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This study presents a novel crosswise ridge micromixer (CRM) with a series of microstructures placed

on the top and bottom floors of channels. Passive micromixers fabricated by Micro Electro-Mechanical

Systems (MEMS) technologies with slanted ridges are investigated. Numerical simulations and

experimental investigations are undertaken to determine the effects of various microstructure patterns

on mixing efficiency with Reynolds numbers (Re) of 0.05–50. The confocal images at the cross-sections

along the channel with ridges on both the channel top and bottom are first investigated in our study. A

significant amount of split and recombination (SAR) helical flows is produced by the slanted ridges

embedded on the two floors of the channels. The effects of non-dimensional parameters, such as the Re,

as well as geometrical parameters on mixing performance are presented in terms of the mixing index.

When the Re exceeds 1, the mixing index of the micromixer with slanted ridges increases as the Re

increases further. Simulation results are presented and compared with experimental data. The trends of

the experimental results and numerical data are very similar. Finally, various numbers of slanted ridges

in the same orientation in one channel cycle are investigated to determine mixing performance in

microchannels. The mixing performance achieves an optimum value in case where the number of

ridges per cycle is equal to 8.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Over the last decade, microfluidic technologies have earned
considerable interest in a variety of disciplines. Some products
have been mass-produced using an MEMS technology. Microflui-
dic devices have been developed for a broad range of applications
in bio-analysis and chemical process technologies. Effective mix-
ing of the fluids is essential in numerous miniaturized multi-
component flow systems. Rapid mixing can reduce analysis time
and improve reaction efficiency in industrial applications. In
practice, both stirring and a turbulent flow are utilized to improve
macroscopic mixing characteristics. The dimensions of micro-
scale systems are so small that Reynolds numbers exceeding 1000
are not feasible, and only a laminar flow of liquid can be observed.
Reynolds number (Re) is the ratio of inertia to viscous forces and
is expressed as Re¼UDH/n, where U is inlet flow velocity, DH is
hydraulic diameter and n is the kinematic viscosity. Notably, rapid
mixing in microfluidic analytical devices cannot be achieved
using conventional approaches.
ll rights reserved.
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In a typical microfluidic device, the mixing of two or more
miscible fluid streams is achieved by molecular diffusion driven
by a concentration difference; however, this process is rather slow.
According to Fick’s first law of diffusion, the flux of the diffusing
species is proportional to the diffusivity and a gradient of the con-
centration (Incropera and DeWitt, 1990). Additionally, the time taken
when molecules travel or diffuse increases in proportion to the
square value of distance, and further depends on the diffusivity of the
diffusing liquid (Cussler, 1984). To accelerate mixing, the essential
mechanisms of mass transportation of a diffusion based micromixer
are the maximization of the contact area of different fluids and the
minimization of diffusing distance. A number of micromixers have
been developed. These can be classified into two groups: active and
passive micromixers. Although the time and channel length required
for active mixing are less than that for passive mixing, active
micromixers are difficult to fabricate, clean and integrate into
microfluidic systems. The main advantage of passive micromixers
is that they utilize no external power, except for that used by the
mechanism delivering fluids into microfluidic systems.

For the past ten years, many studies have investigated passive
mixing in micromixers. Nguyen and Wu, who reviewed existing
micromixers, reported on the recent progress in the development
of micromixers (Nguyen and Wu, 2005). Since generating a
turbulent liquid flow on a microscale is difficult, mixing in passive
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micromixers relies primarily on molecular diffusion and chaotic
advection. By considering molecular diffusion characteristics,
some researchers have examined injection mixing, where one
liquid fluid is injected into the other liquid fluid with micro
plumes (Miyake et al., 1993; Voldman et al., 2000). Some studies
have developed micromixers based on the increase in the contact
surface area via lamination (Mobius et al., 1995; Branebjerg et al.,
1996). These designs separate incoming streams into several
narrow confluent streams that are subsequently rejoined. The
thickness of each fluid layer is markedly reduced in comparison
with characteristic diffusion length, which reduces the mixing
time. Although the flow-splitting technique is effective, it remains
limited by diffusion. Such micromixers need sufficient space to
separate fluids into several channels to allow mixing, and this
may result in a marked pressure drop.

To increase the mixing rate beyond the diffusion limit, off-axis
or lateral transport within the channel must be induced (Jones
et al., 1989). Fortunately, mixing in such laminar flows can be
enhanced through chaotic advection (Johnson et al., 2002). A
chaotic mixer refers to unit operation that stretches and folds
fluid volumes over a channel cross section (Ottino and Wiggins,
2004). Dynamic systems theory indicates that chaotic advection
can occur when a velocity field is either two-dimensional with
time-dependent perturbation or three-dimensional with or with-
out time-dependent perturbation. Chaotic advection typically
results in enhanced transverse flow, and is indicative of rapid
distortion and elongation of material interfaces. This deformation
significantly increases the interfacial area across which diffusion
occurs, resulting in rapid mixing. Some studies achieved chaotic
advection in microstructures using three-dimensional twisted
channels (Liu et al., 2000), electrokinetic instability (Oddy et al.,
2001), or a bas-relief structure on the channel floor (Stroock et al.,
2002). The challenges of three-dimensional twisted channels are
the micro-fabrication of complex structures and the need for a
high Re to stir the fluids and generate chaotic advection. Notably a
micromixer using electrokinetic instability is an active micromixer
with no moving parts that can take advantage of fluctuating electrical
fields to produce mixing, although, a function generator coupled with
a high-voltage amplifier is needed to generate fluctuating electrical
fields. Bas-relief structures, however, are conveniently useful in
generating transverse flows for a wide range of Re without difficult
fabrication or any other active parts.

