction of microchannels. Because of the secondary
recirculating flows, periodical fluctuations of the flow field
generate along the axial direction of the microchannels, and
the chaotic advection mixing occurs.17,18 In a chaotic
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advection mixing, the transverse velocity components
destroy regular lamination flows to form transverse flows, in
which microfluidic lumps are split, stretched, folded, or bro-
ken up.1,19–27 Consequently, the interfacial area is greatly
increased, and the required mixing length is reduced.
Because the interfacial area can increase exponentially and
be operated at high Reynolds numbers, chaotic advection
micromixers have more potential applications than lamina-
tion and droplet micromixers. Generating secondary recircu-
lating flow is a key in the design of chaotic advection
micromixers. A number of specially designed channel con-
figurations have been proposed to induce secondary recircu-
lating flow. The reported specially designed channels can be
roughly classified as two-dimensional (2-D) structures or 3-D
structures. Two typical designs are used for 2-D structures.
No linear mixing channels, such as alternating curved chan-
nels, zigzag channels, and square wave channels, were
designed to generate secondary recirculating flows and
achieve transverse dispersion.20,28–30 Hong et al.21 proposed
an inplane passive microfluidic mixer with Tesla structures.
The Tesla structures can produce Poisseuille flow transverse
to the main flow, and the collision caused by the Coanda
effect results in intense transverse dispersion. However, most
of the microchannels used to produce chaotic flow are com-
plicated 3-D structures. A staggered herringbone arrange-
ment of ridges or grooves on the wall of a mixing channel
was proposed and investigated to induce transverse
flows.19,31 Kim et al.24 developed barrier embedded micro-
mixers in which a complicated Kenics structure was used to
induce chaotic flow. Twisted microchannels such as wavelike
channels were used to induce a chaotic mixing effect.32

However, to date, the fabrication of microchannel configura-
tions used to produce secondary recirculating flow has been
complicated, limiting the applications of chaotic advection
micromixers.

In this article, 2-D passive oscillating feedback micro-
mixers were designed using the Coanda effect and experi-
mentally investigated. The micromixers have a simple
configuration and are easily fabricated. Efficient chaotic
advection mixing of two miscible liquids can be achieved in
the micromixers using vortex mixing, internal recirculation,
and oscillation.

Experimental

Oscillating feedback micromixer

The oscillating feedback micromixers that were investi-
gated were designed to make use of the Coanda effect. The
Coanda effect is a wall-attachment flow phenomenon that
generally occurs when a fluid flows at high speed from a
narrow passage into a suddenly enlarged chamber with two
side walls.33 The fluid entering into the chamber can entrain
the surrounding fluid. Because some of the fluid molecules
between the inlet fluid and each side wall are evacuated, a
low-pressure region is formed on both sides of the inlet fluid,
causing a counterflow down each side wall. Generally, the
inlet fluid cannot flow straight through the enlarged chamber.
Any perturbation (e.g., a turbulent fluctuation) may bend the
inlet fluid toward one side wall, cutting down the counter-
flow and lowering the pressure in the low-pressure region
near that side wall. This mechanism causes the inlet fluid to
attach to that side wall. In 1970s, Tippetts et al.34 investi-
gated fluidic oscillators with a control loop using the Coanda
effect. They found that a periodically oscillating flow at a
fixed frequency is generated by the Coanda effect in the
enlarged chamber, and the frequency is proportional to the
flow rate. Another fluidic oscillator called the fluidic feed-
back oscillator has also been designed, using two feedback
channels to replace the control loop.35 The fluidic feedback
oscillator can generate an oscillating feedback flow with a
fixed frequency that is proportional to the flow rate in the
enlarged chamber, using the Coanda effect. This phenom-
enon of an oscillating feedback flow has been used in flow
measurement and extraction.36–38 When two liquids are fed
into an enlarged chamber at a high velocity, the oscillation
can destroy regular parallel flows and effectively mix the
two liquids. The key challenge in using the Coanda effect in
mixing is designing a special microchannel to generate
oscillation.

