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Abstract—A three-dimensional serpentine microchannel design
with a “C-shaped” repeating unit is presented in this paper as a
means of implementing chaotic advection to passively enhance
fluid mixing. The device is fabricated in a silicon wafer using a
double-sided KOH wet-etching technique to realize a three-dimensional channel geometry. Experiments using phenolphthalein
and sodium hydroxide solutions demonstrate the ability of flow
in this channel to mix faster and more uniformly than either
pure molecular diffusion or flow in a “square-wave” channel for
Reynolds numbers from 6 to 70. The mixing capability of the
channel increases with increasing Reynolds number. At least 98%
of the maximum intensity of reacted phenolphthalein is observed
in the channel after five mixing segments for Reynolds numbers
greater than 25. At a Reynolds number of 70, the serpentine
channel produces 16 times more reacted phenolphthalein than
a straight channel and 1.6 times more than the square-wave
channel. Mixing rates in the serpentine channel at the higher
Reynolds numbers are consistent with the occurrence of chaotic
advection. Visualization of the interface formed in the channel
between streams of water and ethyl alcohol indicates that the
mixing is due to both diffusion and fluid stirring. [439]
Index Terms—Chaotic advection, fluid mixing, microfuidics.

I. INTRODUCTION

R

APID mixing is essential in many of the microfluidic
systems targeted for use in biochemistry analysis, drug
delivery, and sequencing or synthesis of nucleic acids, among
others [1]–[3]. Biological processes such as cell activation,
enzyme reactions, and protein folding often involve reactions
that require mixing of reactants for initiation. Mixing is also
necessary in many microfabricated chemical systems that carry
out complex chemical synthesis [4], [5].
When the dimensions of a channel cross section are tens of
micrometers, molecular diffusion can mix two fluid streams in
just a few seconds. However, when the dimensions are several hundred micrometers, a molecular diffusion-based mixing
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ficient in solutions containing macromolecules that have diffusion coefficients one or two orders of magnitude lower than that
of most liquids [6]. Effective mixing at this scale requires that
fluids be manipulated to increase the interfacial surface area between initially distinct fluid regions so that diffusion can complete the mixing process in a reasonable time. Unfortunately, the
rapid mixing produced by turbulent flows is usually not available at the microscale because the Reynolds number (Re)1 is
typically below the critical value for transition to turbulence.
Thus, some other mechanism must be used to enhance mixing.
The literature contains a number of devices designed to enhance mixing on the microscale. These devices fall into one of
two categories: 1) active mixers [7]–[9] that exert some form
of active control over the flow field through such means as
moving parts or varying pressure gradients or 2) passive mixers
[10]–[12] that utilize no energy input except the mechanism
(pressure head or pump) used to drive the fluid flow at a constant
rate. While active mixers can produce excellent mixing, they are
often difficult to fabricate, operate, clean, and integrate into microfluidic systems. Thus, the focus here is on passive mixing
because it is relatively simple to implement.
It has been shown that a “twisted pipe” has the potential to enhance mixing even at low Reynolds numbers [13]. This mixing
enhancement is possible because of the phenomenon known as
chaotic advection [14], [15], in which simple regular velocity
fields produce chaotic particle trajectories. Dynamical systems
theory shows that chaotic particle motion can occur when a
velocity field is either two-dimensional and time-dependent or
three-dimensional (with or without time dependence). The occurrence of chaotic advection typically indicates rapid distortion
and elongation of material interfaces. This process significantly
increases the area across which diffusion occurs, which leads to
rapid mixing. On the macroscale, “twisted-pipe” configurations
have proven to be very effective mixers for Re  60 [16]–[18].
Here we present a microchannel design based on the “twisted
pipe” and document the mixing performance of the flow in this
channel for Re from 6 to 70. A preliminary report on this work
was presented at the International Transducers’99 Conference
held in Sendai, Japan [19].
II. DESIGN AND FABRICATION
In order to mix well at low Reynolds numbers, the geometry
of a channel must be “complicated enough” that chaotic advec1The Reynolds number gives the ratio between inertial forces and viscous
forces in a flow. The definition used here is Re = (Q=A)Dh = , where Q
is the volumetric flow rate through the channel, A is the cross-sectional area,
and Dh is the hydraulic diameter of the channel (4A/wetted perimeter of the
channel), and  is the kinematic viscosity of the fluid.
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(a)

