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Strategy for active mixing in microdevices
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We present a concept for and experimental demonstration of an active microfluidic mixer that uses micro-
valves to control periodic flow deviation. This active design allows the degree of mixing to be varied inde-
pendently of flow rate. The mixer is compact and efficient, achieving mixing of different fluids through chaotic
advection by stretching and folding the interface of the fluids.
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Rapid mixing over short length scales in microfluidic de-
vices is crucial for efficient control of reaction kinetics and
for controlled manipulation of biological fluids in micro total
analysis systems (MicroTAS). However, MicroTAS gener-
ally operate at very low flow velocities v and the correspond-
ing low Reynolds numbers Re=Lvp/ 7~ 1072 (with L a typi-
cal length scale such as the channel width W, p the mass
density, and 7 the shear viscosity of the fluid) indicate lami-
nar flow so that mixing mainly occurs through molecular
diffusion across streamlines [1]. Even though microfluidic
channels are narrow (W~ 100 um), mixing of costreaming
fluids based purely on molecular diffusion is slow; the ratio
of diffusion to convection times scales, given by the Péclet
number Pe=vW/D> 100 (with D the molecular diffusivity),
is high in these systems [1]. Faster mixing can be achieved
by reducing the cross-layer diffusion length [2,3], and differ-
ent strategies have been proposed to accomplish this by gen-
erating either well-ordered thin fluid layers or chaotic flow
patterns [1,4] of the fluids to be mixed. The generation of
large interfaces, achieved, for example, through stretching, is
crucial for mixing [2].

Passive mixers, attractive because they do not involve ac-
tive elements, either generate thin parallel layers of the fluids
[1,5] or achieve chaotic flow patterns through channel design
[6-8]. While effective passive micromixers have been devel-
oped, they require long mixing lengths and flow channels,
cannot simply be turned off, and the degree of mixing cannot
be adjusted independent of the flow rate. Various mixing
methods based on active flow manipulation have also been
developed. Some active micromixers cause bulk flow distur-
bances in a channel, where forces perpendicular to the undis-
turbed streamlines induce secondary flow patterns [9,10];
others rely on periodic cross-channel flow in and out of side
channels [11] to disturb the fluid streamlines, often involving
complex fabrication processes or dead volumes that are dif-
ficult to fill and require secondary pumping mechanisms.
Two-phase systems have also been used for mixing [12];
these require phase separation after mixing.

Here we present a simple and effective mixing approach
that uses two active valves to produce alternating periodic
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deviation of the flow into each of two parallel branches in a
short section of the flow system [Fig. 1(a)]. Valving is
achieved through the thermally triggered phase transition of
a biocompatible solution of Pluronic polymers that is used as
the working fluid of the microfluidic system [13]. Pluronic
solutions gel at elevated temperatures, but are liquid at low
temperatures. Activating a heater integrated in the wall of a
microchannel results in localized gel formation of the work-
ing fluid leading to blockage of the channel to flow, thus

FIG. 1. Mixing of two fluids in an active two-stage micromixer.
(a) Optical micrograph of the flow channel system. (b) Left: two
fluids are streaming through the mixer, one of the fluids is fluores-
cently labeled; right: an instance in the mixing cycle during which
the valve in the lower side channel is closed. (c) Top left and right:
the first stage of the mixer, the channel bifurcation, during two
instances in the mixing cycles; bottom left and right: the second
mixing stage, the junction, where the streams from the two branches
form alternating bulges spanning the width of the main channel.
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acting as a closed valve [14]. Once heating is stopped the
heat dissipates rapidly into the substrate leading to liquefac-
tion of the gel, thus opening the valve. Any rapidly respond-
ing microvalves could be employed in our mixing strategy;
here the Pluronic valves allow objective evaluation of the
performance of the mixing concept because they do not add
a significant flow disturbance on actuation.