Three oscillating feedback micromixers were designed and
fabricated in this study. As shown in Figure 1, an oscillating
feedback micromixer comprises an inlet channel, a divergent
mixing chamber, two feedback channels, and an outlet chan-
nel. A Y-type feed channel is connected to the inlet channel.
The width of the mixing chamber entrance is larger than the

Figure 1. Configurations and dimensions of oscillating feedback micromixers (Unit: micrometer).

(1) Inlet port; (2) Y-feed channel; (3) inlet channel; (4) Coanda step; (5) mixing chamber; (6) barrier; (7) attachment wall; (8)

splitter; (9) feedback channel; (10) outlet channel; and (11) outlet port.
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width of the inlet channel, forming two Coanda steps. Two
feedback channels are recirculated near the exit of the inlet
channel from the junction between the mixing chamber and
the outlet channel. The three micromixers are different. The
micromixer shown in Figure 1A has symmetric feedback
channels and no splitter. Except for the splitter, all dimen-
sions of the micromixer shown in Figure 1B are identical to
those of Figure 1A. In contrast with Figures 1A, B, the right
feedback channel of the micromixer shown in Figure 1C is
extended, and thus, the feedback channels are asymmetric.
The same splitter as that in Figure 1B is placed inside the
micromixer shown in Figure 1C, and all dimensions, except
for the dimensions of the extended feedback channel, are
identical to those in Figures 1A, B. A micro-oscillator simi-
lar to Figure 1C was proposed by Yang et al.39 to measure
flow and accelerate a reaction between the two fluorescent
proteins. However, the splitter and the comparison between
the asymmetric and symmetrical channels have not been
investigated. Using the micromixer shown in Figure 1B as
an example, Figure 2 illustrates the Coanda effect for com-
plete mixing. Two liquids are fed simultaneously into the
suddenly enlarged mixing chamber. The liquids entering the
mixing chamber are guided by the Coanda steps and tend to
follow the left attachment wall (or the right attachment wall;
Figure 2A). Inside the mixing chamber, the pressure PB near
the entrance of the outlet channel is larger than PA near the
exit of the inlet channel because the mixing chamber is
enlarged downstream. Because of the pressure differential
between the two ends of the left feedback channel, internal
recirculation is formed through the feedback channel. At the
port of the left feedback channel near the exit of the inlet
channel, the recirculating flow exerts a transverse force on
the wall-attachment flow along the left attachment wall.
Consequently, the wall-attachment flow shifts toward the
right. The right Coanda step causes this flow to form a new
wall-attachment flow along the right attachment wall (Figure
2B). Similarly, the recirculating flow through the right feed-
back channel pushes the wall-attachment flow away from the
right attachment wall and returns it to the left attachment
wall. Thus, the flows of two liquids oscillate inside the
micromixer. During this fluidic oscillation, the transverse
force can effectively destroy regular parallel flows and form
transverse flows. Consequently, liquid lumps are split,
stretched, folded, and broken up, and efficient chaotic advec-
tion mixing is expected in oscillating feedback micromixers.

The configurations and dimensions of the three oscillating
feedback micromixers used in this study are shown in Figure
1. The depth of each of these micromixers is 1000 mm. All
micromixers were machined using a precision machine tool
in an 8-mm thick transparent poly methyl methacrylate
(PMMA) plate. The transparent PMMA material enables the
visualization of the flow patterns in the micromixers. A
smooth PMMA plate 6 mm thick was fixed to the slotted
PMMA plate using a clamp. The clamped PMMA plates
were immersed in an absolute alcohol solution and main-
tained at 40�C inside an ultrasound oscillator for 25 min.
Then, the two PMMA plates were firmly bonded to form a
complete oscillating feedback micromixer. After being
cleaned using deionized water, the micromixer was used to
evaluate mixing performance for two miscible liquids.