Fig. 1. (top) Schematic of the three-dimensional serpentine channel. “Viewing
windows” in the channel are labeled 1–10. (middle) Schematic of square-wave
channel. (bottom) Schematic of straight channel.

tion results. However, in order for the channel to be easily fabricated and integrated into existing microfluidic systems, the geometry should remain relatively simple. It is the optimization of
these competing factors that drives our design.
Fig. 1(top) shows a schematic of the three-dimensional serpentine channel geometry. The basic building block of this geometry is a “C-shaped” section that turns the fluid through 180
and lies in a plane. The channel guides the fluid through an
in-plane C-shaped section, rotates the fluid by 90 , and then
guides the fluid through another in-plane C-shaped section. The
planes of two successive C-shaped sections are perpendicular to
one another. Two successive C-shaped sections will be referred
to as a mixing segment. The serpentine micromixer tested consists of two inlet channels joined in a T-junction, a 7.5-mm-long
straight channel, and a sequence of six mixing segments.
A “square-wave” channel, similar to the “zig-zag” channel
tested by Branebjerg et al. [20], and a straight channel were
also fabricated and tested to provide a comparison for evaluating the performance of the serpentine channel. Schematics of
these channels are shown in Fig. 1(middle) and (bottom), respectively. Both channels have a T-junction joining two inlet
channels. In the square-wave channel, the T-junction is followed
by a 1-mm-long straight section and a sequence of seven mixing
segments. Normally, these two channel designs would require
etching from only one side of the wafer. However, in order to
obtain an image of the channel cross section, as is needed for
the optical measurements, it is necessary for both of these channels to be fabricated with a “viewing window.” Viewing windows occur naturally in the serpentine channel, as illustrated in
Fig. 1(top). A similar viewing window is fabricated in both the
straight and square-wave channels, as shown in Fig. 1(middle)
and (bottom), to allow equitable comparisons between all three
channel geometries. Ideally these windows would be positioned

(b)
Fig. 2. (a) SEM photograph of a KOH-etched serpentine channel, including
the T-junction at the inlet. (b) SEM photograph of a single channel segment.
The compensation shapes at the convex corners are not completely etched away.

so that the fluid travels the same distance through each channel
from the T-junction to the viewing window. As an approximation, the windows are placed 18 mm from the T-junction as
measured along the center line of each channel. Window 10 in
the serpentine channel [see Fig. 1(top)] is also 18 mm from the
T-junction. The straight sections in the square-wave and serpentine channels are different lengths so that these channels have
the same number of 90 turns over the 18-mm length.
Common KOH anisotropic etching techniques were used
to fabricate the channels in silicon wafers. The channel cross
sections are all 300-m wide at the surface of the wafer and
150-m deep. The trapezoidal shape of the channel cross section is determined by the anisotropic nature of KOH etching.
Since KOH tends to undercut the mask when etching convex
corners, a square (190 m 2 190 m) “compensation pattern”
[21] was used in this design to achieve sharp convex corners.
Scanning electron microscope (SEM) photographs of the
resulting serpentine channel geometry are shown in Fig. 2.
A schematic illustration of the fabrication process is shown
in Fig. 3. A 1-m-thick protective coating of Si3 N4 was first
deposited on both sides of a 300-m-thick double-side polished
silicon (100) wafer using low-pressure chemical vapor deposition (LPCVD). A 500-Å film of chromium was then deposited
using a sputtering system at 300 W and a pressure of 10 mtorr
using argon at a flowrate of 50 sccm for 3 min. On the top side
of the wafer, the chromium was patterned using a chromium
etchant (CEN-300, Microchrome Technology Inc., San Jose,
CA) for 1.5 min, and the Si3 N4 was etched by reactive ion
etching (RIE) at 150 W and a pressure of 50 mtorr using CF4 at a
flowrate of 50 sccm for 15 min. Next, the other side of the wafer
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Fig. 3. Diagram of the channel fabrication process. (a) Deposit Cr. (b) Photolithography. (c) RIE etching. (d) KOH etching. (e) Stripping. (f) Packaging.

