HTML AESTRACT * LINKEES

APPLIED PHYSICS LETTERS VOLUME 84, NUMBER 12 22 MARCH 2004

Topologic mixing on a microfluidic chip
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Mixing two liquids on a microfluidic chip is notoriously hard because the small dimensions and
velocities on the chip effectively prevent turbulence. We present a topological mixing scheme that
exploits the laminarity of the flow to repeatedly fold the flow and exponentially increase the
concentration gradients to obtain fast and efficient mixing by diffusion. It is based on helical flow
channels with opposite chiralities that split, rotate, and recombine the fluid stream in a topology
reminiscent of a series of Mxus bands. This geometry is realized in a simple six-stage, two-layer
elastomer structure with a footprint of 4p0nx300um per stage that mixes two solutions
efficiently at Reynolds numbers between 0.1 and 2. This represents more than an order of magnitude
reduction in the size of microfluidic mixers that can be manufactured in standard multilayer soft
lithography techniques. @004 American Institute of Physic§DOI: 10.1063/1.1686895

Microfluidic devices and systems are becoming increashave introduced a three-dimensional vascular network of
ingly popular for applications all across the life sciences.flow channels. Their 16-layer structure has a lateral size of
Multilayer soft lithography has attracted particular attention2 mmx2 mm, but is due to its vertical complexity rather
because it allows not only inexpensive large-scale productiodifficult to manufacture.
of microfluidic chips from replication molds, but also the In a different approach, an array of microfabricated
incorporation of active elements such as pumps and valvesozzles is used to create a layered stream to reduce the ef-
on the chipt With the ever shrinking dimensions of microf- fective length scale for diffusive mixing.® This flow lami-
luidic components, a remarkably large scale of integratiomating technique requires typically one microfluidic element
can be achieved. Recently, Thorsenal? demonstrated a for each boundary layer that is created. Thus, the required
multiplexer with 1000 sample cells that are accessed througbhannel length for efficient mixing decreases only quadrati-
3574 valves on a single chip. Despite these advances towatglly with the number of fluid-manipulating elements, and
a highly integrated lab on-a-chip, one key component hasiot exponentially as in the case of chaotic mixers.
proven very difficult to miniaturize: the fluidic mixer. The In this article, we present a topological structure that
principal obstacle is that at typical microfluidic dimensions exploits the laminarity of the flow to repeatedly fold the flow
(1=100um feature sizeand flow rates ¢=1 mm/s) the and double the lateral concentration gradient deterministi-
Reynolds number Relpv/%~0.1 for an aqueous solution cally in a very compact geometry. Unlike a conventional
(density p=1 glcn?, viscosity »=0.001 Ns/m) is so low  laminar mixer that adds one boundary layer per microfluidic
that all flow is laminar and turbulence cannot be achievedelement to the stream, our topology performs a series of
Diffusion, on the other hand, is too slow to be effective. InBaker’s transformations on the concentration profile. This
order to mix two protein solutions with a diffusion coeffi- creates a layered fluid stream in a process that decreases the
cient D=2x10 ' m?/s at the flow parameters above, arequired channel length exponentially with the number of
channel length.=0.512/D of 25 cm is required. To over- microfluidic elements on the chip. The resultant exponential
come this difficulty and achieve mixing on length scalesdecrease in the size of the inhomogeneities is the same as for
compatible with microfluidic designs, several schemes haveéhe chaotic mixers; but efficient mixing can be achieved with
been proposed. Active mixers pump the fluid repeatedlychannel lengths on the order of millimeters.
around a circular pathwhereas chaotic flow mixers stretch Our scheme uses a series of microfluidic elemésytit-
and fold the fluid flow laterally to obtain an exponential de-ters, turns, combinerghat retain the concentration profile
crease in the size of the concentration inhomogeneities withcross the channel. We split the flow into two identical
channel lengtf. Examples for such chaotic mixers are stir- streams, and through a series of turns, rotate the concentra-
ring in helical microchannelsand chaotic flow in micro- tion profile by /2 in opposite directions in each channel.
channels with herringbone relief structures on the bottonUpon recombination, the concentration pattern and gradients
wall.* The helical channels require atypically high Reynoldsare doubled. The basic topologic structure to achieve this is
numbers (Re-10) to be effective, whereas the latter is rela- somewhat akin to a Mgus band: A surface vector on the
tively inefficient at inducing a lateral flow and still requires band, or here, the concentration gradient vector in the flow
channel lengths on the order of centimeters for efficient mixchannel, is rotated in a different direction depending on the
ing. To reduce the footprint of such a mixer, Therriatlial® chirality of the chosen path, even though they start at and
reach the same locations. Figur@)lshows a realization of

aAuthor to whom correspondence should be addressed; electronic maiflis topology: The _tWO fluid _Strea_ms are combined, split _OUt'
meiners@umich.edu of-plane, rotated in opposite directions, and recombined,