Materials and experimental setup

Colorless deionized water and a dark-blue aqueous solu-
tion were used as the two liquids to be mixed. All mixing
experiments were performed at 14–15�C. The dark-blue
aqueous solution was prepared by adding 1 g of blue dye
(Brilliant Blue FCF, Clariant International, Switzerland) to
300 g of deionized water. The density and viscosity were
999 kg m23 and 1.16 3 1023 Pa s, respectively, for the col-
orless water and 1001 kg m23 and 1.44 3 1023 Pa s, respec-
tively, for the dark-blue aqueous solution. The densities and
viscosities were measured using a density meter (Den Di-1,
Beijing YILUDA Co., Beijing, P.R. China) and a rotary vis-
cosimeter (DV-1, Spain Fungilab Company, Barcelona,
Spain). When the dark-blue aqueous solution diffused into
the colorless water, the resulting mixture appeared light blue.

The experimental flowchart is shown in Figure 3. Two
precise syringe pumps (Baoding Longer Precision Pump Co.,
LSP01-1BH, stroke resolution: 0.156 lm) were used to
simultaneously pump the colorless and dark-blue liquids into
the inlet ports. The volume rate ratio of the two liquids was
maintained at 1:1 throughout all tests. A halogen lamp was
used as the light source. The light emitted from the lamp
passed through an oscillating feedback micromixer. Some
light was absorbed by the blue dye molecules within the
micromixer, resulting in a reduction of the transmitted light
intensity. The reduction of the light intensity is dependent on
the concentration of the blue dye. A microscope (Shanghai
Changfang Optical Instrument Factory, CMM-50E) was
placed above the micromixer to visualize the flow patterns in

Figure 2. Schematic of mixing mechanism in oscillating feedback micromixers (complicated transverse flows
between two liquids is not demonstrated).
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the micromixers. A digital single lens reflex (SLR) camera
(Canon, EOS650D, 5184 3 3456 pixels) was installed on
the microscope to sense the transmitted light and record the
images of flow patterns.

Results and Discussions

Mixing mechanisms

The three oscillating feedback micromixers shown in Fig-
ure 1 were all investigated experimentally. Three mixing
mechanisms were observed with increasing Reynolds num-
bers. The flow patterns in the micromixer with asymmetric
feedback channels and a splitter (Figure 1C) are used to
demonstrate the three mechanisms because this micromixer’s
mechanisms are the most obvious among the three micro-
mixers. The Reynolds number, Re, is defined as follows

Re5
qUd

l
(1)

where q and l are the density and viscosity, respectively, of
the dark-blue aqueous solution. U is the apparent velocity of
the dark-blue solution (or the colorless deionized water) at
the exit of the inlet channel, and d is the hydrodynamic
diameter of the exit of the inlet channel.

Vortex Mixing. As shown in Figure 4A (Re 5 38.6), both
the dark-blue and colorless liquids enter the mixing chamber
in parallel through the inlet channel, and a distinct boundary
dividing the two laminar flows can be observed inside the
inlet channel. The left side of the mixing chamber and the
left feedback channel are filled with the dark-blue liquid.
The dark-blue flow is split at the tip of the splitter and
intrudes into the right side of the mixing chamber. The split
dark-blue flow becomes light blue because of dilution, and it
flows around the splitter and then enters the outlet channel.
Because the mixing chamber is diverging, the downstream
pressure PB is larger than the upstream pressure PA. Two
clockwise recirculating flows light blue in color, that is, the
outer vortex and the inner vortex, can be observed in the
right side of the mixing chamber. An obvious vortex center
can also be seen. The vortices are produced by the pressure
difference between PB and PA and the shear force caused by
the forward flow near the center line of the mixing chamber.
The light-blue liquid can be used to trace the flow of the col-
orless water in the right side of the mixing chamber. No liq-
uid is recirculated through the right feedback channel
because the difference between PB and PA is not sufficiently
large to overcome the resistance of the flow through the

feedback channel. Furthermore, no oscillation was observed
during the test. Figure 4B demonstrates the flow pattern with
Re increased to 57.9. This flow pattern is similar to that in
Figure 4A, but the color of the light-blue liquid in the right
side of the mixing chamber is darker than that in Figure 4A.
Even with an Re of 57.9, the mixing is inefficient because
the color is not uniform inside the mixing chamber and the
outlet channel. In conclusion, at low Reynolds numbers, nei-
ther internal recirculation through the feedback channels nor
oscillation occurs. Although increasing Re can improve mix-
ing performance, efficient mixing cannot be achieved by
simply using the vortices inside the mixing chamber.