Stroock et al. (2002) developed two micromixers with bas-relief
structures. One is a slanted, grooved mixer (SGM) in which ridges on
the channel floor form an oblique angle relative to the long axis of the
channel. The other is a staggered herringbone mixer (SHM), in which
a series of asymmetrical herringbone grooves are etched into the
channel floor to increase mixing efficiency. The primary mixing
mechanism may be splitting and reorientation due to periodic up-
and-down-welling motion. Johnson et al. (2002) designed an effective
SGM that has grooves slanted at 451 and/or a series of partial slanted
grooves placed on the channel floor. This mixer has a high degree of
lateral transport across the channel over a broad range of electro-
osmotic flow rates. Some researchers numerically and/or experimen-
tally analyzed these two micromixers to characterize mixing. Both
qualitative and quantitative techniques were applied to describe the
flow fields and mixing mechanisms in channels. The effects of various
geometric parameters of micromixers on the mixing characteristics
were also investigated (Aubin et al., 2003; Lim et al., 2003; Wang
et al., 2003b; Li and Chen, 2005; Aubin et al., 2005; Yang et al., 2005;
Camesasca et al., 2005; Hasssell and Zimmerman, 2006; Ansari and
Kim, 2007; Cortes-Quiroz et al., 2009). The effect of the diamond
ridge offsets from the channel centerline was investigated (Bhagat
et al., 2007), and analytical results show that the design incorporates
break-up ridges within the microchannel that achieve excellent
mixing performance over a wide range of flow conditions.
To improve the mixing performance, researchers have devel-
oped micromixers with patterned grooves or ridges on both the
top and bottom floors of a channel. Some have dealt with the flow
characteristics of liquid in channels with grooves on two opposite
walls. Schonfeld and Hardt (2004) numerically analyzed helical
flows in a bas-relief-structured SGM. They showed that bas-relief
grooves on two opposite walls significantly increase the relative
transverse velocity compared to that in channels with structures
on only one wall. Howell Jr. et al. (2005) developed a microfluidic
mixer containing chevron and stripe grooves on both the channel
top and bottom. This design created vertically stacked vortices, as
well as two vortices adjacently positioned. In comparison with
the SHM, mixing in this system is superior. The mixing fluids in
microchannels, in which barriers are positioned on the channel
top surface and grooves are placed on the bottom, were
studied. Kim et al. (2004) examined barrier embedded micromix-
ers (BEM) in which barriers are periodically inserted along the
channel top surface and slanted grooves are placed on the channel
bottom surface. They determined that the flow field in a BEM has
one hyperbolic point in the velocity field of co-rotating cross-
sectional flows, which inherently causes tremendous stretching
around the channel. Kang and Kwon (2004) applied the colored-
particle tracking method to three patterned-groove micromixers—

the SGM, SHM and BEM. Their numerical results demonstrate that no
notable chaotic mechanism exists in the SGM as opposed to that in
the other two micromixers. Kang et al. (2008) investigated mixing
characteristics of the BEM influenced by periodic and aperiodic
sequences of mixing protocols for varying Re. The higher the Re,
the faster and the more uniform mixing. The mixing of liquid flows
was demonstrated and the ridges were fabricated onto the top and
bottom floors of a channel. Fu et al. (2006) presented the staggered
oriented ridges static micromixers (SOR). In every mixing segment,
the microstructure consisted of microchannels and two pairs of
ridges. The 451 angle characterizing the orientation of the ridges with
respect to the channel is the most appropriate. Their results show
that the interface between the two streams is distorted as it moves
downstream, and a significant amount of stirring accompanies at a
Re of 57.93.

In all of the aforementioned studies, two representative
patterned-groove micromixers, the SGM and SHM, were analyzed
comprehensively. Periodically, the barriers or slanted grooves are
placed on the top surface of a microchannel with microstructures
on the bottom floor in micromixers. As the strength of the helical
flow increases, mixing increases (Kim et al., 2004). Bas-relief
structures on two opposite walls can significantly increase mixing
performance. Nevertheless, few studies numerically and experi-
mentally investigated the influence of various geometric para-
meters on mixing performance of a mixer with grooves or ridges
on two opposing floors. In all of the aforementioned studies, only
one study considered the mixing inside the channels with ridges
constructed onto the top and bottom floors. The top views of the
images from CCD camera and the computational results from CFD
package were used to analyze the flow. The confocal images at the
cross-sections along the channel with the ridges on two floors
were not investigated before. However, to verify the simulation
results and monitor the mixing behaviors at the cross-sections of
the mixing channel, the confocal images would be useful for
analyzing the data and understanding the performance of the device.
Therefore, understanding the fluid flows in crosswise ridge micro-
mixer is of marked importance in the related fields of microfluidics.

In our crosswise ridge micromixer, there exists a distinct,
strong and complex three-dimensional flow field inside the
channel. We attempted to systematically analyze some numerical
computations and flow visualizations, and examined the physical
insights of the flow characteristics and the mixing performances
in our design. This study presents a novel micromixer, in which a
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series of slanted ridges are etched onto the top and bottom floors
of a channel. This micromixer is fabricated using the MEMS
technology. A steady state three-dimensional fluid field is utilized
to describe flow characteristics in the proposed micro system.
From previous studies (Aubin et al., 2003; Hasssell and Zimmerman,
2006; Ansari and Kim, 2007; Kang et al., 2008), the governing
equations at steady state were utilized by the researchers concerned
with the mechanisms of chaotic mixing. Their micromixers made
use of a specific three-dimensional structure to induce a lateral
motion of fluids in a periodic manner, giving rise to chaotic mixing.
Through splitting, rotation and recombination of the fluids, global
chaotic mixing can be achieved. Flow experiments are performed
and compared with numerical simulation results. The effects of non-
dimensional parameters for inlet velocity on flow characteristics are
examined. Finally, the effects of the number of crosswise patterns
with the same orientation for a cycle along the downchannel on the
mixing process are presented in terms of mixing characteristics.
Fig. 1. (A) Schematic diagram of the physical features, (B) the channel layout and

