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Two physical properties of fluids:
• Viscosity: measure of fluid resistance to stress μ [mass/length-time]
• Density: ρ [mass/length3]

Fluid: physical definition
A fluid is a material that flows under an applied stress

Liquid: constant volume Gas: volume of container

http://water.aiche.org http://sciencekids.co.nz

Tuesday, September 25, 12

http://www.youtube.com/watch?v=IRrCKp_dMXY
http://www.youtube.com/watch?v=IRrCKp_dMXY
http://www.youtube.com/watch?v=IRrCKp_dMXY
http://www.youtube.com/watch?v=IRrCKp_dMXY


3

Macroscale flows

Characteristics:
• Large length scales L
• Fast flow speeds V
• Turbulent flow

Many macroscale flows are characterized by large Reynolds number:
http://www.youtube.com/watch?v=IRrCKp_dMXY

=

ρV 2L2

µV L
=

ρV L

µ
Reynolds number Re = 

inertial force
viscous force

≫ 1: turbulent
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Where do flows appear in a chemical plant?
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http://www.photo-dictionary.com/photofiles/list/687/1097petrochemical_plant.jpg
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Flow examples in plants (unit operations)
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• Combination: mixing operation to create a homogeneous 
system

- Requires control over mixing streams

• Separation: separation of mixture components

- Emulsification: creation of a liquid-in-liquid suspension

- Distillation: separation of one liquid from another liquid

- Evaporation: removal of a gas from a mixture

• Reaction: reaction among chemical species in a mixture

- Synthesis: e.g. creation of particles or chemicals
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Microfluidics: miniaturization of flows
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Liu et al., J. Pharma. Anal. 1, 175-183 (2011)

plant: meters to kilometers
piping: cm to m

device: mm to cm
channels: µm to mm

The introduction of microfluidics or lab-on-a-chip devices allows unit 
operations to be carried out in a small format:

“Miniaturization puts chemical plants where you want them”: R. F. Service, 
Science 202, 400 (1998)
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Length scales for microfluidic flows
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Nguyen and Wereley, Fundamentals and Applications of Microfluidics, 2nd ed. (2006) 
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Figure 1.1 Size characteristics of microfluidic devices. 

which indicated that life sciences and chemistry are the main application fields of 
microfluidics [5]. Several competing terms, such as “microfluids,” “MEMS-
fluidics,” or “Bio-MEMS,” and “microfluidics” appeared as the name for the new 
research discipline dealing with transport phenomena and fluid-based devices at 
microscopic length scales [6]. 

Regarding the miniaturization, the first questions that arise with this book are: 
What does the micro refer to in microfluidics? or is microfluidics determined by 
the device size or the fluid amount it can handle? For MEMS, it may be true that 
the device size should be submillimeter scale. However, the perception of 
shrinking everything down to small scale is misleading for microfluidics. 
Microfluidic devices need not be silicon-based devices fabricated with silicon 
micromachining technology. The main advantage of microfluidics is utilizing 
scaling laws for new effects and better performance. These advantages are derived 
from the microscopic amount of fluid a microfluidic device can handle. Regardless 
of the size of the surrounding instrumentation and the material of which the device 
is made, only the space where the fluid is processed has to be miniaturized. The 
miniaturization of the entire system, while often beneficial, is not a requirement of 
a microfluidic system.  The microscopic quantity of fluid is the key issue in 
microfluidics.  This is the point of view used when writing this book.  The term 
microfluidics is used here not to link the fluid mechanics to any particular length 
scale, such as the micron, but rather to refer in general to situations in which small-
size scale causes changes in fluid behavior—some of which are beneficial. 

The dispute between merits of device size and fluid quantity is to be expected 
considering the multidisciplinary nature of the field and those working in it. 
Electrical and mechanical engineers came to microfluidics with their enabling 
microtechnologies. Their common approach was shrinking down the device size, 
leading to the merit of microscopic device size. Analytical chemists, biochemists, 
and chemical engineers, for years working in the field of surface science, came to 
microfluidics to take advantage of the new effects and better performance.  

Tuesday, September 25, 12



Materials for microfluidics: elastomers
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Advantages:
• Easy to prototype and replicate (via soft lithography)
• Cheap materials (polydimethylsiloxane, commercially available)

Disadvantages:
• Flexible and deformable (poor for high-pressure applications)
• Poor resistance to organic solvents

http://farm6.staticflickr.com/5022/5627347258_cd0e1b1920_z.jpg
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Materials for microfluidics: rigid plastics

9available devices, (v) reversibility, (vi) reliability, (vii) lack of

contamination, and finally, (viii) ease of fabrication.

Microfluidic chips are routinely subjected to high back

pressures when the channels are filled with beads. While

packed beds are commonplace in large-scale industrial

processes, the large surface area they impart has not been

widely exploited in microfluidic applications mostly because

the chips cannot sustain the high back-pressures required for

routine operation. At high pressures, microfluidic devices often

fail at one of two junctions: either at the point of attachment of

the interconnect, or at the interface between the two bonded

parts. Since the bond at the fluidic interconnect is typically

weaker than the chip bond we sought to simultaneously

eliminate a junction subject to failure and any extra fabrication

steps for interconnects, by carefully designing a mold base to

produce a part with female ports that are fully integrated into

the device. As designed and illustrated in Fig. 5, the upper part

of our chip features a hollow boss with ANSI standard internal

6–32 threads located at each fluid entry point.

The need for alignment of the two parts prior to bonding

was eliminated by designing the mold base such that all

features including ports and channels are integrated in the

upper part. The lower half of the chip is completely featureless.