Internal Recirculation Mixing. Figure 4C shows the flow
pattern with Re increased to 77.2. It is obvious that a light
recirculation is formed through the right feedback channel.
The light-blue recirculating liquid flows along the inner side
of the channel and does not fill the channel. When Re is fur-
ther increased to 81.1 (Figure 4D), the right feedback channel
is filled with the light-blue recirculating liquid, and the right
side of the mixing chamber is occupied by a light-blue vortex.
The mixing performance is substantially enhanced compared
to that in Figures 4A, B. During the tests, the oscillation was
not obvious. The mixing between the two liquids is mainly
dependent on the vortex mixing inside the mixing chamber
and the internal recirculation through the feedback channels.

Oscillation Mixing. The photographs in Figures 4E–H
were taken at intervals of 0.2 s at an Re of 96.5. As shown
in these figures, the distinct boundary between the left dark-
blue flow and the colorless flow can clearly be seen. In Fig-
ure 4E, the boundary on the right deviates from the center
line and is shifting toward the left. The boundary on the
right means that the main flow direction deflects to the right.
This indicates that due to the Coanda effect, an attachment
flow is formed on the right attachment wall; at 0.2 s, the
boundary reaches the center line of the mixing chamber
(Figure 4F); at 0.4 s, the boundary moves to the left of the
mixing chamber (Figure 4G). Similar to Figure 4E, the
boundary on the left means that an attachment flow is
formed on the left attachment wall (Coanda effect); at 0.6 s,
the boundary has shifted back to the right (Figure 4H).
Namely, when Re is increased to 96.5, the main flow direc-
tion of the liquids in the mixing chamber periodically
deflects to the right and the left. The periodical deflection of
the main flow direction is known as “oscillation.”36,37 It
should be noted that the mixing performance in Figures 4E–
H is greatly improved compared with Figures 4A–D.
Increasing Reynolds numbers can effectively enhance the
mixing performance. Figure 4I demonstrates the mixing at
an Re of 386.1, in which the color is nearly uniform in the
left and right sides of the mixing chamber and in the outlet
channel. Thus, efficient and uniform mixing can be achieved
using the oscillating feedback micromixer with high Reyn-
olds numbers. During the oscillation, the internal recircula-
tion and the vortex inside the mixing chamber are intense.
Because the two miscible liquids are almost uniformly
mixed, the vortex flows are not apparent in Figures 4E–I. It
should be noted that the oscillation cannot occur unless the
Reynolds number, that is, the flow rate of the liquids at the
exit of the inlet channel, is sufficiently large. This is because
the sufficiently large flow rate is necessary for the Coanda
effect.

In conclusion, three mixing mechanisms, that is, vortex
mixing, internal recirculation mixing, and oscillation mixing,
occur successively in an oscillating feedback micromixer

Figure 3. Experimental flowchart.
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with increasing Reynolds numbers. The three mixing mecha-
nisms enable the transverse movement of liquid lumps inside
laminar parallel flows. Consequently, efficient chaotic advec-

tion mixing can be achieved. When oscillation occurs, two
miscible liquids can be effectively mixed, and each of the
three mixing mechanisms play an important role.