(C) grid system in the computational domain. The microchannel is 750 mm wide

and 90 mm deep.
2. Mathematical model and numerical methodology

This study examines the mixing characteristics of two miscible
liquids entering two branches of a passive micromixer subjected
to a specific inlet pumping velocity at various values of geome-
trical and operational parameters. Numerical simulations are
conducted to assess the mixing performances of two different
liquid flows inside microchannels. It is assumed that a steady
state is reached in the channel; variations in concentration do not
alter fluid viscosity and density, and channel walls are smooth.
The effects of surface tension on the interaction between two
miscible liquids on Earth are masked by the effects of gravity and
density. On Earth, miscible liquids effectively combine into one
relatively homogenous (or equally distributed) solution (Pojman
et al., 2007). There is no real interface when liquid is perfectly
miscible. Surface tension forces in this study are neglected.

The governing equations consist of conservation of mass,
momentum and species equations. The conservation of mass
and momentum equations are solved to identify the flow fields
of the liquids. Species transport by pressure-driven flows occurs
as a result of convection and diffusion, and can be described by
the combined species convection-diffusion equation. In symbolic
notation, the steady state equations can be expressed as

rUU
!
¼ 0 ð1Þ

rU
!

UrU
!
¼�rPþmr2 U

!
ð2Þ

rU
!

Urf¼Dr2f ð3Þ

where U
!

is the fluid velocity vector, r is the fluid density, P is the
pressure, m is the fluid dynamic viscosity, f is the mass concen-
tration and D is the diffusivity. Eq. (3) must be solved together
with Eqs. (1) and (2) in order to achieve computational coupling
between the velocity field solution and the concentration distribution.

The computational fluid dynamics package, CFD-ACE+TM, which
uses a finite volume approach, is utilized to solve the three-
dimensional flow fields and mixing of two fluids. A nonlinear
steady-state algorithm is used for hydrodynamic calculations, and
a linear steady-state algorithm is applied to solve the diffusion-
convection equation. Three-dimensional structured grids are used,
and the SIMPLEC method is employed for pressure–velocity cou-
pling (Van Doormaal and Raithby, 1984). The spatial discretizations
for the convection terms are performed using a second-order
upwind scheme with limiter (Barth and Jespersen, 1989) and the
spatial discretizations for the diffusion-like terms are then presented
applying a second-order central difference scheme. The simulation is
implemented for a steady state. A fixed-velocity condition is set at
the mixer inlet; the boundary condition at the outlet is a fixed
pressure. The concentration of species is normalized to 1 and 0 for
the inlet on the right and left sides, respectively. The fluid properties
are set as the physical and thermodynamic properties of water at
300 K. The algebraic multigrid (AMG) solver is utilized for pressure
corrections (Wienands and Joppich, 2005), and the conjugate
gradient squared (CGS) and preconditioning (Pre) solvers are used
for velocity and species corrections during an iteration (Sonneveld,
1989). The inertial relaxation for velocities is set to 0.1, and the
linear relaxation for pressure is set to 0.5. The solution is considered
converged when the relative errors of all transported variables are
o10�4 between successive sweeps.

This study considers some different flow system configura-
tions. The general configuration consists of some slanted ridges
cut onto the top and bottom floors (c.f. Fig. 1(A)). It is composed of
two layers. Some ridges are cut on the top layer, and some are
etched on the bottom layer. The ridges etched onto the two floors
have tangential surfaces. The tangential surface of the two ridges
is at the center of the channel. The 451 angle characterizes the
orientation of ridges with respect to the channel. Fig. 1(B) shows a
top view of the crosswise structural patterns; the proposed
micromixer is named as a crosswise ridge micromixer (CRM).
The grid systems in the computation domain are chosen to ensure
orthogonality, smoothness and low aspect ratios to prevent
numerical divergence (Fig. 1(C)). Poor grid systems can enhance
numerical diffusion effects. In Eulerian simulations, time and
space are divided into discrete grids, and the continuous differ-
ential equations of motion are deconstructed into discrete equa-
tions. These discrete equations are generally more diffusive than
the original differential equations; thus, the behavior of the
simulated system differs from that of the intended physical
system. If liquid fluids flow diagonally through the simulated
grid, then the numerical effect takes the form of an extra high
diffusion rate. In the proposed grid systems, meshing is generally
aligned in the flow direction in the computational domain. The
models do not include the input Y-junction, but rather start
directly at the microchannel entrance. To minimize the effects
of the meshing on mixing, mesh density is increased continuously
until it has minimal effects on the mixing index at the outlet cross
section. Grid size sensitivity was analyzed at the very beginning
of the numerical simulations and shown in Table 1. The middle
case has been chosen for further investigation, since the mixing
indices at the three different locations are almost the same. These
grids have been chosen to ensure that numerical results are grid-
independent.

The uniformity of mixing at sampled sections is assessed by
determining the mixing index j of the solute concentration,



Table 1
Grid sensitivity analysis.