Another advantage of forming devices with integrated ports

via injection molding is that the 2 min injection molding cycle

time does not depend on the number of ports. Therefore, this

manufacturing technique appears ideal for the construction of

high throughput devices that may require many interconnects.

The upper limit on interconnect density is determined by the

size of commercially available standard male fittings. In

addition, the reversible nature of the connection facilitates

burst pressure measurements, which we use to quantitatively

evaluate the bond strength.

Bonding and burst pressure measurement

Bonding polymer substrates together to hermetically seal the

channel with minimal distortion of micrometre-scale features

is a very challenging issue that has received considerable

attention.65 The importance of this fabrication step has led to

the development of several bonding techniques ranging from

simple thermal fusion,66 gluing,67 lamination,68 and solvent

bonding6,80 to more elaborate methods such as laser welding,69

microwave welding,65 and resin-gas injection.70 In order to

maintain the chemical homogeneity of all channel walls, we

bonded our devices by thermal fusion. The bonding time,

temperature, and pressure were varied and the burst pressure

was measured for each set of bonding conditions (Table 1).

Although the burst pressure is not a direct measure of the bond

energy at the interface, it is a valuable engineering parameter

that sets the upper limit for device operation.71

The burst pressure is measured using chips containing a

single channel and two I/O ports. After pumping water into the

chip for two minutes, the outlet port is plugged with a standard

fitting and the back pressure is recorded. Fig. 6A shows the

internal pressure build-up and sudden failure observed in a

typical burst pressure measurement. Dramatic device failure

occurred by delamination at the bonding interface (Fig. 6B).

The results of burst pressure measurements for each bonding

condition are presented in Fig. 7. They indicate that the

bonding temperature has the most significant effect on bond

strength. Bonding at 80 uC affords chips bursting at less than

5 MPa, while a ca. 2-fold improvement in bond strength is

observed at temperatures of 90 and 95 uC. These temperatures

are well above Tg of the material Topas 8007 6 10, measured

to be 80 uC by dynamic scanning calorimetry. The strength of

the bond achieved by thermal fusion results from chain

entanglement of polymer chains located at the surface of the

two parts constituting the chip. The chain mobility and

therefore their ability to penetrate across the interface is much

higher at a temperature above the glass transition. In contrast,

bonding pressure seems to have a lesser effect once sufficient

pressure is applied to bring the pieces into intimate contact to

facilitate chain entanglement. Similarly, bonding time appears

to have a small impact beyond a critical minimum time period.

Chips bonded at a temperature of 95 uC and a pressure of

0.28 MPa for 10 min exhibit the best resistance to pressure. As

illustrated in Fig. 6, they start to leak at an in-channel pressure

of over 12 MPa and burst at 15.6 MPa i.e. the highest

operational back-pressure of any microfluidic device reported

to date. The ability of these chips to sustain such high

Fig. 5 Concept of microfluidic chip featuring integrated ports (A) and a 4-port microfluidic chip with commercial male fittings threaded

integrated ports of an injection molded chip (B).

Table 1 Bonding parameters for each bonding condition. Each
bonding condition was repeated 10 times

Trial Temperature/uC Pressure/MPa Time/min Yield (%)

1 80 0.47 15 70
2 80 0.47 10 80
3 80 0.71 10 90
4 90 0.24 30 20
5 90 0.28 10 70
6 90 0.36 10 80
7 95 0.28 10 30

This journal is ! The Royal Society of Chemistry 2006 Lab Chip, 2006, 6, 1346–1354 | 1351

Mair et al., Lab Chip 6, 1346-1354 (2006)

Advantages:
• Easy to prototype and replicate (via injection molding)
• Cheap materials (polyolefins, commercially available)
• Operate at high pressure

Disadvantages:
• Poor resistance to organic solvents
• Fabrication is more difficult than lithographic-based techniques

Tuesday, September 25, 12



Materials for microfluidics: glass
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http://www.i-micronews.com/upload/Interviews/Micronit%20Lab-on-a-Chip%20Products-3.jpg

Advantages:
• Excellent resistance to solvents
• Rigid and non-deformable
• Compatible with high-pressure and biological applications

Disadvantages:
• Until recently, expensive to manufacture (new startups)
• High costs for design prototypes in money and time

Tuesday, September 25, 12
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Materials for microfluidics: Teflon

11

Advantages:
• Excellent resistance to organic solvents
• Rigid and non-deformable
• Minimal adsorption and fouling by biological molecules

Disadvantages:
• Not transparent, precluding direct imaging using microscopy

after washing with buffer (Fig. 3D). This super cleanness of
the Teflon microchannel is of great importance to quantitative
analysis of microchips.

To broaden the applications of the Teflon chips, it is crucial
for us to build integrated valves in them that control and regulate
the flow of liquids in channels. Fortunately, both PFA and FEP
are softer than common hard plastics; a thin membrane of FEP
allows us to adopt the design of a widely used pneumatic valve
(26) into our Teflon chips (Fig. 4). In the bonded chip, the control
channel and fluidic channel are separated by a thin Teflon
membrane (15-μm thick). When we apply pressure to the control
channel the membrane deforms and blocks the fluidic channel.
Compressed air at 0.1 MPa can completely close the valve
(Fig. 4B). When the valve is open, the rate of flow is very high
and increases linearly with pressure. In contrast, the flow through
the closed valves was negligible (<100 pL∕s at 10 kPa fluid driven
pressure). By serially linking multiple valves together, we fabri-
cated a nanoliter pump on the microchip (inset of Fig. 4C).
The liquid is pumped forward when the valves close and open
in designed sequence. The pumping rate is dependent on the
operation frequency. For example, when the pump is operated

at 1 Hz, the volume of fluid pumped per cycle is approximately
30 nL. Fig. 4C plots the pumped volumes during operation
for 7 d, demonstrating excellent performance of the pump with
high stability and long operation life. As the Teflon materials
could maintain flexibility and mechanical strength over a tem-
perature range from well below −100 °C to over 200 °C, (27) the
whole-Teflon microvalves are expected to endure these extreme
conditions.

