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Abstract In this study, we report a rapid microfluidic

mixing device based on chaotic advection induced by

microbubble–fluid interactions. The device includes inlets

for to-be-mixed fluids and nitrogen gas. A side-by-side

laminar flow segmented by monodisperse microbubbles is

generated when the fluids and the nitrogen are co-injected

through a flow focusing micro-orifice. The flow subse-

quently enters a series of hexagonal expansion chambers,

in which the hydrodynamic interaction among the micro-

bubbles results in the stretch and fold of segmented fluid

volumes and rapid mixing and homogenization. We char-

acterize the performance of the microfluidic mixer and

demonstrate rapid mixing within 20 ms. We further show

that bubbles can be conveniently removed from the mixed

fluids using a microfluidic comb structure on completion of

the mixing.
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1 Introduction

Rapid mixing and homogenization in microfluidic systems

(Biddiss et al. 2004; Hardt et al. 2005; Chang and Yang

2007; Miller and Wheeler 2008; Puleo and Wang 2009) is

one of the key obstacles in developing lab-on-a-chip plat-

forms for the studies in chemical kinetics (Pollack et al.

1999) and nanomaterial synthesis (de Mello and de Mello

2004). In order to characterize a rapid biological/chemical

process or to achieve optimum synthesis results, reagents

must be rapidly mixed before significant progress of the

reaction begins to occur. At the micrometer scale, fluidic

behavior exhibits low-Reynolds (Re) characteristics, such

as laminar flow and lack of turbulence, the spontaneous

fluctuation of flow field, which allow rapid mixing.

Therefore, mixing is limited to the diffusion of the mole-

cules across the fluidic interface between laminar flows

(Wu and Nguyen 2005; Mao et al. 2007a, b; Shi et al. 2008;

Mao et al. 2009a).

For purely diffusive microfluidic mixing, the species

need to diffuse across the entire channel to achieve

homogenous mixing. The mixing time, tmix, can be esti-

mated from the following equation, tmix = st2/D, where st

is the striation thickness (the distance through which the

diffusion must occur) and is approximately equal to the

channel width (w, typically of the order of 100 lm), and D

is the diffusion coefficient (typically of the order of

10-6 cm2/s). Therefore, complete mixing by diffusion only

in a microfluidic system can take a prohibitively long time

(*100 s). The key to the rapid microfluidic mixing lies in

the reduction of st. Ultrafast micromixing based on

hydrodynamic focusing (Knight et al. 1998; Park et al.

2006) has been previously demonstrated for rapid mixing

in the milliseconds range by dramatically reducing the st to

micrometer or even sub-micrometer level. Unfortunately,

hydrodynamic focusing can only achieve mixing in the

focused central stream, limiting its application from

homogenizing samples across the entire flow.

Another important approach for rapid microfluidic

mixing is chaotic advection (Ottino 1989; Ottino and
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Wiggins 2004). Chaotic advection causes ‘‘stretch and

fold’’ of fluid volumes, giving rise to chaotic fluid particle

trajectories even in ‘‘smooth’’ low Re laminar flow regime

and rapid exponential decrease of st as expressed in stðdÞ ¼
w� e �

d
kð Þ; where st(d) is the striation thickness after the

fluid volume has traveled the distance (d) along the chan-

nel, w is the channel width (and the initial striation thick-

ness), and k is a characteristic length determined by the

trajectories of the chaotic flow. More importantly, such a

rapid decrease of st occurs in the entire fluidic volume, thus

resulting in the rapid homogenization of fluids in the entire

flow. A wide variety of mixers based on chaotic advection

have been proposed. Three-dimensional geometric obsta-

cles (Stroock et al. 2002; Yang et al. 2005; Floyd-Smith

et al. 2006; Kang et al. 2008) or serpentine channels (Liu

et al. 2000; Therriault et al. 2003; Schonfeld et al. 2004)

have been introduced to induce periodic lateral motion of

fluids, leading to the chaotic advection and rapid mixing.

However, the complex configuration and fabrication of

these 3D microfluidic structures have become limiting

factors in their application. Recently, chaotic advection

was realized using a much simpler 2D winding channel by

periodically shifting the axis of counter-rotating recircu-

lation vortices in moving water-in-oil droplets (Song et al.