Figure 4. Flow patterns inside an oscillating feedback micromixer with asymmetric feedback channels and a split-
ter: (A) Re 5 38.5; (B) Re 5 57.9; (C) Re 5 77.2; (D) Re 5 81.1; (E) Re 5 96.5, t 5 0 s; (F) Re 5 96.5, t 5 0.2 s;
(G) Re 5 96.5, t 5 0.4 s; (H) Re 5 96.5, t 5 0.6 s; and (I) Re 5 386.1.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Effects of symmetry of the feedback channels

As previously mentioned, the secondary recirculating flow
with transverse velocity components inside laminar parallel
flows is a primary factor in chaotic advection mixing.
Enhancing the internal recirculation through feedback chan-
nels and oscillation is effective for improving the mixing
performance of oscillating feedback micromixers. It is noted
that when the transverse force acting on the left side of a
flow entering the mixing chamber is equal to that acting on
the right side of the flow, the flow tends to pass straight
through the mixing chamber without oscillation. Unbalanced
transverse forces can enhance the internal recirculation and
oscillation and thereby improve the mixing performance of
oscillating feedback micromixers. The micromixer with
asymmetric feedback channels was designed on the basis of
this idea (Figure 1C). Compared with the micromixer in
Figure 1B, the right feedback channel of the micromixer in
Figure 1C is extended. The extended feedback channel
is longer than the left feedback channel and consequently
has higher flow resistance. Thus, the recirculating flow
through the shorter left feedback channel is larger than that

through the longer right feedback channel. The transverse
force acting on the wall-attachment flow is stronger for
larger recirculating flow. Therefore, owing to the unequal
recirculating flows, unbalanced transverse forces are
obtained. To verify the significance of the asymmetric feed-
back channels, the micromixer with symmetric feedback
channels was investigated. Figures 5A–F show the flow pat-
terns inside the micromixer with symmetric feedback chan-
nels. As shown in Figures 5A–C, the right feedback channel
and the right side of the mixing chamber are not filled with
the light-blue liquid with an Re of 81.1 or 84.9; they are
filled with the light-blue liquid only when Re reaches 88.8.
In contrast, in Figure 4D, wherein Re is 81.1, the extended
right feedback channel and the right side of the mixing
chamber are filled with the light-blue liquid. Furthermore,
for the micromixer with asymmetric feedback channels and
an Re of 96.5, the boundary shifts from the right to the left
at approximately 0.4 s, as shown in Figures 4E–G. However,
for the micromixer with symmetric feedback channels and
the same Re, the boundary does not even reach the center
line after 0.4 s, as shown in Figures 5D–F. Thus, the asym-
metric feedback channels can effectively enhance the

Figure 5. Flow patterns inside an oscillating feedback micromixer with symmetric feedback channels and a split-
ter: (A) Re 5 81.1; (B) Re 5 84.9; (C) Re 5 88.8; (D) Re 5 96.5, t 5 0 s; (E) Re 5 96.5, t 5 0.2 s; and (F)
Re 5 96.5, t 5 0.4 s.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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internal recirculation and the oscillation, consequently
enhancing the chaotic advection mixing.

Effects of splitter

Large recirculating flows through the feedback channels
can enhance the transverse force and facilitate the oscilla-
tion. A splitter placed near the entrance of the outlet channel
can force more liquid to enter the feedback channels. To ver-
ify the significance of the splitter, the micromixers shown in
Figures 1A and B were compared. As shown in Figure 6,
slight, light-blue recirculation is formed in the micromixer
without the splitter until Re is increased to 96.5 (Figure 6A),
and it is enhanced at an Re of 115.8 (Figure 6B). Finally, at
an Re of 135.1, the right feedback channel and the right side
of the mixing chamber are filled with the light-blue liquid
(Figure 6C). In contrast to the micromixer without the split-
ter, a full vortex inside the right side of the mixing chamber
and full recirculation through the right feedback channel are
achieved at an Re of 88.8 (Figure 5C) in the micromixer
with the splitter (Figure 1B). Furthermore, at an Re of 96.5,
no obvious oscillation was observed in the micromixer with-
out the splitter; at the same Reynolds number, obvious oscil-
lation was observed in the micromixer with the splitter
(Figures 5D–F). Thus, it can be proved that the splitter can
enhance the internal recirculation through the feedback chan-
nels and the oscillation.