We also studied the application of our Teflon microchips for
long-term cell culture. In Fig. 5, we cultured a common cell line
(HepG2 cells) in a PDMS channel (pretreated by oxidation in an
oxygen plasma for 1 min) and a native PFA channel, respectively.
Both channels are 100-μm wide, 100-μm deep, and 2-cm long.
The cells are seeded at a density of 2 × 106 cells∕mL. After the
culture medium is infused into the channel, the ends of the tubing
to the channels are sealed. The culture medium in the channel
(and in the tubing) is enough for 120 h cell culture. We found
that cells quickly settle down and spread out within 1 h, and can
proliferate well for long-term culturing in both channels. After
culturing for 120 h, there is no significant difference between
the cells in the middle part and at the ends of the channels. Our
results show that the cells proliferate at similar rates in the PFA
channel and in the PDMS channel (Fig. S2). This finding suggests
that the gas permeability of the Teflon materials [∼7 × 10−4 μg∕
ðcm2∕cm-minÞ for O2 and ∼1 × 10−6 μgðcm2∕cm-minÞ for CO2]
(available at http://www2.dupont.com/Teflon_Industrial/en_US/
index.html; http://www.arkema-inc.com/literature/pdf/775.pdf)
is sufficient for long-term cell culturing inside these Teflon micro-
channels (28). Because of the nonsticking property of Teflon, it is
easy to flush out lysed and dead cells completely from the channel
(Fig. 5E). Unlike microchannels fabricated using PDMS or PS,
the Teflon channels is not contaminated and can be reused. Fig. 6
shows the culturing of HeLa cells in a 100-μmwide, 100-μm deep,
and 2-cm long PFA channel for 5 d. Our results suggest that the
Teflon chip is well suited for long-term cell culturing.

Fig. 3. Solvent-resistance (A, B) and antifouling property (C, D) of Teflon
channels. (A) A PFA chip with two-layer microchannels separated by a thin
FEP membrane that are filled with acetone (colored with a red dye) and
DMSO (colored in a blue dye). (B) Laminar flow of dyed organic solvents
in a whole-Teflon chip. (C) Fluorescence images of different kinds of micro-
channels filled with a 100 μg∕mL GFP aqueous solution. (D) Fluorescence
images of the channels in C after washing with buffer for 1 min.

Fig. 4. (A) Exploded illustration and microphotographs of the whole-Teflon
microvalve. We flowed 1 mM crystal violent in ethanol through the valve and
used 0.1 MPa air pressure to control the valve. The FEP film seals against the
gap in the fluidic channel when the valve is closed. (B) Flow rate versus driven
pressure of the fluid through an open valve and a closed valve. (C) Long-term
performance of a whole-Teflon pump. (Inset) Mask design of the pump.

Fig. 5. Comparison of HepG2 cells that are cultured in PDMS channel (Left)
and PFA channel (Right). Both the PDMS and the PFA channels are 100-μm
wide, 100-μm deep, and 2.0-cm long. The bottom row of microphotographs
shows the microchannels after the cells being cultured for 120 h in the
channels are lysed with 0.1 M NaOH and flushed with PBS solution for
5 min, respectively.

8164 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1100356108 Ren et al.

Ren et al., Proc. Natl. Acad. Sci. USA 108, 8162-8166 (2011)
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Microscale flow physics is different!
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Folch lab (University of Washington) via YouTube
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Critical flow properties in devices 
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=

ρV 2L2

µV L
=

ρV L

µ
Reynolds number Re = 

inertial force
viscous force

≪ 1: laminar flow

Physical meaning: diffusion is very slow compared to convection in 
microfluidic devices, and thus mixing requires special device 
designs

=
V L

D0
Péclet number Pe = 

time to diffuse
time to convect

≫ 1: fast convection

Physical meaning: fluid elements follow straight streamlines, and 
fluid interfaces remain nearly parallel over long distances in 
microfluidic devices
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j = �D0
dc

dx

D0 =
kBT

6⇡µa

Combination: diffusion in microfluidics
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Microfluidics for Life Sciences and Chemistry 387
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where D is the diffusion coefficient in m2/sec and c is the species concentration  in 
kg/m3. The diffusion coefficient is a fluid property, which was derived by Einstein 
as [28]: 

 
AfN

RTD   (9.7) 

where R is the gas constant, T is the absolute temperature, NA = 6.02u1023 is the 
Avogadro number, and f is the friction factor that is proportional to the viscosity K. 
At a constant temperature, D is inversely proportional to K: 

 K /DCD  (9.8) 

where CD is the constant incorporating all other factors. Figure 9.8 depicts the 
range of diffusion coefficients of different materials. Tables 9.3 and 9.4 list some 
typical values for gases and liquids. 