was patterned using backside alignment and a liftoff process. A
500-Å layer of chromium was sputtered and patterned on top of
the AZ 5214 using the liftoff process and the Si3 N4 on this side
was etched by RIE. The wafer was then etched from both sides
with a 22.5% concentration of KOH at 75  C. After the etching
process was complete, the wafer was sealed by 150-m-thick
glass cover slips (Corning Glassworks Inc., Corning, NY) using
a 10-m layer of silicone adhesive (GE Silicone, General Electric Company, Waterford, NY). The silicon adhesive was first
spun on the glass cover slip (1000 r/min for 30 s). The cover
slip was then soft baked at 80  C for 10 min. After baking, the
cover slip was bonded to the Si wafer followed by a hard bake at
100  C for 10 min. The cover slips provide optical access for the
intensity measurements discussed in the following section and
for identifying blockages and air bubbles. Finally, pipette tips
were bonded (“5 Minute” epoxy, GC Electronics, Rockford, IL)
to the inlet and outlet wells.

III. EXPERIMENTAL APPARATUS AND PROCEDURE
Mixing on the microscale is commonly evaluated by observing color or intensity variations of a dye or pH indicator
as it is transported through a mixer. Indicators used include
bromothymol blue [20], [22], fluorescein [23], potassium
permanganate [11], rhodamine and uranine dyes [12], and
phenolphthalein [10]. We have chosen to use phenolphthalein,
a pH indicator that changes from colorless to red for pH values
greater than eight [24]. This indicator has also been used to
study mixing on the macroscale [24], [25].
Two separate fluid streams flow into each channel through
the T-junction. One stream contains phenolphthalein dissolved
in 99% ethyl alcohol with a concentration of approximately 0.31
mol/L. The second stream contains 98.3% sodium hydroxide
pellets dissolved in 99% ethyl alcohol with a concentration of
approximately 0.33 mol/L, which gives a pH of approximately
13. This high concentration of NaOH was used to obtain a large
color change in the phenolphthalein. Despite the high pH value,
no reactions were observed between the sodium hydroxide
stream and the silicon wafer.
The phenolphthalein and sodium hydroxide streams are
introduced into the mixer from syringes connected by tubes to

the inlet pipettes. The volumetric flowrates in these streams
are controlled simultaneously by a Harvard Apparatus PHD
2000 syringe pump. Flowrates produced by this syringe
pump are slightly unsteady. Root-mean-square pressure fluctuations of 3.2% were observed in a straight channel at an
Re of approximately five, with the degree of unsteadiness
appearing to decrease with increasing flow rate. After the two
colorless streams come in contact, both sodium hydroxide
and phenolphthalein begin to diffuse. The reaction time of
the phenolphthalein is negligible [26], although the ratio of
reacted-to-unreacted phenolphthalein at any point within the
device depends on the local pH value in a nontrivial way
[25]. Thus, the amount of reacted phenolphthalein produced
(and, hence, the intensities reported in the following section)
depends on the diffusivities and initial concentrations of both
phenolphthalein and sodium hydroxide.
The mixing ability of the device is quantified by optically
determining how much of the phenolphthalein changes color
during the mixing process. Images of the reacted phenolphthalein are captured through an Olympus BX60 microscope at
40 times magnification with a Sony 8-bit charge-coupled device
(CCD) camera. The microscope lens has a depth-of-focus of
7 m at this magnification. Illumination comes from a halogen
light source mounted behind the mixer. This setup gives clear
images of the red phenolphthalein, but only allows images to
be obtained at positions where the silicon wafer is etched completely through. Since the halogen lamp produces incoherent
light, the light waves scattered by two molecules have additive
intensities when the images of the molecules overlap. Thus, the
intensity of red integrated over a window image is proportional
to the amount of reacted phenolphthalein in the imaged volume.
This intensity is given by I = N
i=1 Ii , where Ii is the intensity of red in pixel i and N is the total number of pixels in the
window image. Since the cross-sectional area of each viewing
window may be slightly different, the pixel-averaged intensity
I = I=N is used to compare between viewing windows. Additionally, the actual intensity values are dependent on the CCD
camera and light source used, thus all intensities are normalized by Imax , which is determined empirically as the maximum
intensity observed in any pixel in a fully mixed image such as
Fig. 4(f). Our experimental setup allows us to measure changes
in intensity at each pixel of approximately 0.5% of full scale.
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Mixing in these channels can also be evaluated by considering
the uniformity of the intensity in the imaged fluid volume. The
uniformity can be quantified by calculating the deviation of the
pixel intensity values Ii in a given image from the maximum
intensity value