Consider two parallel streams of different liquids A and B
flowing in the upstream channel in Fig. 1(a) due to a pressure
gradient. Through periodic diversion of both streams alter-
nately into the upper and lower parallel branches of the
mixer, mixing of the streams is promoted at two stages: the
upstream bifurcation of the channel and the downstream
junction. At the upstream bifurcation, diversion of both
streams first into the upper branch and then into the lower
branch results in alternating packets of fluid A and B along
the inner half of each channel [see Fig. 1(b) and Ref. [15]].
As these packets of fluid travel though the parallel branches
they undergo dispersion in the flow direction, while further
smearing is caused by molecular diffusion across stream-
lines. At the second mixing stage (the junction), the flow
from one branch ideally spans the entire width of the exit
channel before switching to the other branch; from there the
pressure-driven advective transport along the channel results
in the plugs being stretched to very thin fluid layers.

The effectiveness of these two mixing stages can be re-
lated to the Strouhal number Sr=fL/v that depends on the
frequency of one mixing cycle f, the average flow velocity v,
and a characteristic length scale L for the respective mixing
stage. This length scale corresponds to the optimum dis-
placement of the fluid streams during one operation cycle
leading to maximum flow disturbance. For two fluids at
equal volumetric flow rates, the Sr dependence can be illus-
trated for two extreme cases; for very fast valve actuation
(Sr— ) the two streams will stay separated in their two
respective mixer branches, and no mixing will be achieved.
At very slow valve actuation (Sr—0), both streams will ba-
sically flow side by side through either branch.

At intermediate Sr, the first mixing stage [Fig. 1(c) top]
will show optimum performance if the fluid is displaced by
about one channel width W during one half mixing cycle
f=v/(2W). Lower frequencies will result in longer packets
of fluid A in B (and vice versa) in the inner halves of the
parallel branches, thus reducing the degree of mixing; higher
frequencies will result in progressively smaller amounts of
the lower fluid component reaching the upper channel (and
vice versa). However, the second stage [Fig. 1(c) bottom]
will show optimum performance if the fluid bulge exiting
one mixer branch spans the entire width of the exit channel;
based on the flow field this is achieved for a fluid displace-
ment of around two channel widths during one half mixing
cycle f=uv/(4W). The operating conditions of both mixing
stages can be set independently at a given frequency by
choosing appropriate channel widths at the bifurcation and at
the junction. Thus, through channel design, the mixing per-
formance can either be optimized for one specific Sr or made
essentially invariant to Sr. The chosen mixer layout [Fig.
1(a)] allows mixing over a wide range of Sr.

Figure 1(b) (left) shows the case where two fluids are
introduced into the main flow channel at equal flow rate. One
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FIG. 2. (Color online) Characterization of the two-stage micro-
mixer. (a) The location x in the exit channel is measured from the
channel junction. (b) The fluorescence brightness of the fluid in the
exit channel is recorded across the channel as a function of time. (c)
Mixing parameter 7 as a function of time at five different locations
x downstream from the channel junction.

of the two fluids was labeled with the fluorescent dye fluo-
rescein. Figure 1(b) (right) shows the mixer during opera-
tion. The distribution of brightness levels of the fluid can
serve as a measure for mixing performance in the exit chan-
nel shown in Fig. 2(a) and Ref. [15], assuming the fluores-
cence intensity of the fluid is proportional to the fluorescein
concentration. We neglect concentration variations along the
channel height since the time scale for diffusion across the
flow channel ¢~ H?/(16D)=0.37 s, is of the same order as
the convection time 7-=L/v, where L is the length of a liquid
plug, for all experiments. Figure 2(b) shows the time evolu-
tion of fluorescence intensity across the exit channel (in the
y direction) at the channel junction. The degree of mixing
at any channel location x can be quantified by evaluating
the pixel intensity I=1I(x,y,t) across the channel at that lo-
cation x over one period of mixer operation. Normalizing
the standard variation of these intensity values (along y
and 1) by the average intensity yields a measure of mixing

s=[wi-17]",

where a bar over a quantity denotes the arithmetic mean over
one period. This quantity is normalized by its value before
mixer operation S, (which corresponds to the limit Sr— o)
to achieve an objective measure for mixing performance 7
=S/S, that is independent of any diffusive mixing that oc-
curs without mixer operation. Values of this mixing param-
eter T close to 1 indicate poor mixing, while values close to
0 correspond to completely mixed fluids with a spatially uni-
form fluorescence intensity [6-9,11,12].