Diffusion coefficients of solutions containing large molecules such as 
hemoglobin, myosin, or even viruses are two orders of magnitude lower than those 
of most liquids [29]. With a constant flux ) the mass transport by diffusion is 
proportional to the contact surface of the two mixed species [30]. The average 
diffusion time W over a relevant mixing path d is given as [31]: 

 
D

d
2

2

 W  (9.9) 

Equation (9.9) shows that the diffusion time or the mixing time is proportional 
to the square of the mixing path. Because of their small sizes, micromixers 
decrease the diffusion time significantly. In general, fast mixing can be achieved 
with smaller mixing path and larger contact surface. If the channel geometry is 
very small, the fluid molecules collide most often with the channel wall and not 
with other molecules. In this case, the diffusion process is called Knudsen 

Nguyen and Wereley, Fundamentals and Applications of Microfluidics, 2nd ed. (2006) 

The mixing rate in microfluidic devices is determined by the flux of diffusion:

species concentration [kg/m3]flux of diffusion

The diffusion coefficient D0 is inversely proportional to viscosity:

e.g. for a spherical particle of radius a:

Finally, the mixing time is proportional to the square of the channel length.

Tuesday, September 25, 12



Combination: passive micromixer

15

Key idea: Increase the length of the flow channel

http://www.youtube.com/
watch?v=ZCMr1tHnGRs

Tuesday, September 25, 12
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Combination: passive planar micromixer

16

colour value is an average of 24 pixels along the length of the outlet
channel) at the outlet of the perforated and non-perforated
structures is shown in Fig. 10 and 11. The standard deviation for the
R, G, and B content as well as the average RGB content are much
greater for the non-perforated structure than the perforated structure
as shown in Fig. 10 and 11. One can clearly observe the even colour
distribution in the perforated structure, indicative of a well-mixed
sample, and the uneven colour distribution at the outlet of the non-
perforated structure. Secondary flows due to the shape of the
channel as well as diffusion occur in both the non-perforated
structure and perforated structure. As can be seen from Fig. 11, this

contributes to minimal mixing compared to the enhanced mixing in
the perforated structure. We clearly observed our mixing principle
in the perforated chamber (tracing the path of microspheres in the
perforated chamber confirm the mixing principle) and assume a
linear relationship between the liquid colour intensity and the
degree of mixing.

The diffusion time for water in a 50 mm wide straight channel is
2.5 seconds according to Fick’s Law. The flow rate of the liquid
plug through the mixing structure (75 nL s21) was experimentally
verified to be fast enough to minimize the mixing effect of pure
diffusion, but slow enough to allow visualization with the CCD

Fig. 7 Video frames showing the path of a microsphere flowing through the perforations from the receding liquid front to the advancing liquid front as the
liquid plug proceeds through the mixing chamber a)–d).

Fig. 8 Photograph of the complete micromixer (main picture), a close-up photograph (top right) and a 12 3 24 pixel video frame (left bottom) of a mixed
liquid sample at the outlet (showing a nearly homogeneous greyscale intensity).
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Melin et al., Lab Chip 4, 214-219 (2004)

Key idea: Modify geometry to obtain mixing via changing flow pattern
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Combination: parallel lamination mixer
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Key idea: Split streams to increase surface area and hence mixing

Quantitative Analysis of Molecular Interaction in a
Microfluidic Channel: The T-Sensor
Andrew Evan Kamholz,*,† Bernhard H. Weigl,†,‡ Bruce A. Finlayson,§ and Paul Yager|

Department of Bioengineering and Department of Chemical Engineering, University of Washington,
Seattle Washington 98195

The T-sensor is a recently developed microfluidic chemi-
cal measurement device that exploits the low Reynolds
number flow conditions in microfabricated channels. The
interdiffusion and resulting chemical interaction of com-
ponents from two or more input fluid streams can be
monitored optically, allowing measurement of analyte
concentrations on a continuous basis. In a simple form
of T-sensor, the concentration of a target analyte is
determined by measuring fluorescence intensity in a
region where the analyte and a fluorescent indicator have
interdiffused. An analyticalmodel has been developed that
predicts device behavior from the diffusion coefficients
of the analyte, indicator, and analyte-indicator complex
and from the kinetics of the complex formation. Diffusion
coefficients depend on the local viscosity which, in turn,
depends on local concentrations of all analytes. These
relationships, as well as reaction equilibria, are often
unknown. A rapidmethod for determining these unknown
parameters by interpreting T-sensor experiments through
the model is presented.

Microfluidics is becoming a prevalent tool for a broad range
of applications that include cell separations,1 flow injection reaction
analysis,2,3 cell patterning,4 DNA analysis,5 and cell manipulation.6

The T-sensor is a microfabricated fluidic device that, due to its
small dimensions and typically low volumetric flow rate, is
generally operated at Reynolds numbers of less than 1.7 Inspired
in part by the concept of field-flow fractionation,8 its simplest
embodiment (Figure 1a) involves two fluids entering through
separate inlet ports and merging to flow adjacently. The microscale
conditions induce laminar flow, meaning that there is no convec-
tive mixing across the two input streams. Thus, small molecules
that can diffuse significant distances during the average residence

time of the device will redistribute between streams (Figure 1b).
Large molecules or particles that do not diffuse significantly during
the same interval will not move appreciably from their original
stream unless an external field is applied (such as gravity or an
electric field). The critical dimension that governs the extent of

* Corresponding author: (e-mail) kamholz@u.washington.edu; (fax) (206) 616
1984.

† Department of Bioengineering, Box 352141.
‡ Present address: Micronics, Inc., 8717 148th Ave. NE, Redmond WA 98052.
§ Department of Chemical Engineering, Box 351750.
| Department of Bioengineering, Box 352255.

(1) Yang, J.; Huang, Y.; Wang, X. B.; Becker, F. F.; Gascoyne, P. R. Anal. Chem.
1999, 71, 911-8.