2003; Song and Ismagilov 2003). Beyond significantly

simplified device geometry, droplet-based chaotic micro-

fluidic mixing can also dramatically reduce sample dis-

persion since samples are confined in aqueous droplets.

However, an apparent disadvantage of droplet-based cha-

otic mixing is the introduction of an additional organic

phase (oil), which may cause complications if further

sample purification and analyses are needed.

In light of aforementioned constraints of present chaotic

microfluidic mixers, we introduce a microbubble-based

rapid microfluidic mixer which is based on rapid chaotic

mixing within bubble-segmented fluids. Compared to pre-

viously described droplet-based chaotic mixers, micro-

bubble-based mixers provide the same benefit such as

simple device geometry and low sample dispersion (Gün-

ther et al. 2004; Garstecki et al. 2005; Garstecki et al.

2006). In addition, the separation of gas/liquid phases

(Günther et al. 2004) can be conveniently achieved with

simple microfluidic structures, which makes it possible to

remove the bubbles from the mixed liquids upon the

completion of mixing.

2 Experimental section

The schematic of the chaotic bubble mixer is shown in

Fig. 1. The device includes one inlet for gas (middle) and

two inlets for to-be-mixed fluids (upper and lower). A flow

focusing orifice (Garstecki et al. 2005) is located at the

inlet converging point. The width is 80 lm for all the inlets

and the main channel, and 30 lm for the orifice. The depth

is 50 lm throughout the device. The device includes a

series of hexagonal expansion chambers, in which chaotic

mixing occurs. The removal of the bubbles after the

completion of mixing is accomplished using a comb-

shaped microfluidic structure (Günther et al. 2004). The

comb structure includes an additional fluid-extraction

branch channel and a series of capillarity channels

(‘‘combteeth,’’ width = 10 lm, height = 50 lm), which

connect the branch channel with the main channel. The

device was fabricated from polydimethylsiloxane (PDMS)

using the standard soft-lithography technique. The silicon

mold for the soft lithography was fabricated using deep

reactive ion etching (DRIE). The pattern for DRIE was

lithographically defined using positive photoresist Shipley

1827. The etching depth on the silicon wafer was set to be

50 lm. Sylgard 184 Silicone Elastomer base and Sylgard

184 Silicone Elastomer curing agent (Dow Corning) were

mixed at a 10:1 weight ratio, cast onto the silicon mold,

and cured at 70�C for 2 h. The PDMS device, once peeled

from the mold, was drilled with a silicon carbide drill to

create the tubular access to inlets and outlets, and subse-

quently sealed onto a glass slide. Polyethylene tubes were

then inserted into the inlets to connect the device with the

fluid pump and gas tank. The liquid flow injection was

carried out using a syringe pump (KD Scientific 210). The

nitrogen inlet was connected with a nitrogen tank, and the

gas pressure was controlled via an inline pressure regulator.

3 Results and discussion

For mixing, two to-be-mixed solutions, water (top inlet)

and ink (waterman black ink, bottom inlet), are co-injected

with nitrogen gas at a constant flow rate and pressure

through the orifice. Figure 2a depicts the generation of the

Fig. 1 Experimental design and setup of the microfluidic chaotic

bubble mixer. The device includes inlets for to-be-mixed fluids and

gas, mixing chambers in which bubble-induced chaotic mixing occurs

and a microfludic ‘‘comb’’ structure for bubble separation upon the

completion of mixing
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bubble-segmented laminar flow and chaotic mixing pro-

cess. At the orifice, the gas stream breaks into monodis-

perse microbubbles due to the shearing of the fluids

(Garstecki et al. 2005). A clear fluidic interface can be

observed between bubbles as the two fluids flow side-by-

side in a laminar fashion. The size of the bubble and the

filling ratio (the ratio between the volume of the bubble and

the volume of segmented fluids) can be adjusted by

changing the liquid flow rate and nitrogen pressure

(Garstecki et al. 2005).