DI =

vuu X
tN I 0 I
1

N

(

i

i=1

2
max ) :

(1)

A fully mixed channel will have DI = 0. If a conserved quantity were being mixed, the appropriate measure would be the
standard deviation, i.e., the deviation about the mean intensity
I. However, since the amount of red phenolphthalein increases
as the fluid moves downstream, the standard deviation does not
give an accurate representation of mixing uniformity. Also, if
the red phenolphthalein is in a thin sheet viewed edge-on, the
intensity is zero in almost every pixel in the image, and both
I and the standard deviation are approximately zero. However,
the streams are obviously not well mixed. For these reasons, we
use the deviation defined in (1). As with the intensity, the actual
deviation values depend on the CCD camera and light source
used, so the deviation is normalized by Imax . It is also important to note that both the intensity and deviation are dependent
on the channel depth that is imaged. However, all of our channels are 300-m deep at a viewing window, so this dependence
does not affect our comparisons.
The way in which the mixing device distorts an interface in
the flow is also visualized by using a stream of pure deionized
water and a stream of 99% ethyl alcohol. The density difference
between these two fluids causes light to refract at their interface.
The resulting images are captured with the CCD camera.

Fig. 4. Photographs of reacted phenolphthalein in the serpentine channel with
Re = 12 (Q = 0:2 mL/min) at window: (a) one, (b) two, and (c) four; and
with Re = 70 (Q = 1:2 mL/min) at window: (d) one, (e) two, and (f) four.
Window locations are shown in Fig. 1(top).

IV. RESULTS
The design of the three-dimensional serpentine channel allows images of the phenolphthalein reaction to be obtained at
two locations in each mixing segment, providing a picture of
how mixing progresses as the fluids move downstream. Example intensity images from three different channel positions
are shown in Fig. 4 for two different values of Reynolds number.
Two observations can be made immediately from these images:
1) the interface between streams is distorted as it moves downstream and 2) the mixing rate in the channel increases with increasing Reynolds number. The mixing ability of this channel
is illustrated by the following comparison. Mixing by pure diffusion has been measured in this channel to take approximately
3 s, but the two streams have been in contact an average of only
0.03 s by the time they reach the window shown in Fig. 4(f).
The interface between the streams is difficult to determine
from Fig. 4 because diffusion quickly smooths out the images. A
clearer visualization of the interface is possible by using streams
of deionized water and ethyl alcohol, as shown in Fig. 5. A significant amount of “stirring” is being accomplished by the geometry of the serpentine channel. This stirring is a continuous
deformation of a smooth interface, so while very thin striations
may result, the interface will not be made to intersect itself. The
apparent self-intersections of the interfaces that appear in Fig. 5

Fig. 5. Photographs of the water–alcohol interface in the serpentine channel
with Re = 23 (Q = 0:4 mL/min) at window: (a) one, (b) two, and (c) four;
and with Re = 70 (Q = 1:2 mL/min) at window: (d) one, (e) two, and (f) four.
Window locations are shown in Fig. 1(top).
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(a)

(b)

 max in each window of the
Fig. 6. (a) Normalized average intensity I=I
serpentine channel for various Reynolds numbers. Window locations are
shown in Fig. 1(top). (b) Normalized average intensity in each window of the
serpentine channel as a function of residence time.