(2) Hodder, P. S.; Blankenstein, G.; Ruzicka, J. Analyst 1997, 122, 883-7.
(3) Bökenkamp, D.; Desai, A.; Yang, X.; Tai, Y.; Marzluff, E.; Mayo, S. Anal.

Chem. 1998, 70, 232-6.
(4) Kenis, P. J.; Ismagilov, R. F.; Whitesides, G. M. Science 1999, 285, 83-5.
(5) Simpson, P. C.; Roach, D.; Woolley, A. T.; Thorsen, T.; Johnston, R.;

Sensabaugh, G. F.; Mathies, R. A. Proc. Natl. Acad. Sci. U.S.A. 1998, 95,
2256-61.

(6) Li, P. C.; Harrison, D. J. Anal. Chem. 1997, 69, 1564-8.
(7) Weigl, B. H.; Holl, M. R.; Schutte, D.; Brody, J. P.; Yager, P. Analytical

Methods and Instrumentation, MicroTAS 96 special edition, 1996.
(8) Giddings, J. C. Science 1993, 260, 1456-65.

Figure 1. (a) Photograph of a silicon microfabricated device. For
operation as a T-sensor, two inputs and one output are used. Both
outputs are active when the device is used as an H-filter.33 (b)
Schematic representation of flow in the T-sensor with two input fluids,
each containing one diffusing species. The flow is steady state,
projecting the interdiffusion along the length of the channel. The
asymmetric development of the interdiffusion region (relative to the
center of the channel at 1/2d) is due to the difference in diffusion
coefficients between the two diffusing species.

Anal. Chem. 1999, 71, 5340-5347

5340 Analytical Chemistry, Vol. 71, No. 23, December 1, 1999 10.1021/ac990504j CCC: $18.00 © 1999 American Chemical Society
Published on Web 10/28/1999

Kamholz et al., Anal. Chem. 71,  5340-5347 (1999)

Modular microfluid system

Figure 2. Mixing principles with an enlargement of the active surfaces: (a) horizontal adding–vertical dividing–horizontal
reuniting of two different liquids; (b) vertical adding–horizontal dividing–vertical reuniting of two different liquids.

Figure 3. A scheme of the mixing unit with several states of mixing.

temperature of 400 �C for 4 h. The wafer was severed
into dies. Stainless tubes were slipped into the openings
of the channels that were opened by the sawing process.
Then the whole system was coated with an epoxy. The
steel tubes were connected with transparent tubes made of
polymers. To prove the efficiency of the mixers we used
a micropump that delivers a cyclic flow rate of the fluids.
The average flow rate of about 10 µl h�1 was constant
during the experiments for both liquids. We observed the
optical properties of the mixed fluids at the outlet of the
mixer. This was done by means of an optical microscope.
We judged the homogeneity of the solution.

4. Experimental results and discussion

During our experiments we worked with mixing units that
consist of different numbers of mixing elements. Four

different types of fluids were used to examine the function
of the micromixer:

(i) M chloric acid + methyl orange dissolved in water;
(ii) water + air;
(iii) oil + air;
(iv) water + oil .

(i) The first liquids are soluble in each other. A mixing
of these two fluids can be observed by a change of the
colour of the solutions. Methyl orange dissolved in water
changes colour from yellow to pink after a reaction with
acids. We found a pink solution at the output of the
mixing unit. The change of the colour was independent
of the number of mixing elements. In general the solution
was homogeneously mixed. Due to the good solubility of
the liquids it was not possible to estimate the real mixing
process—diffusion or mechanical mixing.

(ii) Air has a restricted solubility in water. One can

101

Schwesinger et al., J. Micromech. Microeng. 6, 99-102 (102)
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Combination: 3-D serpentine mixers
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Key idea: Add elements to “fold” fluid via three-dimensional structureLIU et al.: PASSIVE MIXING IN THREE-DIMENSIONAL SERPENTINE MICROCHANNEL 191

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 fabri-
cated and integrated into existing microfluidic systems, the ge-
ometry 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 ser-

pentine channel geometry. The basic building block of this ge-
ometry 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 con-
sists 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 evalu-
ating the performance of the serpentine channel. Schematics of
these channels are shown in Fig. 1(middle) and (bottom), re-
spectively. 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 chan-
nels to be fabricated with a “viewing window.” Viewing win-
dows 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

(a)

(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 approxima-
tion, 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 serpen-
tine 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 sec-
tion is determined by the anisotropic nature of KOH etching.
Since KOH tends to undercut the mask when etching convex
corners, a square (190 m 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 Si N was first
deposited on both sides of a 300- m-thick double-side polished
silicon (100) wafer using low-pressure chemical vapor deposi-
tion (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 Si N was etched by reactive ion
etching (RIE) at 150Wand a pressure of 50mtorr using CF at a
flowrate of 50 sccm for 15 min. Next, the other side of the wafer
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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 in a given image from the maximum
intensity value

(1)

A fully mixed channel will have . If a conserved quan-
tity were being mixed, the appropriate measure would be the
standard deviation, i.e., the deviation about the mean intensity
. 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
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 . It is also impor-
tant to note that both the intensity and deviation are dependent
on the channel depth that is imaged. However, all of our chan-
nels 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.

IV. RESULTS

The design of the three-dimensional serpentine channel al-
lows 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. Ex-
ample 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 down-
stream and 2) the mixing rate in the channel increases with in-
creasing Reynolds number. The mixing ability of this channel
is illustrated by the following comparison. Mixing by pure dif-
fusion 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 sig-
nificant amount of “stirring” is being accomplished by the ge-
ometry 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. 4. Photographs of reacted phenolphthalein in the serpentine channel with
( mL/min) at window: (a) one, (b) two, and (c) four; and

with ( mL/min) at window: (d) one, (e) two, and (f) four.
Window locations are shown in Fig. 1(top).