0003-6951/2004/84(12)/2193/3/$22.00 2193 © 2004 American Institute of Physics


http://dx.doi.org/10.1063/1.1686895

2194 Appl. Phys. Lett., Vol. 84, No. 12, 22 March 2004 H. Chen and J. Meiners

(a) (b) ; a
Stainieas Steel Tubes ( ) — Mixed Solution —— Re=1
; o | Re=0.1 —— Re=2
Epaxy Rasin Soft PDMS ﬂ
T paxy L /\ Layer Z 10 -——— Re=05
l 5 b
k £ os
— -~
- 8
5 0.6 1
Hard PDMS Cover Glass 2 04
Layars _ o =T
(c) Microchannels 5
e 0.2 |
0.0 ¥ T T T T . . e
0 20 40 60 80 100 120 140 160
Cross section (um)
(b)
5
FIG. 1. (Color) (a) Topologic structure for microfluidic mixing. Two differ- b
ent solutions are combined inTajunction. The fluid flow is repeatedly split, @
rotated, and recombined as indicated by the arrdiasSchematic cross- (T
section of an assembled mixing chip. The two principal elastomer layers are 'g
fused together and anchored with a third elastomer layer on a glass cover = 0.11
slip. The chip is embedded in a block of epoxy resin for additional mechani-
cal stability; steel tubes provide the inlets and outlej. Mixing of two 2
fluorescently labeled protein solutions in a six-stage mixer at a flow rate of g
1 mm/s, corresponding to a Reynolds number of (tdp). Mixing of the 5
same dyes in an aqueous 54% glycerol solution with ten-fold higher viscos-
ity at a flow rate of 10 mm/s, maintaining the same Reynolds number of
0.1 (bottom. 0.01

Mixing Stage

folding over the concentration profile and doubling the lat-
eral gradient. A subsequent similar stage doubles the gradieRtG. 2. (a) Fluorescence across the flow channel after two mixing stages

once more and returns the fluid stream to the original pIanéNhen a C&'-sensitive dye is mixed with a CaCéolution at different flow
vVelocities, after the background is subtracted. The fluorescence of a pre-

As such a truly three-dimensional structure is hard tOmixed solution is shown for comparisofb) Fraction of unmixed fluid at
manufacture, we simplified the design by eliminating theeach stage of the mixer for different flow rates, as determined from the
Straight out—of-plane runs. Our design uses two planar |ayer§J.Jorescence measurements. Linear regression lines in the semilogarithmic

. ) . isplay indicate the exponential increase in mixing efficiency with
that are sandwiched and fused together, as shown in th@annel length.
cross-section Fig.(b). Sufficient out-of-plane rotation is ob-
tained where the channels in the different layers overlap, as ) )
long as the cross section of the channels is sufficientlyl "&-Con Inc., Bedford, MA A cross section of the entire

square. Our channels are 10t wide and 7Qum deep, and  CNiP assembly is shown in Fig (1. _ _

each stage of the mixer has a footprint of 400 To demonstrate mixing of two protein solutions on the

X 300 um chip, the chip is mounted on an inverted optical microscope.
The microfiuidic chips are fabricated by replication Two kinds of fluorescently labeled streptavidBtreptavidin

molding of a silicone elastoméRTV 615 A and B, General AlexaFluor488 and Streptavidin AlexaFluor568, Molecular

Electri(? Waterford, NY from a master mold The master Probeg were dissolved at a concentration of 1 mg/ml in PBS

molds are manufactured using a rapid-prototyping(8 MM N&PO;, 1.5 mM KHPQ, 2.7 mM KCI, 130 mM

NacCl, pH 7. inj i he fi h Is with sy-
approach? in which a 70um thick layer of patterned pho- acl, p 3 and injected into the flow channels with sy

. 5 . h ™ ringe pumps at flow rates of 1% I/hr each. The fluorescence
toresist(SU-8 2050, Micro-Chem NANO™, Newton, MA was imaged onto a commercial color charge-coupled device

serves directly as the mold for the elastomer. The top IayeEamera using a two-color fluorescence filter G4T C/Texas
was cast as a slab of 4-5 mm thickness from a 4:1 mixturgyaq chroma Technology, Rockingham, VT

of RTV 615 A and B, whereas the bottom layer was spin-cast Figure 1c) shows the mixing of the two fluorescently

to a thickness of 9um from a 25:1 mixture of the two RTV  |apeled protein solutions in a six-stage mixer. Initially, the
compounds. After curing, both layers were sandwiched tof|ids are combined in & -junction, exhibiting one sharp
gether under a stereomicroscope, and stainless steel tubiﬁgundary layer. After the first two mixing stages, four inter-
was inserted to provide inlets and outlets for the fluids. Thefaces, now broadened by diffusion. After three stages or a
elastomer chip was then anchored on a microscope covelevice length of 1.2 mm, the liquids are well mixed. Under
glass. To insulate the chip from mechanical strain from theour conditions, the Reynolds number and Peclet numbers are
external mounting or tubing, which causes fluctuations in theRe=0.1, and Pe-0.69, respectively, which indicates that dif-
flow rates as the channels expand or contract, the chip can fesion is the dominant mixing process at the interfaces. By
encapsulated in a block of epoxy reSinTra-bond 2115, increasing the viscosity of the solution and increasing the
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flow rate, we can slow down and decrease the efficiency of In conclusion, we have demonstrated that effective mi-

diffusion while maintaining a Reynolds number of R&1.  crofluidic mixing can be achieved on short lengths scales

The second micrograph in Fig(c shows the mixing of the with a purely laminar flow through a flow-folding topologic

same fluorescent dyes at ten-fold higher viscosity and flovstructure. Favorable scaling laws ensure efficient mixing

rate. Whereas the channel length required for purely diffueven under unfavorable conditions, such as a high molecular

sive mixing in a linear channel in this scenario increasesveight or high viscosity. While the topologic principle be-

hundred-fold, our mixer obtains efficient mixing after five hind the mixer is independent of the chosen microfluidic

stages, or an approximate doubling of the device length duplatform technology, we have shown that an efficient device

to the favorable exponential scaling of our topologic schemecan be readily manufactured by standard planar multilayer
To quantify the performance of our mixer, we mixed a soft lithographic techniques.
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