Number of nodes Mixing index

x¼0.065 cm x¼0.951 cm x¼1.842 cm

724,425 11.09% 36.66% 54.39%

824,040 10.33% 36.09% 53.71%

908,600 10.23% 36.04% 53.68%
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which is defined as

j¼ 1�

R
A9I�Iave9dA

R
A0
9I0�Iave9dA

ð4Þ

where I is the concentration value (between 0 and 1) on the
sampled section A, Io is the concentration value at the inlet plane
A0 and Iave is the averaged value of the concentration over the
sampled section. The mixing index j range is from 0 for no
mixing to 1 for complete mixing.
Fig. 2. Schematic diagram of the microfabrication process of SU-8 molds and the

PDMS micromixers.
3. Fabrication process and flow visualization

For experimental characterization of mixing performance of
passive micromixers, two different microchannels are fabricated—a
microchannel with only crosswise grooves, and a microchannel with
slanted ridges on the top and bottom floors of channels. The flow
device is fabricated using a replica molding method. Fig. 2 schema-
tically shows the microfabrication process. Initially, a silicon wafer is
cleaned and dehydrated on a hotplate (Fig. 2(A)). A thin film is
fabricated by spin coating negative photoresist (SU-8) onto a silicon
wafer. The resist is then soft baked on a level hotplate (Fig. 2(B)). The
channel pattern is fabricated by photolithography, using a chrome
photo mask (Fig. 2(C)). After development, the master is washed and
baked to fix the photoresist. A wafer with patterned SU-8 is then
obtained (Fig. 2(D)). Once the mold is complete, the wafer is rinsed in
deionized (DI) water and dried with nitrogen. After pouring the
polydimethylsiloxane (PDMS) prepolymer mixture onto the wafer
with the patterned SU-8, micro-structures are fabricated using a
PDMS molding process with an SU-8 mold (Fig. 2(E)). The PDMS
prepolymer mixture is degassed with a mechanical vacuum pump to
remove air bubbles. The PDMS is then cured in an oven and the
PDMS replicas are peeled off from the master (Fig. 2(F)). The
microchannels are designed by forming molds of the upper and
lower plate structure via conventional planar lithography. The inlet
and outlet holes are then drilled (Fig. 2(G)). Methanol is used as a
surfactant to prevent two oxygen-plasma-treated PDMS replicas
from being irreversibly bonded when aligned improperly. After O2

plasma treatment and bonding, the designed microchannels are
fabricated. A series of crosswise grooves are etched into the bottom
floor of a channel, and a series of slanted ridges are etched onto the
two floors of a channel (Fig. 2(H)). Fig. 3 shows the scanning electron
micrographs (SEM) of the microchannel for one typical micromixer
in this study. Some slanted ridges are fabricated near the input
Y-junction on one layer of the channel (Fig. 3(A)), and the slanted
ridges switch directions inside the channel (Fig. 3(B)). The micro-
channels are put together by bonding the two same layers. The
width, thickness and length of the microchannels are 750 mm, 90 mm
and 4 cm, respectively, for all three microchannels. The ridges are
45 mm deep and 890 mm long, and are shown in Fig. 3(A).

For the mixing experiment in pressure-driven flows, two
different fluids are injected into the microchannels using a
syringe pump (Programmable Syringe Pump, KD Scientific, USA)
at preset constant flow rates. The experimental setup for testing
the performance of the fabricated micromixers is described as
follows. One syringe is loaded with DI water and the other is
loaded with black Quink Ink (Parker, USA). The working fluids first
enter the inlet channels, flow through the micromixer, and finally
exit through a outlet channel. Several experiments were performed
with various flow rates for different micromixers to investigate the
effects of operational and geometrical parameters on the mixing
performance. Once the steady state is attained, the color changes
along the downchannel direction are captured by a microscope and
high-speed camera (X-StreamTM XS-4, IDT, USA) at a magnification
of 40� with a graphic grabber system (VCD-Gear TV Plus). To verify
the simulation results, a confocal microscope (Leica TCS SP2, Leica
Corporation, Germany) is utilized to monitor the mixing behaviors at
the cross-sections of the mixing channel. One syringe is filled with
fluorescent solution (99% DI water and 1% rhodamine B, Fluka,
Germany), while the other is filled with DI water only. The images
of the fluorescent solution are excited at 543 nm with a He–Ne green
laser and the signal of fluorescent emission can be detected in red
(585 to 615 nm). The fluorescence is monitored with a confocal
microscope equipped with an air objective (10� /0.4, N/0.17/A). The
XY cross-section is scanned with a resolution of 1024�1024, and the
YZ cross-section is scanned with a resolution of 1024�240 (total
distance along the z-axis is 120 mm with an interval of 1.5 mm).
Images are analyzed using image processing software (ImageJ,
Version 1.24o). Intensity linescans of the channel cross section at
different locations are utilized to determine the amount of mixing.

This study normalizes the color intensities of pictures taken in
experiments with each micromixer; i.e., Eq. (5) is used to normal-
ize color intensity of each pixel.

In ¼
I�Imin

Imax�Imin
ð5Þ

where Imin is the minimum intensity of a pixel measured from
the mixer when DI water flows into the two inlets, Imax is the



Fig. 3. The SEM images of the fabricated microchannel made of PDMS; the magnified image shows the slanted ridges. Two fluids are introduced from channels A and B. The

length of the ridges is 100 mm. The gaps between a ridge and channel wall and between ridges are 25 and 40 mm, respectively.
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maximum intensity of a pixel measured from the mixer when the
fluorescent or black ink solution flows into the two inlets, Ii is the
color intensity of a pixel, and In is the normalized color intensity
of a pixel. The uniformity of the mixing at sampled sections is
then evaluated by deriving the mixing index j of the solute
concentration, which is the same as that derived by Eq. (4), except
that I is replaced by In. The mixing index ranges from 0 for no
mixing to 1 for complete mixing. The micromixers are designed
for investigating the effects of various parameters, such as
Reynolds number, on mixing characteristics associated with the
geometric effect.
4. Micromixer design