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

Liu et al., J. Microelectromech. Syst. 9, 190-197 (2000) 
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of the 3D device. The degree of mixing arising solely from diffusion
under pure laminar flow conditions (1D case) decreased rapidly with
increasing Re, as the residence time was reduced within the channel.
Mixing in the 2D device was diffusion dominated at low Re before
increasing linearly (see Fig. 5e) above Re≈10.Complete mixing was not
observed for the 2D device until Re ≈ 70. The mixing performance for
the 3D microfluidic device was characterized by two distinct regimes.
At low Re, diffusive mixing dominated, leading to a decrease in relative
intensity as Re increased from 0.15 to ∼1.0. It should be noted that this
tower geometry led to a two-fold enhancement of mixing at Re = 0.15
relative to either the 1D or 2D case under the same conditions.At Re ≈ 1,
a transition in behaviour was observed and mixing was thereafter
increasingly dominated by chaotic advection. Above this transition,
mixing was greatly accelerated and nearly complete mixing was
achieved at Re > 15. Although complete mixing remained diffusion-
limited (that is,occurring over the diffusive length scale27 lD =(Dmolt)1/2),
chaotic advection stretched and folded the fluid interface into long
tendrils and the flow domain consisted of interwoven striations of the
two fluids. The separation distance between the striations for a steady,
chaotically advecting flow, such as this one, will decrease exponentially
with streamwise distance along the tower (compare lsep ≈ 2A/l0exp(λt)
for the time-dependent case,where A is the area of the flow domain, l0 is

the initial perimeter of the mixing two-fluid interface, and λ is the
Lyapunov exponent of the advecting flow27).A homogenous mixture is
obtained when the striation separations and the diffusion length are
comparable.The relative intensity approached unity (fully mixed) at an
exponential rate for the 3D square-spiral towers above this transition
(see Fig. 5e), because the time scale for homogenization grows 
with natural log of the Péclet number27 (that is, thom ∝ ln(Pe)).
Such observations are taken as strong evidence for the dominance of
chaotic advection in this regime.

The construction of 3D microvascular networks enables
microfluidic devices with unparalleled geometric complexity. Such
devices generate complicated flow patterns and enhanced fluid mixing
over the entire range of Re investigated. The twofold increase in relative
intensity observed for the vertical tower architecture at Re < 1 is
significant, because the inertial forces (secondary flows) that induce
stirring are exceedingly small in this regime.It suggests that geometrically
complex architectures can have important ramifications on fluid flow
over a broader range of conditions than previously considered. We
anticipate that such effects may be further amplified using an alternate
3D microvascular network design that creates more complicated flow
patterns within the device. At higher Re, the vertical towers served as
highly efficient chaotic mixers. By fabricating networks comprised of

b

a

c

Figure 4 Microfluidic mixing experiments. a–c, Schematic representations and fluorescent microscope images of the 1D,2D,and 3D microfluidic device mixing experiments,where
two fluids (red and green) are mixed at Re = 30.6 to produce the yellow (mixed) output.The arrows indicate the flow direction.The two fluids meet at a Y-junction where they enter 
a,a 17-mm straight microchannel,and b,15-mm (streamwise) square-wave microchannel with a series of seven C-turns. c,The two fluids are injected at discrete points within a 3D 
spiral tower before mixing within a series of two interconnected towers.All scale bars = 0.5 mm.

© 2003 Nature Publishing Group
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0.5 for completely segregated streams and 
0 for completely mixed streams. Figure 3D 
shows the evolution of a for flows of dif- 
ferent Pe in the SHM (open symbols), in a 
simple channel as in Fig. 3A (A), and in a 
channel with straight ridges as in Fig. 3B 
(a). We see that the SHM performs well 
over a large range in Pe; as Pe increases by 
a factor of -500 (Pe = 2 X 103 to Pe = 
9 x 105), the mixing length, Aygo, required 
for 90% mixing (dashed line), increases by 
less than a factor of 3 (Aygo = 0.7 cm to 
Ay90 = 1.7 cm). In Fig. 3E, we see that 
Ay90 increases linearly with ln(Pe) for large 
Pe, as expected for chaotic flows. Within 
the limits of our simple model of mixing 
(13), we estimate from the linear portion of 
the plot in Fig. 3E that X is on the order of 
a few millimeters; the average width of the 
filaments of unmixed fluid decreases by a 
factor of -3 as the fluid travels this axial 
distance. This estimate agrees qualitatively 
with the evolution seen in Fig. 3C. 

On the basis of the results presented in 
Fig. 3, consider mixing a stream of protein 
solution in aqueous buffer (molecular 
weight 105, D - 10-6 cm2/s) with U = 1 
cm/s and 1 = 0.01 cm. For this system, Pe 
= 104. The mixing length in a simple mi- 
crochannel would be AYm - Pe X 1 = 100 
cm. On the basis of Fig. 3D, the mixing 

length in the SHM would be, Aym -1 cm. 
Furthermore, increasing the flow speed by 
a factor of 10 (i.e., to Pe = 105) will 
increase the mixing length in the SHM to 
AIYm - 1.5 cm. With the same change in 
flow speed, the mixing length in the ab- 
sence of stirring will increase 10-fold, to 
AYm - 103 cm. 