Figure 2(c) shows T as a function of time for five loca-
tions downstream of the junction in Fig. 2(a). The initial high

066314-2



STRATEGY FOR ACTIVE MIXING IN MICRODEVICES

d &

(@) {Channel

PHYSICAL REVIEW E 75, 066314 (2007)

0.9 4 »— Sr=0.29 (2S)
\ —m—Sr=0.15 (2S)
~ o] N —A—Sr=0.19 (25)
a7 o Sr=0.15, ¢ = /2 (3S)
(0]
§ o7
o]
o s
> 0.6
=
QAT
——————— o
2 05 : ;
0 1 2 x10°

Fo

FIG. 3. (Color online) (a) Optical micrograph of the three-stage mixer with four heater-valves and the center channel connecting both
parallel branches. (b) Fluorescence intensity of the fluids at the third stage of the three-stage micromixer during the four steps of the mixing
cycle. (c) Mixing parameter 7 as a function of Fo for different Sr of the two-stage mixer (2S) and for the three-stage mixer (3S); AT:
improved performance of the three-stage mixer over the two-stage mixer at identical throughput Q.

fluctuations in 7' correspond to highly skewed bimodal
brightness distributions during the first mixing cycles, where
only the second mixing stage at the channel junction contrib-
utes to a disturbance of the initially purely parallel streams.
The mixing parameter 7 reaches its steady-state value later at
locations further downstream in the flow channel. This delay
corresponds well with the fluid convection time between the
different locations of observation. The steady-state value of
T is similar for all locations, indicating that dispersion is not
effective over the short distances considered, and the mea-
sured mixing is mainly achieved through flow deviation in
the mixer. This also confirms the assumption of uniform
brightness distribution across the channel depth.

Mixing in the two-stage mixer was quantified for Sr=0.07
to 1.16. Significant mixing enhancement was achieved over a
wide range of Sr with a minimum value for the mixing pa-
rameter 7=0.61 at Sr=0.19. The two-stage mixer shows a
high performance for a mixer length of only 1.1 mm, thus
taking up very little real estate on a MicroTAS chip. Reduc-
ing the characteristic length scales of the mixing stages and
optimizing mixer operation would lead to an improved spa-
tial distribution of the two fluids and hence to better mixing,
however, this would have been difficult to evaluate experi-
mentally due to the physical resolution limits. Further im-
provement of the mixing performance for the present devices
could be achieved by arranging several two-stage mixers in
series. Alternatively, a third mixing stage can be introduced
to form a three-stage mixer [Fig. 3(a)].

The three-stage mixer has two additional valves, one lo-
cated in either branch; a central channel connects the parallel
branches between their two valves [Fig. 3(a)]. The additional
mixing stage consists of the T-shaped channel section in both
the upper and the lower branches of the mixer. Through ap-
propriate cycling of the four valves, fluid from one branch
can move from the T junction into the center channel and
then back out as it moves downstream [see Fig. 3(b) and Ref.
[15]]. During this flow deviation, the fluid layers undergo
chaotic stretching and folding, leading to thinner fluid layers
with a longer interface.

The two first valves in either branch must be operated out
of phase to guarantee continuous flow through the mixer, and
each valve should be opened and closed the same amount of
time for optimum mixer performance. The second pair of
parallel valves will be driven in the same manner, at the

same frequency f, while the phase difference ¢ between the
operation cycles of both pairs is a new parameter that affects
the flow pattern, residence time of fluid in the mixer, and the
mixer performance. If both valve pairs are operated in phase
(¢=0), the center channel is unused (fluid stays in this center
channel without any exchange) and the three-stage mixer op-
erates as a two-stage mixer. If both valve pairs are operated
out of phase by ¢=r, all fluid undergoes stretching and fold-
ing during flow into and out of the center channel. The ad-
ditional residence time due to temporary storage of fluid in
the center channel alone will lead to a slight mixing enhance-
ment through molecular diffusion; this additional residence
time depends on the value of ¢, the volume of the center
channel, and the mixer throughput Q, which can be chosen
independently.