In this section, the design concept of the crosswise ridge
micromixer is introduced. From the preliminary studies on the
slanted grooved micromixer (SGM), a rotational motion of the fluids
is generated. A repeating unit of the crosswise ridge micromixer
(CRM) has a simple two-layer structure consisting of crosswise
slanted ridges cut onto the top and bottom floors. The crosswise
slanted ridges in the channel create helical flows rotating either
clockwise or counterclockwise depending on its orientation, as
shown in Fig. 4. Several cross-sectional locations of the structure
are expressed with (a), (b), (c), (d), (e), (f), (g) and (h). The first ridge
on the top floor slants from left to right, and the ridge on the bottom
floor slants from right to left. These ridges create two counter-
clockwise helical flows side by side within the channel near the
location (a). Then two helixes flow toward the central region of the
channel. Because the ridges are stacked between locations (b) and
(c), no fluids can flow through the central region and the two helixes
merge into a single large one. The size of the helical flow decreases
(between locations (b) and the blue line shown in Fig. 4), and then
increases (between the blue line and locations (c) shown in Fig. 4).
After leaving this region, the helical flow splits into two and the
helixes approach the wall separately. The next ridges slant in the
opposite direction. These ridges create two clockwise helical flows
side by side near the location (d). Similar flow characteristics can be
observed along the downchannel. A significant amount of split and
recombination (SAR) helical flows exist due to fluids flowing
through the slanted ridges embedded on the two floors of the
channels. The ability to sequentially combine these flow regimes
creates much contact surface between two fluids and rapid mixing
in the channel.

In order to perform a comprehensive analysis of the mass
transfer mechanism in CRM, the cross-sectional concen-
tration distributions are utilized to demonstrate the mixing
characteristics along the downstream channel. Besides, in an
effort to understand the two-fluid mixing inside the mixer, the
velocity vector planes are utilized to demonstrate the rotation of
the fluid flows. Fig. 5 shows the bas-relief patterns for the mixer
with slanted ridges on its two floors, and several cross-sectional
locations of the second structure from the inlets at 1.5, 1.65, 1.85
and 2 mm are also noted with (a), (b), (c) and (d). The cross-
sectional velocity vectors change along the downchannel from the
outlet at an input flow rate of 100 ml/min (Fig. 5), which
corresponds to an inlet flow velocity of 0.05 m/s and Reynolds
number of 10. Reynolds number (Re) is the ratio of inertia to
viscous forces. The void bottom areas in the images represent the
solid section of the micromixer. The flow field has two compo-
nents along the channel. One is the downchannel flow component
(dots in Fig. 5). The other one is the transversely rotational flow
component. The slanted ridges are on the top and bottom channel
floors, and two leading and trailing edges are in the cross-
sectional area. The leading edge of the ridge functions as a sink
and the trailing edge of the ridge functions as a source. Due to this
combination of a source and sink, rotational flows occur in the
channel. Vortices are centered on the ridges, and these vortices
follow the ridges across the channel. These two components, the
downchannel flow component and transversely rotational flow
component, result in an overall helical flow inside the micro-
channel and two counterclockwise flow patterns occur. One
counterclockwise flow moves from the left side to the right side,
and the other flow moves from the right to left simultaneously.
The flow feature of the two helical flows is the main mass
transport mechanism of the crosswise patterned mixer. Thus,
the helical flows generate superior mixing. Fig. 5 also shows the
simulated mixing results at four cross-sectional areas along the
channel. The transversely rotational flow pushes the fluid across
the channel central line. An enlarged interfacial surface area is
increased considerably. These images (Fig. 5) show the stretching
of the two fluids, indicating that mixing can be improved. The
fluorescence in confocal images is classified into two regions,
namely bright and dark regions. The confocal images differ a little
from the simulation. Some of the bright regions in confocal
images overlap the solid sections of the micromixer; this is
because of the light scattering effects occurring at the crosswise
ridges. However, it can be observed that the bright region stretches
to the dark region, because of the transversely rotational flow.

This work examines a microchannel with a flat floor and a
microchannel with the crosswise grooves on the bottom floors to
confirm the performance of the CRM. This study analyzes three
different configurations of a microfluidic system via numerical
simulations and experimental measurements. The top views of
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Fig. 4. The lateral flow patterns along the downchannel generated by the crosswise slant ridges. (For interpretation of the references to color in this figure, the reader is

referred to the web version of this article.)
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the images along the downchannel direction were commonly
used to qualitatively characterize the mixing performance of the
micromixer. In our work, the top view of the color changes along
the downchannel direction are captured by a microscope and
high-speed camera with a graphic grabber system. The micro-
channels are 750 mm wide, 90 mm deep and 4 cm long. The
experimental mixing results for each micromixer are taken at
five representative positions, 0, 1, 2, 3 and 4 cm beyond the
Y-junction in the downchannel direction. The above parameters’
values are utilized unless specified otherwise. Fig. 6 presents
experimental results of each micromixer at five representative
positions along the downchannel direction, when DI water and
ink–water solutions are injected through each inlet at an Re of 10.
For the Y-type mixer shown in Fig. 6(A), two parallel streams
meet at the exact center of the channel and, thus, the interface is
clearly observed in the front section of the channel. This result
shows that the flow field in this channel is essentially a laminar
flow to the channel end. The mixing of two fluids is only through
molecular diffusion across the interface of the two liquids. A
sufficiently long channel length is needed to complete the mixing.
The crosswise grooves on the bottom floors (Fig. 6(B)) only
generate a slight improvement in mixing between the two fluids
in the microchannel, and the interface of the two fluids is not
evident. The two fluids mix only around the channel central line
from the Y-junction to the outlet; that the mixing process can be
achieved very rapidly is not obvious. Since the crosswise grooves
on the bottom floors are symmetrical with the microchannel
central line, the distortions in the interface of two fluids are
caused by the crosswise microstructures and/or small differences
in velocities at the two inlets (this phenomenon is discussed



Fig. 5. The locations of cross-sections from (a) to (d). The vector planes and mixing characteristics at four cross-sectional areas along the downchannel. And the cross-

sectional images of experimental mixing patterns observed with a confocal microscope.
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later). The interface of the two fluids remains clear until they
reach the outlet, demonstrating that mixing is limited by pure
diffusion and is very poor. In Fig. 6(C), the ink–water solution is
spread across the channel and broken up into several separate
streams. The number of ridges per cycle is 4. The first two ridges
at the top floor slant from left to right, and those at the bottom
floor slant from right to left. The next two ridges slant in the
opposite directions. At the end of the channel, the mixed fluids
are well dispersed across the channel. Notably, due to the
increases of the interfaces of the two fluids, mixing is improved
by placing slanted ridges on the top and bottom floors.