The mixing occurs when the bubble-segmented laminar

flow enters the mixing area—a series of hexagonal

expansion chambers (Fig. 2a). On entering the expansion

chambers, the bubbles are no longer confined by the

channel wall, causing the movements of the bubble to be

influenced by neighboring bubbles. At the chamber

entrance, the newly arrived bubbles tend to slip to one side

of the chamber due to the unsymmetrical pressure field

generated by previous bubbles. The system exhibits

‘‘oscillation’’ behavior, which leads the alternative distri-

bution of bubbles into a different side of the chamber.

During this process, the segmented fluid volumes, which

contain both water and ink, are also alternatively distrib-

uted into different portions of the chambers. As bubbles

travel through the mixing chamber, they collide with each

other (0.1% Triton X-100 surfactant from Sigma-Aldrich

was added into both ink and water to avoid the bubble

coalescence), constantly changing their relative positions

and moving directions. As a result, the segmented fluid

volumes between microbubbles continuously deform and

change their moving direction, leading to the ‘‘stretch

and fold’’ of the fluid volume and thus rapid mixing of the

to-be-mixed solutions, water and ink. At the exit of the

mixing chamber, bubbles alternatively enter the channel,

recovering bubble-segmented flow. Complete mixing can

be ensured by repeating this process using multiple mixing

units.

Two control experiments were conducted to further

demonstrate the enhanced mixing efficiency of the bubble-

based chaotic mixer. Figure 2b shows a control experiment

at the same experimental conditions as shown in Fig. 2a

except that no nitrogen gas was supplied. In the absence of

microbubbles, two fluids (water and ink) co-injected at the

1:1 flow rate ratio show a clear interface between water and

ink with no significant mixing.

In addition, we notice the enhanced mixing effect has

been observed within the bubble-segmented flow due to the

counter-rotating recirculation vortices in moving aqueous

slugs (Hosokawa et al. 1999). In order to demonstrate that

the enhanced mixing is mainly due to the stretch and fold of

the fluid volume in our case, we fabricated a similar device

with no expansion chambers. Figure 2c shows the image of

the bubble-segmented flow within a straight microchannel.

Although slightly improved mixing was observed compared

to the laminar flow in Fig. 2b (due to the recirculation flow in

aqueous slug), the mixing performance is far poorer than the

bubble chaotic mixer in Fig. 2a.

We further characterized the performance of the mixer

at various flow conditions. The nitrogen pressure was

adjusted to maintain the bubble size and filling ratio to be

roughly constant for all the flow conditions. The device

was tested at four different water/ink flow rates (0.8, 2.0,

4.0, and 8.0 ll/min, respectively) and the mixing results

are shown in Fig. 3a–d. In all the cases, we observed the

progression of mixing while the to-be-mixed liquid solu-

tions flowed through the mixing chamber. The Péclet

numbers (Pe = (Uw/D)) where U is the average liquid flow

velocity, w = 80 lm is the width of the channel, and D

Fig. 2 Principle of the bubble-

based chaotic mixer. a (From
left to right) The formation of

the bubble-segmented laminar

flow between water and ink, the

stretch and fold of the fluidic

volume due to the bubble–fluid

interaction in the mixing

chamber, and fully mixed fluids.

b The control experiment with a

mixing chamber but no bubble.

c The control experiment with

bubbles but no mixing chamber.

The water/ink flow rates were

0.2 ll/min for a–c, and the gas

pressures for a and c were 1 psi
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(*10-6 cm2/s) is the diffusivity of the ink (Garstecki et al.

2005), for these experiments were calculated to be

7.88 9 103, 1.97 9 104, 3.94 9 104, and 7.88 9 104,

respectively. The high Pe suggests that in these experi-

ments the advection of flow dominates over the diffusion.

For a diffusion-only mixing (Mao et al. 2009b), a long

mixing distance (d * Pe 9 w [ 10 cm) would be

required for complete homogenization of the fluids (Stro-

ock et al. 2002). In chaotic mixing, however, it is expected

that the mixing distance only increases logarithmically

with Pe, d * k ln (pe) (Stroock et al. 2002). In order to

quantitatively characterize the progression of mixing along

the channel length, we measured the mixing index (M) of

fluids at four different positions along the channel. The

gray scale values (a good indicator of the ink concentra-

tion) of the fluids were sampled from the images in Fig. 3

at different locations (indicated as 1, 2, 3, and 4 in Fig. 4a),

and the mixing index for each flow rate was calculated

using the following equation:

M ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

n

X

n

i¼1

Ii � Im

Im

� �2

v

u

u

t ;

where Ii is the gray scale value at a given point along the

width of the channel, Im is the average gray scale value, and

n is the total number of sampled points (Garstecki et al.