An important application of mixing in 
pressure flows is in the reduction of axial 
dispersion. Axial dispersion is important in 
determining performance in pressure-driv- 
en chromatography-e.g., in the transfer of 
fractions from a separation column to a 
point detector-where it leads to peak 
broadening. The most rapid dispersion of a 
band of solute takes place when its axial 
length is much shorter than the mixing 
length of the solute in the flow. During this 
stage, the length of the band grows at the 
maximum speed of the flow (i.e., more 
quickly than the center of the band moves 
along the channel). This effect is illustrated 
schematically in the diagram in Fig. 4A for 
an unstirred Poiseuille flow. Once the 
length of the band is greater than the mix- 
ing length, volumes of fluid have sampled 
both fast and slow regions of the flow, and 
the broadening of the band becomes diffu- 
sive, i.e. - VDeff1Tr, where Deff is an effective 
difflusivity that again depends on the mixing 

length and Tr is the residence time of the band in 
the flow (8, 25). 

The experiments presented in Fig. 4 
demonstrate that, by stirring the fluid in the 
cross section of the flow, the SHM (Fig. 
4C) reduces the extent of the initial, rapid 
broadening of a band of material relative to 
that in an unstirred flow (Fig. 4B). The 
mixing length in the unstirred flow is 
AYm 100 cm. In this case, the asymmetry 
of the trace of fluorescence intensity as a 
function of time measured near the end of 
the channel (green trace in Fig. 4B) indi- 
cates that the band is still broadening rap- 
idly as it reaches the end of the channel: 
The fluorescent fluid in the fast, uniform 
flow near the center of the channel is weak- 
ly dispersed and arrives at the detector first 
(steep initial rise of the trace); the fluores- 
cent fluid in the shear flow near the walls is 
strongly dispersed and arrives at the detec- 
tor later (long tail of the trace). With the 
SHM (Fig. 4C), the mixing length is AyYm - 
1 cm (estimated from the curves in Fig. 3D 
for Pe = 104). In this case, the band broad- 
ens rapidly in the first few centimeters of 
the channel as indicated by the asymmetry 
of the trace acquired 2 cm downstream 
from the inlet (blue trace in Fig. 4C). The 
traces acquired further downstream are no- 
ticeably more symmetrical; this change in- 

0.5 _ Fig. 3. Performance of A R sR 10qlm D SHM. (A to C) (Left) 
{s 
X s 1 

0.4 - Schematic diagrams of 
channels with no struc- 

0.3 - ~~~~~~~~~~~~~~~ture on the waLls (A), 
with straight ridges as in 
Fig. 1 (B), and with the 0.2 - staggered herringbone B ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~structure as in Fig. 2 (C). 

E , A0.1- In each case, equal 
X* | | k t ; -streams of a 1 mM so- 0 lution of fluoroscein-la- 

0 0.5 1 1.5 2 2.5 3 beled polymer in water/ 
Ay (cm) glycerol mixtures (0 and 

80% glycerol) and clear solution were injected into the gfcbs 1"6: E 1 channel (29, 30). (Right) Confocal micrographs that show 
C o @ _ 1.7- o the distribution of fluorescent molecules in the cross 
E 1.5 - section of the channels at a distance of 3 cm down the E t tG | _ S _ E 1 channels in (A) and (B) and at distances of 0.2, 0.4, 0.6, 

\ u; /_t;~ a _ sz 1.3- 0 0.8, 1.0, and 3 cm down the channel (i.e., after 1, 2, 3, 4, 
o y , p : > 1.1 - 5, and 15 cycles of mixing) in (C). Experimental parame- 

E 5 / 0 t; < 0.9 ters: (A) h = 70 Lm, w = 200 Lm, Re - 10-2, Pe = 2 x 
105; (B) h =85 Lm, w = 200 Lm, ot = 0.18, 0 = 45, q= 

X 
l " | 
0.7 3 27rr/100 Lm-1, Re - 10-2, Pe = 2 x 105; (C) h = 85 pLm, 
0.5 - w = 200 Lm, x = 0.18, q = 2rr/100 Lm1, p = 2/3,0 = 

450, Re - 10-2, Pe = 2 x 105, six ridges per half-cycle, 7 8 9 10 11 12 13 14 Am 600, Re 10-2, Pe = 9 x 105. (D) Plot of the 
standard deviation, a-, of the fluorescence intensity in 

'1, __ confocal images such as in (A) to (C) as a function of the distance down the channel, Ay. Only the central 
50% of the area of the images [indicated in the bottom frame in (C)] was used to measure or to eliminate 
variations in the fluorescence intensity due to optical effects at the channel walls. The open symbols are 

;200pMi _- for the mixing channel in (C): (0) for Pe = 2 x 103, (O) for Pe = 2 x 104, (A) for Pe = 2 X 101, and 
(K) for Pe = 9 x 105. 10-2 S Re s 10 in these experiments. The points (A) are for a smooth channel 

cycle 15: (A), and (O) are for a channel with straight ridges (B); for both, Pe = 2 x 101. Horizontal dotted line 
indicates the value of u used to evaluate Aygo, the axial distance required for 90% mixing. (E) Plot 
of Aygo as a function of ln(Pe) from the curves in (D). 
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sign steady chaotic flows for use in mi- 
crofluidic systems. A mixer based on pat- 
terns of grooves on the floor of the channel 
is shown schematically in Fig. 2A; we refer 
to this design as the staggered herringbone 
mixer (SHM). One way to produce a cha- 
otic flow is to subject volumes of fluid to a 
repeated sequence of rotational and exten- 
sional local flows (21). This sequence of 
local flows is achieved in the SHM by 
varying the shape of the grooves as a func- 
tion of axial position in the channel: The 
change in the orientation of the herring- 
bones between half cycles exchanges the 
positions of the centers of rotation (local 
rotational flow, "c" in the Fig. 2A) and the 
up- and down-wellings (local extensional 
flow, "u" and "d" in Fig. 2A) in the trans- 
verse flow. Figure 2B shows the evolution 
of two streams through one cycle of the 
SHM. 