Simulation results are presented and compared with experimen-
tal data at two specific positions. Fig. 7 lists the numerical mixing
characteristics of the above three micromixers from Fig. 6(A) to
(C) compared with experimental results. These experimental results
are taken at two specific positions, 0 and 1 cm beyond the Y-junc-
tion along the downchannel direction, and the flow conditions are
the same as those in cases from Fig. 6(A) to (C). Among the
numerical results shown in Fig. 7, the fluid with blue color is
representative of the black Quink Ink and the fluid with red color
represents the DI water. In the Y-type mixer, two fluids meet at the
centerline along the downchannel (Fig. 7(A)). Mixing performance
is almost negligible; this numerical result is the same as the
experimental result. The crosswise grooves in the crosswise groove
mixer are symmetrical with the central line in Fig. 7(B). The two
fluids reach the front edges of the grooves at the same positions,
enter the grooves, flow beneath the main stream from the side
edges to the central line, meet at the central line and flow back to
the side edge. Because the structures are symmetrical, the liquid
flowing through the grooves cannot enter the main stream section
of the other fluid. Thus, the two fluids are mixed only via a
molecular diffusion process. Notably, contact surface of the two
fluids cannot be increased. The inlet velocities of the blue and red
liquids are set at 0.051 and 0.05 m/s, respectively. The interface of
the two fluids is not coincident with the channel central line,
because the inertial forces of the two fluids differ. The two fluids
flow to the front edges of the crosswise grooves and enter the
grooves. The fluid with the fastest inlet velocity has a large inertial
force and can push the other fluid away from the channel’s central
line; thus, the interface of two fluids is no longer coincident with the
symmetrical axis. The mixing performance is slightly improved as a
result. This study examines the mixing characteristics of the cross-
wise ridge mixer with slanted ridges on its two floors, which is
shown in Fig. 7(C). The two fluids reach the front edges of the ridges
at the same positions, flow along the ridges from the side edges to
the central line, meet at the central line, flow across the ridges, reach



Fig. 6. Top viewed photographs of the experimental mixing results shown from left to right are taken at five representative positions, 0, 1, 2, 3 and 4 cm beyond the

Y-junction in the downchannel direction. (A) The Y-type mixer, (B) the crosswise groove mixer with crosswise grooves on the bottom floors and (C) the crosswise ridge

mixer with slanted ridges on the top and bottom floors when Reynolds number is 10.

Fig. 7. Numerical mixing results for the (A) Y-type mixer, (B) crosswise groove mixer with crosswise grooves on the bottom floors and (C) crosswise ridge mixer with

slanted ridges on the top and bottom floors. These numerical results are compared with experimental results at representative positions of 0 and 1 cm beyond the

Y-junction along the downchannel direction. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the side edge and roll back to the central line. The contact areas of
two fluids are increased drastically and the diffusion distance is
decreased significantly. Mixing is greatly enhanced.

The results are compared with the previous work of Fu et al.
(2006): staggered oriented ridges static micromixers (SOR). In every
mixing segment of their design, the microstructure consisted of
microchannels and two pairs of ridges. Two ridges are located in the
top layer, while the other two are located in the bottom layer. Their
results show that the interface between the two streams is distorted
as it moves downstream, and a significant amount of stirring
accompanies an Re of 57.93. This stirring is a continuous deforma-
tion of the interface and redistribution of the stream. The top views
of the mixing performance of the CRM at different representative
positions along the downchannel direction are demonstrated in
Fig. 8. The input flow rate in our crosswise ridge micromixer is equal
to 500 ml/min, which corresponds to an Re of 50. Good mixing at the
channel end has been achieved. The interface between streams is
indistinct as they move downstream, shown in Fig. 8(A). In addition,
the fluids flow along the ridges, reach the side edge and roll back to
the central line. The interfaces of two fluids are increased drastically.
The geometric design of the proposed SOR is modified and scaled to
be of similar size to that of our mixer. In their design, the value of w

is 750 mm, h is 90 mm, q is 1480 mm, s1 and s2 are 375 mm, and y is
451. Numerical results are compared with our mixer by utilizing the
mixing index at every two mixing segments. In Fig. 8(B), mixing
index is plotted against the segments of the micromixers. It is
revealed that the mixing index moves up relative to an increase in
the number of mixer segments for each mixer considered. The
ridges on the top and bottom layer in Fu’s group’s work have
tangent planes. The tangent position of two staggered ridges is not
at the center of the channel. And the ridges are not stretched to the
side walls. The slanted ridges from one side of the channel to the
other are etched onto the top and bottom floors of a channel in CRM.
The interface is stretched much more for our mixer than that of an
SOR, so the mixing index of our mixer is always higher than that of
an SOR.



Fig. 8. Comparison results with the previous study (Fu et al., 2006): (A) photographs of mixing at Re¼50 in CRM and (B) the mixing index vs. number of mixing segments.