are primarily due to each image being a two-dimensional projection of a three-dimensional interface. Note that, because water
and alcohol have different densities, one does not expect the interfaces in Figs. 4 and 5 to be identical.
Normalized average intensity values from each window in
the serpentine channel are shown in Fig. 6(a) for four different
Reynolds numbers. The intensity at window #1 indicates the
amount of mixing that has taken place before the streams enter
the first mixing segment. Mixing in the initial 7.5-mm-long
straight section is dominated by diffusion, so the longer the
streams stay in this section (i.e., the lower the Re) the more
mixed they become. This dependence on residence time2 is
illustrated in Fig. 6(b). After the streams enter the mixer, however, the mixing rate, which is given by the slope of the intensity
curve, increases with increasing Reynolds number. In all cases,
the mixing rate levels off after two or three mixing sections. At
Re = 70, mixing in the serpentine channel produces essentially
the maximum amount of reacted phenolphthalein after only
two mixing segments.
Fig. 7 shows results of experiments with phenolphthalein
and sodium hydroxide solutions performed simultaneously
in the straight channel, square-wave channel, and three-dimensional serpentine channel. These images illustrate the
mixing capability of the serpentine channel. This capability
is quantified in Fig. 8 by comparing the average intensity of
2Residence time is defined here as the center-line length of the channel divided by the average flow velocity.

Fig. 7. Photographs of side-by-side flow experiments comparing the straight
channel, square-wave channel, and serpentine channel. (a) Flowrate is
0.2 mL/min (Re = 12). (b) Flowrate is 1.2 mL/min (Re = 70).

 max in each channel 18 mm beyond
Fig. 8. Normalized average intensity I=I
the T-junction for various Reynolds numbers.

reacted phenolphthalein present in each of the three channels
after the streams have been in contact for 18 mm (measured
along the center line of each channel). Mixing in the straight
channel decreases rapidly with increasing Reynolds number
due to the corresponding decrease in residence time. The
behavior of the straight channel shows the inverse relationship
between diffusion-dominated mixing and Reynolds number.
Mixing in the square-wave channel is almost solely by molecular diffusion at Re = 6 and varies only slightly with the
Reynolds number until Re = 70, after which mixing increases
significantly. A maximum intensity of 94% is observed in this
channel at Reynolds number of 140. In the serpentine channel,
mixing increases rapidly with Reynolds number, with 97% of
the maximum intensity observed at Re = 25. At Re = 70, the
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Fig. 9. Uniformity of mixing in each channel at various Reynolds numbers as
measured by a normalized deviation of the intensity from Imax .