Evaluation of mixing performance

To qualify the mixing performance, the experimental
images were analyzed using a digital image processing tech-
nique (MATLAB software). A blue dye was used to trace
flows and mixings in all the experiments. The digital SLR
camera records color images by decomposing the transmitted
light into three components: red, blue, and green. When a
beam of light passes through a micromixer, the blue dye
molecules can completely absorb the red light component
but not the blue light component. The green light component
can also be absorbed by the blue dye molecules, but the
extent of absorption (and therefore, the green light intensity
in the transmitted light) depends on the concentration of the
blue dye. Thus, the green light component that is recorded in

an image can represent the distribution of the blue dye mole-
cules within the micromixer. In the processing procedure,
the captured color digital images were converted to gray
scale images of the green light component, in which the
gray scale levels were ranged from 0 to 255 where zero rep-
resents the lowest light intensity and 255 the highest. To
eliminate the effects of the splitter and feedback channels,
only the symmetric image areas shown as Figure 7 were
considered. Furthermore, the origin gray scale levels (0–255)
in the selected area were normalized between zero and one,
using Eq. 2 to eliminate the effects of the light source,
microscope, and SLR

Ii;n5
Imax 2Ii

Imax 2Imin

(2)

Where Ii is the gray scale value (between 0 and 255) of
pixel i when a dark-blue solution of 1-g dye/300-g water and
a colorless solution (0-g dye/300-g water) are used as the
two liquids that are separately fed into the micromixer. Ii,n is
the normalized gray scale level for the original gray scale

Figure 6. Flow patterns inside an oscillating feedback micromixer with symmetric feedback channels and without
a splitter: (A) Re 5 96.5, (B) Re 5 115.8, and (C) Re 5 135.1.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. Selected areas used to evaluate mixing
performance.
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level Ii. Imax and Imin are the maximum gray scale level and
minimum gray scale level in the selected area, respectively.
The standard deviation of the light intensity distribution for
the selected image area was defined as follows

r5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN

i51

Ii;n2Ii;n �
2

h
vuut (3)

where N is the number of pixels in the selected image area,
and Ii;n is the average value of all Ii,n in the selected area.
Furthermore, the mixing index X can be determined to char-
acterize the mixing performance as follows

X5
rum2r

rum2rcm

3100% (4)

where rcm and rum are the standard deviations for the com-
pleted mixing and no mixing, respectively. The flow rates of
the dark-blue solution and the colorless water were identical
in all experiments. The concentration of the perfectly mixed
mixture for the two liquids, therefore, is 0.5-g dye/300-g
water. To obtain rcm, a uniform solution with 0.5 g dye/
300 g water was fed into the oscillating feedback micro-
mixer and fully occupied it. Then, a color image was cap-
tured and subsequently converted to the gray scale digital
image of the green light component. rcm was determined
based on the gray scale digital image using Eqs. 2 and 3. No
mixing is an extreme case where ideally, the dark-blue solu-
tion and colorless water occupy the left half and the right
half of the micromixer, respectively, as shown in Figure 7.
To obtain the standard deviation rum, only a single liquid,
either the dark-blue solution or the colorless water, was fed
into the oscillating feedback micromixer. One image was
captured for only feeding in the single dark-blue solution,
and then other was captured for only feeding in the single
colorless water. Subsequently, the left half of the selected
area in the image captured for only feeding in the single
dark-blue solution, and the right half of one for only feeding
in the single colorless water were taken out to stitch a new
reference image area together. The standard deviation rum

can be determined based on the new reference image area
using Eqs. 2 and 3. In all the experiments, the light source
intensity, distances from the light source to the micromixer
and from the micromixer to the lens, and amplification factor
of the microscope were all kept constant as far as possible.

When both the dark-blue solution and colorless water are
perfectly mixed, the standard deviation is equal to rcm.
Thus, the mixing index is 100%. For a poor mixing case, the
standard deviation is close to rum and the mixing index is
near 0%. A value of X close to 100% represents a better
mixing performance.