Fig. 9. Experimental mixing indices for various Reynolds numbers at different

locations. The dashed line represents that the mixing index is equal to 0.9, and the

mixing length is the channel length required for achieving the mixing index of 0.9.
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5. Results and discussion

The effects of various Reynolds numbers on flow fields and
mixing characteristics inside the microfluidic system are exam-
ined first. The effects of the number of crosswise patterns on
mixing performance of microchannels are then investigated. The
experimental results for the crosswise ridge mixer (CRM) with
ridges on the top and bottom floors are studied, and the effects of
various inlet velocities on mixing characteristics are analyzed.
An Re of 0.05, 0.1, 1, 10 and 50 are considered; these numbers
correspond to inlet flow velocities of 0.00025, 0.0005, 0.005, 0.05
and 0.25 m/s, respectively. In Fig. 9, the mixing index at five
specific locations of 0, 1, 2, 3 and 4 cm are calculated at various Re.
The dashed line represents a mixing index equal to 0.9, and the
mixing length is the channel length required for achieving
the mixing index of 0.9. Linear regression is utilized to predict
the mixing index at different locations for each Re. The linear
model can be expressed as j¼ axþb, where j is the mixing index
and x is the location distance from the inlet. From each linear
equation, the predicted mixing length can be obtained by setting
the mixing index equal to 0.9. The resulting mixing lengths are
4.86, 6.16, 6.41, 4.91 and 3.65 cm at an Re of 0.05, 0.1, 1, 10 and
50, respectively. Because the inertial force of the fluids was so
small that it is negligible at Re¼0.05, mixing is dominated by
pure molecular diffusion. The time of contact between two fluids
is sufficiently long enough to generate significant mixing with a
mixing length of o5 cm. As the Re rises gradually, the viscous
force of fluids is still dominant, and the effects of various Re on
mixing are not distinct. However, the mixing length for 0.1oReo1
is longer than that at an Re equal to 0.05. For Re41, the mixing
length decreases with increasing Re; the increased inertial force
enlarges the contact area between two fluids. When the Re is 50,
good mixing at the channel end has been achieved. The interface
between streams is indistinct as they move downstream. By the
naked eye, one can see that mixing in the channel increases as the
Re increases (Fig. 8(A)).

The experimental mixing capability of the CRM with ridges on
the top and bottom floors at several Re is quantified (Fig. 10) by
comparison with numerical results. Each normalized intensity is
plotted at the abscissa corresponding to different Re. At low Re,
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0.05oReo1, viscous forces in the fluid are larger than inertial
forces; thus, inertia can be neglected. Fluid velocity in a channel
cross section is essentially two-dimensional, and the flow creeps
through the ridged channels. Therefore, no lateral transportation
exists and the interface is not distorted; only the positions of
the fluids change. Mixing within the stated range of the Re is
Fig. 10. Experimental and numerical mixing indices for various Reynolds numbers

at different locations.

Fig. 11. Schematic representation of the channel layout and the direction of the flow. M

and (B) 2 ridges are placed on the floors in one cycle.
dominated by pure molecular diffusion. Mixing improves at an Re

of 0.05 due to the corresponding increase in residence time.
Residence time is generally a useful concept that states how fast
something moves through a system. In a microfluidic system,
residence time is the average time fluids spend within a particular
microchannel. The velocity of the fluid is slow when the Re is
small; thus, residence time increases. Therefore, two different
fluids have increased time to mix via pure diffusion. The mixing
index then decreases as the Re increases within the range 0.05–1.
When the Re are 1–50, both viscous and inertial forces are
important. Consequently, the flow around a ridge will be three-
dimensional, with secondary flows generated in the channel cross
section in addition to the bulk flow along the channel axis. These
secondary flows, combined with the axial flow, distort and stretch
material interfaces. Thus, the size of the interfacial area across
which diffusion occurs at increases markedly, leading to rapid
mixing. Thus, when the Re is 50, mixing performance is
improved. Fig. 10 shows simulation results at the location of
1.5 cm, which are compared with experimental results. Results
show that the normalized average intensity changes at various Re.
Because of the numerical diffusion in the computational domain,
the mixing index at the specific location by numerical simulation
is larger than that by experimental measurement, and not
identical. However, the trends of the experimental results and
numerical data are very similar.

The mixer has several mixing segments. A mixing segment is
composed of two consecutive regions of ridges, i.e., two half-
cycles. The direction in which the ridges slant changes relative to
the channel centerline from one region to every other half cycle.
ixing characteristics for various numbers of ridges in the channels per cycle: (A) 8
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The schematic representation of the channel layout and the
direction of the flow are shown in Fig. 11. This study presents
the effects of the number of ridges per cycle on mixing quality.
Two and eight ridges are placed on the floors in one cycle
(Fig. 11(A) and (B)) at an Re of 50. The orientations of the ridges
are the same in each half cycle. The confocal images are taken at
four representative positions marked by the rectangular box
(Fig. 11). Two liquid fluids flow along the ridges from the side
edges to the central line, flow across the ridges and reach the side
edge. When the number of ridges per cycle is 2, the interface of
the two fluids is stretched after they pass through the previous
ridge. The area of the interface is then decreased after passing
through the next ridge with changing direction. The fluids flow
across the channel central line and then soon flow back to the
initial regions, when the number of the ridges in one cycle is 2.
The change in ridge slant direction redirects the fluids toward the
channel centerline. Thus, the contact area along the downchannel
is reduced and mixing is poor. As the number of ridges in one
cycle increases to 8, the stretching effect of the two fluids
Fig. 12. The mixing characteristics for various numbers of the ridges per cycle. (A) The

4 and 2 ridges are placed on the floors in one cycle, respectively. (F) The mixing perfo
increases and a high mixing index is attained. Numerical results
are compared with the experimental results, and they correlate
well with each other.