2005, 2006). A mixing index value of 1.0 indicates com-

pletely separated solutions while a mixing index of 0.0

indicates completely mixed solutions. The mixing indices

at different locations (positions 1–4) along the channel are

shown in Fig. 4b. Because the width of the channel and

mixing chamber are different, we plotted the mixing index

as the function of equivalent channel length (the volume of

the fluid travelled divided by the channel cross-section

area). We note that in Fig. 4b the mixing index decreases

along the length of the mixer while fluids need to travel a

longer distance for a complete mixing at higher Pe. We

arbitrarily chose a threshold of 0.1 for acceptable mixing,

and the mixing distance was defined as the equivalent

mixing length the fluidic volume needs to travel to reach

the mixing index of 0.1. The mixing distances were plotted

as a function of ln(Pe) in the inset of Fig. 4b and a linear

relation was found, which agrees with the previous theo-

retical analysis and experimental observation (Stroock

et al. 2002; Song et al. 2003) and suggests that in our

chaotic bubble mixer the mixing distance increases loga-

rithmically with Pe.

In Fig. 4c, we also plot the mixing index as a function of

time for four different experiment conditions. The mixing

indices were shown to rapidly decrease with the time.

Similarly we defined the mixing time (tmix) as the time it

takes for the mixing index to reach below 0.1. A scaling

law of tmix ¼ d
U�

k lnðpeÞ
U � kw

D
lnðpeÞ

Pe �
lnðpeÞ

Pe (Fig. 4c inset) was

observed, which is also in good agreement with the theo-

retical analysis and experiment observation in the litera-

tures (Ottino 1994; Song et al. 2003). At present, a

minimum mixing time of *20 ms was achieved for water/

ink flow rates of 8.0 ll/min (Pe = 7.88 9 104) (Fig. 4c).

However, the scaling law between the mixing time and

Pe clearly indicated that the mixing time decreases

with increasing Pe, suggesting that a faster mixing time

(e.g., sub-millesecond mixing) can be potentially achieved

Fig. 3 Experimental

characterization of the chaotic

bubble mixer. a–d Chaotic

bubble mixer at different flow

conditions. The water/ink

injection flow rates and Pe were

shown in the figure. The gas

pressures for a–d were 3.0, 5.0,

6.5, and 9.0 psi, respectively
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with higher Pe or the further optimization of the channel

geometry and other experimental conditions such as bubble

size/bubble filling ratio.

Finally, we show that on completion of the the mixing,

bubbles can be conveniently removed from the aqueous

solution using a comb-shaped microfluidic structure

(Günther et al. 2004). The comb-shaped structure includes

an additional branch for extracted fluid and a series of

capillarity channels which connect the branch with the

main channel. The separation relied on the capillary force

which prevents microbubbles from entering the separation

channel. If the pressure difference across the capillary is

less than the capillary pressure, then the segmented fluids

between bubbles can be drawn from the capillary and

separated from the gas. In Fig. 5, we observed that the

mixed aqueous solution could travel through the narrow

capillary channels and be extracted to the branch channel

while the bubbles were prevented from entering the cap-

illary channels, and remained in the main channel. Such a

post-mixing bubble-extraction step is advantageous when

compared to droplet-based chaotic mixers if further sample

purification and analyses are needed.

4 Conclusions

In this study, we have presented a novel, rapid microfluidic

mixing technique, which generates complete mixing and

homogenization of the fluids at fast rates by means of

chaotic stretching and folding of segmented fluid between

microbubbles. This mixing technique is simple to imple-

ment and exhibits promising mixing performance (mixing

time *20 ms). Full potential of rapid mixing using bub-

bles, especially mixing in a few tens of milliseconds, has

yet to be demonstrated in previous study. We believe that

this device has great potential for a series of bio/chemical

assays such as enzymatic kinetics and chemical synthesis

where rapid mixing is needed.
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