Figure 8 shows the mixing performance indicated by the
mixing index. Among the three oscillating micromixers, the
asymmetric micromixer with the splitter (AS-S) is clearly the
best, the symmetric micromixer with the splitter (S-S) is good,
and the symmetric micromixer without the splitter (S) is the
worst, which agrees with the results of the flow patterns. A
mixing index of 100% can be achieved in both the AS-S and
the S-S, but the former with higher oscillating frequencies can
more quickly reach the completed mixing than the latter with
lower oscillating frequencies. In the S, the completed mixing
cannot be achieved even at the largest Re of 386. Taking the S
as an example, Figure 8 is divided into three regions according
the flow patterns. As mentioned above, the recirculation mix-
ing region features recirculation through the feedback chan-
nels, but the oscillation is not apparent. In the recirculation
region, there is an upward trend for the mixing index. This is
because the recirculation is enhanced by increasing Re, and
consequently, the mixing performance is improved. It is
obvious that the mixing performance is sufficiently enhanced
within the oscillation mixing region compared with the two
other regions. The largest mixing indexes are 57.0, 71.9, and
90.4% for the vortex, recirculation and oscillation mixing
mechanisms, respectively. The oscillation mixing plays an
important role in mixing the two miscible liquids.

To furthermore evaluate the mixing performance of the
oscillating feedback micromixers, a sandwich micromixer
and a Y-type micromixer were machined on a PMMA plate,
respectively. Both the two micromixers are the lamination
micromixer. The configuration of the sandwich micromixer
and the Y-type micromixer are shown in Figures 9A

Figure 8. Comparison of mixing performance.

Figure 9. Sandwich micromixer: (A) configurations
(Unit: micrometer), and (B) flow pattern near
the outlet.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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and 10A, respectively. The dark-blue solution and colorless
water identical to those used in the oscillating feedback
micromixers were adopted. In the experiments for the sand-
wich micromixer, the dark-blue water was fed from the cen-
tral inlet microchannel, while the colorless water was
divided into the equivalent two parts and, respectively, fed
from the outer inlet microchannels. The total volume rate of
the colorless water is equal to the volume rate of the dark-
blue water. Figure 9B is a picture near the outlet of the sand-
wich micromixer at an Re of 315.6. It can be seen that
because of the hydraulic focusing effect, three lamellae are
formed and almost no transverse flow occurs between adja-
cent lamellae. In the experiments for the Y-type micromixer,
the dark-blue solution and the colorless water were fed sepa-
rately from the two inlet ports and joined at the Y-junction.
As shown in Figures 10A and 1, the Y-type micromixer has
the same dimensions as the oscillating feedback micro-
mixers, except for the two feedback channels and the mixing
chamber. Namely, the Y-feed channel and the length from
the Y-junction to the outlet port of the Y-type micromixer
are both identical to those of the oscillating feedback micro-
mixers. During the experiments, no significant mixing was
observed in the experiments of the Y-type micromixer, even
at the largest Re as shown in Figure 10B. Figure 8 gives a
comparison among the Y-type micromixer and three oscillat-
ing feedback micromixers. The mixing indexes for the Y-
type micromixer were determined using the same method as
mentioned above. It is obvious that the Y-type micromixer
has little mixing effect for Reynolds numbers in the range of
79–386, whereas the oscillating feedback micromixers have
better mixing performance. Thus, transverse flows play a sig-
nificant role to enhance mixing of two miscible liquids in a
micromixer, and oscillating feedback micromixers can effec-
tively improve mixing performance.

Conclusions

In this study, three oscillating feedback micromixers were
experimentally investigated. There are three mixing mecha-
nisms in oscillating feedback micromixers: vortex mixing,
internal recirculation mixing, and oscillation mixing. The
splitter and asymmetric feedback channels were shown to
enhance the internal recirculation and oscillation. Efficient

chaotic advection is achieved using oscillating feedback
micromixers. The oscillating feedback micromixers are suita-
ble for mixing different liquids with a high Reynolds num-
ber, and a mixing efficiency of 100% can be achieved for
two miscible liquids.
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