The effects of various numbers of ridges per cycle on the
mixing quality are then shown. In Fig. 12(A), the orientation of all
patterns is in the same direction, and the concentration distribu-
tion from the top view is shown. Of about 16, 8, 4 and 2 ridges are
placed on the floors in one cycle and are represented in Fig. 12(B),
(C), (D) and (E). The mixing indexes are 0.736, 0.708, 0.642, 0.556
and 0.393 at an Re equal to 50. The more ridges per half cycle, the
more pronounced effect of fluid spreading is and higher mixing
indexes are achieved. The mixing performances of the crosswise
ridge mixer with different numbers of ridges on two floors at
several Re are demonstrated in Fig. 12(F). The mixing index is
0.736 for ridges placed with the same orientation. It indicates
that the stretching of two fluids cannot be more distinct when
the number of ridges per cycle is equal to eight or above. Thus, the
mixing performance achieves optimum value in case, where the
number of ridges per cycle is equal to 8.
orientation of all patterns is in the same direction. (B), (C), (D) and (E) are 16, 8,

rmances of the CRM with different numbers of ridges on two floors.



Fig. 13. The mixing performances of the CRM with different channel widths.
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The effects of the geometric parameters on mixing are critical
in the design of the micromixers. Several studies have examined
the relationship between the ridge design and the mixing perfor-
mance. Earlier experimental tests proved that the 451 angle
characterizing the orientation of the ridges with respect to the
channel is the most appropriate (Liu et al., 2005). Wang et al.
(2003a) investigated influences of the ridge height on mixing.
When the size of ridges becomes larger, the lateral velocity
increases, and so does mixing efficiency. In previous works, the
effects of the channel height on the mixing length at a constant
flow rate (Gobby et al., 2001) and at a constant cross-sectional
area (Wang et al., 2002) were examined. Results showed that a
minimum exists at an aspect ratio of channel height to channel
width, when the flow rate is constant. In our work, the width,
thickness and length of the microchannels are 750 mm, 90 mm and
4 cm, respectively, for all microchannels. The height of the ridges
is 45 mm and is shown in Fig. 3(A). The ratio of the ridge height to
the channel thickness is 0.5. The effects on mixing of ratios of the
ridge height to the channel thickness, which are 1/2, 1/3, 1/4 and
0, are examined and not shown in this article. Results show that
the largest mixing index is obtained when the ratio of the ridge
height to the channel thickness is equal to 0.5. A significant
amount of split and recombination (SAR) helical flows are also
produced in this case. As the ratio of the ridge height to the
channel thickness decreases, the mixing index is decreased due to
pure diffusion. For two fluids flowing parallel in a channel, the
diffusion occurs at the interface of the two fluids. This interfacial
area is distorted and increased, resulting in rapid mixing. Finally
we show influences of various channel widths on the mixing. Four
ridges are placed on the floors in one cycle at an Re of 10. The
mixing indexes at five specific channel widths of 1500, 1000, 750,
500 and 375 mm are calculated with a constant value of channel
height (i.e., 90 mm) in Fig. 13. The inlet velocity increases as the
channel width decreases at a constant Re. The layout of ridges
gives different resistances to the flow, and the fluids follow the
path with lower flow resistance. Then, part of the fluid is distorted
and redirected to the area without ridges. The fluid velocity near
the ridges is increased further to keep the mass conservation.
Thus, interface between the two streams is distorted as it moves
downstream, and a significant amount of stirring accompanies
this distortion. It is found in Fig. 13 that when keeping a fixed Re

the mixing index decreases by increasing the channel width.
6. Conclusions

This study elucidated the mixing characteristics of two fluids in a
crosswise ridge micromixer (CRM) via numerical and experimental
studies associated with microchannels with various inlet velocities.
The mixer is fabricated in PDMS using standard MEMS technology. A
three-dimensional computational model is proposed for mixing two
fluids. Analytical results are presented in terms of concentration
distributions and velocity vector planes. Fluid flows are simulated to
investigate the mixing indexes of the fluids and/or velocity vectors
at cross-sectional regions. For microchannels with crosswise ridges
on the top and bottom floors, the downchannel and transversely
rotational flows result in helical flows along the downchannel.
Mixing performance is significantly influenced by the split and
recombination (SAR) helical flows and depends on Reynolds num-
ber. Experimental results demonstrate that the micromixer with
slanted ridges embedded on the top and bottom floors of channels
has excellent mixing efficiency, and the mixing index increases
when Reynolds number is increased to 50. The confocal images at
the cross-sections along the channel with ridges on both the channel
top and bottom are first investigated in our study. Some of the
bright regions in confocal images overlap the solid sections of
the micromixer, because of the light scattering effects occurring at
the crosswise ridges. Numerical results are also compared with
experimental measurements and show similar trends for distribu-
tions of concentrations and the mixing indexes of the two fluids.
Finally the effects of various numbers of crosswise ridges in one
cycle of the channels are also examined. Geometric changes sig-
nificantly affect the mixing of liquids in the microchannel. The
orientations of ridges have a considerable effect on the direction of
fluids. Thus the mixing performance achieves an optimum value in
case where the number of ridges per cycle is equal to 8. The major
goals of this paper are to investigate the physical insights of the flow
characteristics and the mixing performances in the crosswise ridge
micromixers. The readers are referred to good literatures for a full
discussion about the effects of the ridge designs on mixing. Our
future work is to optimize the crosswise ridge design by system-
atically integrating a CFD package with an optimization methodol-
ogy based on the use of design of experiments. From the transport
point of view, the three-dimensional steady or unsteady flow leads
to much faster dispersion than the two-dimensional unsteady flow
does. This should lead to better mixing (Cartwright et al., 1996). We
should be reporting in future work a time-dependent three-dimen-
sional computation to perform a comprehensive analysis of the
mass transfer mechanism in crosswise ridge micromixer.
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