The residence time of the fluid in the mixer 7z can be
normalized by the characteristic time scale for cross-
channel diffusion 7=W?/D to construct a Fourier number
Fo=Dtz/ W?. Figure 3(c) shows the mixing parameter as a
function of the Fourier number for different Sr for the two-
stage mixer and for the three-stage mixer at Sr=0.15 and
¢=m/2. The Reynolds number for all experiments was in the
range 3.8X 10™*<Re<1.5X1073. Experiments with the
same Fourier number allow the same amount of molecular
diffusion within the fluids while passing through the mixer
so differences in the mixing parameter 7 are due to the cha-
otic flow patterns achieved by the mixer. The mixing param-
eter for the two-stage mixer at fixed Fo shows a weak de-
pendence on Sr [Fig. 3(c)], consistent with the layout of the
flow channels that promotes mixing over a broad range of
Strouhal numbers. Figure 3(c) also shows that the three-stage
mixer provides better mixing (by A7) at the same throughput
Q as the two-stage mixer even for the simple mode of op-
eration chosen for this experiment (¢=1/2).

The concentration distribution of two parallel
streams of equal flow rate in a channel [1]
due to molecular diffusion can be approximated by
c(x,y) ~c+f(y/W) exp[—m?x/(PeW)], which leads to a mix-
ing parameter T=\1/W [ f*(y/W)dy exp[-m*x/(PeW)]. We
apply this distribution to the case of a stretched and folded
interface by replacing the linear streamwise coordinate x
with a coordinate X along the interface. Stretching the origi-
nal interface 3 to 2 reduces the effective channel width to
W,=W2,/%,. This does not affect the value of the square
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root in the expression for 7, which is normalized with respect
to the channel width. Scaling with time and location x occurs
through the exponent, where the channel width W is a con-
vective scaling for x and stays therefore unchanged. How-
ever, Pe scales with the effective channel width W, as it
describes cross-channel diffusion. Thus, the mixing param-
eter T=g(y/W) exp(—m Fo 3,/3,) can also be expressed in
terms of Fo. This is consistent with Fig. 3(c), where the value
of T decays exponentially with Fo, and T depends on the Sr,
which affects the stretching of the interface and hence the
value of %,/3,. This Fo dependence of the mixing parameter
is therefore an additional measure for the effectiveness of the
mixer in stretching and folding of the fluid.

Finally, we can compare the performance of our compact
mixer to that of Stroock et al. [8] for the mixer lengths L,
=14 mm and L;=2.2 mm corresponding to the two- and
three-stage mixers, respectively. For this purpose, values for
the mixing parameter T;=0(Ay=L)/0(Ay=0)=20(Ay=L)
were calculated from the data in Fig. 3(D) of Ref. [8]. At
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Pe=10% our active two-stage and three-stage mixers give
T;,=0.63 and T;3=0.53, respectively. At a slightly higher Pe
(2% 10%), Ref. [8] reports T,,=0.95 and T;3=0.90; even at a
much lower Pe=2000, Ref. [8] reports mixing parameters
that correspond to poorer mixing (7;,=0.74 and T;3=0.61)
than we find. It should be noted that in Ref. [8] more com-
plete mixing than presented here was reported with a mixing
parameter of 7=0.1, however, this was achieved after a
much longer mixing length L=10 mm. In closing, we note
that the presented active micromixer performance can be
tuned, independent of the flow rate, by selecting the opera-
tional parameters of the mixer; the mixer contains no dead
volume, streams may be kept separated by opening all
valves, and with optimization complete mixing (7=0) can be
achieved as well.
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