square-wave channel produces ten times as much red dye as
the straight channel, while the serpentine channel produces
16 times more product than the straight channel and 1.6 times
more product than the square-wave channel.
Mixing in these channels is also quantified by examining the
uniformity of reacted phenolphthalein in the imaged volumes.
Fig. 9 shows the normalized deviation of intensity DI =Imax in
the three channel geometries for Reynolds numbers from 6 to
70. The straight channel shows a continual increase in deviation
with increasing Re. The square-wave channel follows a similar
trend, although it does mix better than the straight channel and
the deviation begins to level out after Re = 35. Deviation in the
serpentine channel decreases continually with increasing Re,
and the values are significantly lower than those from the other
two channels.
V. DISCUSSION
Fluid flows in microfluidic devices are predominantly laminar, with Reynolds numbers typically ranging from 0.01 to 100
[1]–[3]. At the lowest Reynolds numbers, 0:01 < Re < 1, viscous forces in the fluid dominate inertial forces, and fluid velocities in a channel cross section are essentially two-dimensional.
Mixing enhancement in this regime can be achieved by adding
complexity to the system, such as “laminating” the fluid [10] or
introducing time-dependent forcing. Fortunately, at this scale,
the typical dimension of a microchannel cross section is tens
of micrometers (especially in microelectophoretic systems), and
pure molecular diffusion can complete mixing in a few seconds.
Here we investigate mixing improvements in microsystems for
1 < Re < 100. In this range of Reynolds numbers, both viscous and inertial forces are important. As a result, flow around a
channel bend will be three-dimensional, with “secondary flows”
being generated in the channel cross section in addition to the
bulk flow along the axis of the channel. These secondary flows,
in combination with the axial flow, distort and stretch material
interfaces and can produce chaotic advection. As a result, the interfacial area across which diffusion occurs is greatly increased,
which leads to rapid mixing.
Since viscous flow around a bend generates a three-dimensional velocity field, secondary flows do occur in the
square-wave channel. However, the results in Fig. 8 show that
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at Re = 6 the effect of these secondary flows is negligible, and
mixing is essentially by diffusion only. As the Reynolds number
is increased, the flow in this channel becomes increasingly
three-dimensional, but initially this increase is only enough to
maintain a relatively constant amount of mixing. This behavior
suggests that little or no chaotic advection is produced in the
square-wave channel for Re < 70. The improved mixing
shown in Fig. 8 for Re > 70 indicates that there is a significant
increase in the complexity of the flow for these Reynolds
numbers. This complexity may be due to a large increase in the
strength of the secondary flows or to the onset of unsteady flow
in the channel. Unsteadiness can be introduced through flow
separation at the inside corners of each square-wave section.
As the Reynolds number is increased, separated flows typically
become unstable, leading to oscillations in the flow field.
Numerical modeling and further experimentation are currently
being done to better understand the flow in the square-wave
channel at the higher Reynolds numbers.
The distortion of the interfaces shown in Fig. 4 demonstrates
that, even at the lower Reynolds numbers, the twisting and
turning of the flow through the serpentine channel generates
strong secondary flows that produce significant stretching in
the fluid. This distortion and the mixing results shown in Fig. 6
are consistent with the occurrence of chaotic advection in the
serpentine channel throughout the entire range of Reynolds
number tested.
The mixing enhancement achieved in the serpentine channel
is, to some degree, independent of the quantities being mixed, as
stirring of the flow by chaotic advection depends on the velocity
field and not on the diffusivity of the species involved. In contrast, mixing in the square-wave channel at the lower Reynolds
numbers is dominated by diffusion. Since the diffusion of phenolphthalein and sodium hydroxide is quite fast compared to
many of the molecules that are mixed in microsystems, we anticipate that the difference demonstrated here between the serpentine channel and the square-wave channel would be more
dramatic if molecules with lower diffusivities were used.
The SEM photographs in Fig. 2 show that the shape of the
channel cross section results in “necking” of the serpentine
channel as it passes from one side of the wafer to the other.
When compared with a similar channel having orthogonal
walls, these narrow openings will increase the pressure drop
needed to maintain a given flowrate, cause larger local deformations in the fluid, and increase the chances of clogging
the channel. However, preliminary numerical models indicate
that this necking is not a necessary part of the design [27].
These narrow openings can be eliminated by using a different
fabrication technique such as deep reactive ion etching (DRIE)
of silicon or micromolding techniques [28].
VI. CONCLUSION
Flow visualization experiments confirm that the three-dimensional serpentine channel mixes significantly better than
the square-wave channel and a straight channel for Reynolds
numbers from 6 to 70. Mixing in the serpentine channel
relies on the flow field being sufficiently three-dimensional,
with secondary flows stretching and folding the fluid, greatly
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increasing the interfacial area across which diffusion occurs.
The experimental results suggest the occurrence of chaotic
advection in the serpentine micromixer. At a Reynolds number
of 70, the serpentine channel produces 16 times more reacted
phenolphthalein than a straight channel and 1.6 times more
than the square-wave channel. More detailed experiments and
numerical simulations are currently being performed that will
provide us with a better understanding of the mixing process in
these channels and improve our ability to “design for chaos.”
The passive three-dimensional serpentine micromixer has a
number of advantages that makes it attractive for use in a wide
variety of microfluidic applications. First, this channel is easy
to fabricate and integrate with other microfluidic components,
as the design is relatively simple and can be manufactured
using any one of several different microfabrication techniques.
The results shown here are for essentially steady flow, but
using this mixer in an application with time-dependent flow
should enhance, not degrade, its performance. There is also
some flexibility in the choice of channel geometry, as the
occurrence of chaotic advection is not specific to the serpentine
channel presented here. We are currently examining other
channel designs. Secondly, the occurrence of chaotic advection
depends on the global three-dimensionality of the flow field,
not on high local rates-of-strain. Thus, using chaotic advection
to mix biomolecular streams may help minimize damage to
large biomolecules, some of which are particularly prone to
shear-induced damage [29]. Finally, keeping the flow in a
single channel with a height-to-width ratio near one maintains
a relatively low surface-to-volume ratio, which minimizes the
chances of clogging, fouling, and loss of sample by biomolecular adsorption onto the device surface.
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