In the SHM, the efficiency of mixing is 
controlled by two parameters: p, a measure 
of the asymmetry of the herringbones; and 
A(dm9 a measure of the amplitude of the 
rotation of the fluid in each half cycle (22). 
The angular displacement, A4m, is con- 
trolled by the geometry of the ridges (20) 
and the number of herringbones per half 
cycle (10 in the case shown in Fig. 2). Asp 
goes to one-half (i.e., symmetric herring- 
bones) or A4m goes to zero, the flow be- 
comes nonchaotic. For p = 2/3 and Om > 

600, most of the cross-sectional area is 
involved in the chaotic flow (23). As in the 
twisting flow (Fig. 1), the form of flow in 
the SHM is independent of Re in the Stokes 
regime, and we have verified experimental- 
ly that it remains qualitatively the same for 
Re < 100. 

The diagrams in Fig. 3, A to C, show the 
experiments we used to characterize mix- 
ing. At the entrance of the channel, distinct 
streams of a fluorescent and a clear solution 
fill opposite halves of the cross section of 
the channel. The micrographs in Fig. 3, A 
and B, show that for flows with high Peclet 
number (Pe = 2 X 105), there is negligible 
mixing in a simple channel (Fig. 3A) and 
incomplete mixing in a channel with 
straight ridges (Fig. 3B) after the flow has 
proceeded 3 cm-the typical dimension of 
a microfluidic chip-down the channel. 
The confocal cross sections in Fig. 3C 
show that thorough mixing occurs at even 
higher Pe (9 X 10) in a channel that 
contains the SHM (24). The micrographs in 
Fig. 3C also show the rapid increase in the 
number of filaments and decrease in their 
thickness, Ar, as a function of the number 
of mixing cycles. 

To quantify the degree of mixing (con- 
vection plus diffusion) as a function of the 
axial distance traveled in the mixer and of 
Pe, we measure the standard deviation of 

the intensity distribution in confocal imag- 
es of the cross section of the flow like those 
in Fig. 3, A to C: (a = ((I -(f))2)1/2, where 

I is the grayscale value (between 0 and 1) 
of a pixel, and ( ) means an average over all 
the pixels in the image. The value of or is 
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Fig. 1. Three-dimensional twisting flow in a channel with obliquely oriented ridges on one wall. (A) 
Schematic diagram of channel with ridges. The coordinate systems (x,y, z) and (x',y', z) define the 
principal axes of the channel and of the ridges. The angle 0 defines the orientation of the ridges 
with respect to the channel. The amplitude of the ridges, cTh, is small compared to the average 
height of the channel, h (at < 0.3). The width of the channel is w and principal wavevector of the 
ridges is q. The red and green lines represent trajectories in the flow. The streamlines of the flow 
in the cross section are shown below the channel. The angular displacement, Af, is evaluated on 
an outer streamline. (B) Optical micrograph showing a top view of a red stream and a green stream 
flowing on either side of a clear stream in a channel such as in (A) with h = 70 Jim, w = 200 Jim, 
a = 0.2, q = 27r/200 jim-1, and 0 = 45?. (C) Fluorescent confocal micrographs of vertical cross 
sections of a microchannel such as in (A). The frames show the rotation and distortion of a stream 
of fluorescent solution that was injected along one side of the channel such as the stream of green 
solution in (B). The measured values of Af are indicated (29). 
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Fig. 2. Staggered herringbone mixer (SHM). (A) Schematic diagram of one-and-a-half cycles of the SHM. 
A mixing cycle is composed of two sequential regions of ridges; the direction of asymmetry of the 
herringbones switches with respect to the centerline of the channel from one region to the next. The 
streamlines of the flow in the cross section are shown schematically above the channel. The angle, A(m 
is the average angular displacement of a volume of fluid along an outer streamline over one half cycle 
in the flow generated by the wide arms of the herringbones. The fraction of the width of the channel 
occupied by the wide arms of the herringbones is p. The horizontal positions of the centers of rotation, 
the upwellings, and the downwellings of the cellular flows are indicated by c, u, and d, respectively. (B) 
Confocal micrographs of vertical cross sections of a channel as in (A). Two streams of fluorescent 
solution were injected on either side of a stream of clear solution (29). The frames show the distribution 
of fluorescence upstream of the features, after one half cycle, and after one full cycle. The fingerlike 
structures at the end of the fluorescent filaments on the bottom left of the second two frames are due 
to the weak separation of streamlines that occurs in the rectangular grooves even at low Re. In this 
experiment, h = 77 pLm, w = 200 pLm, ox = 0.23, q = 2'rr/100 Lm1, p = 2/3, and 0 = 450, and there 
were 10 ridges per half cycle. Re < 10-2. Arm 1800. 
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sign steady chaotic flows for use in mi- 
crofluidic systems. A mixer based on pat- 
terns of grooves on the floor of the channel 
is shown schematically in Fig. 2A; we refer 
to this design as the staggered herringbone 
mixer (SHM). One way to produce a cha- 
otic flow is to subject volumes of fluid to a 
repeated sequence of rotational and exten- 
sional local flows (21). This sequence of 
local flows is achieved in the SHM by 
varying the shape of the grooves as a func- 
tion of axial position in the channel: The 
change in the orientation of the herring- 
bones between half cycles exchanges the 
positions of the centers of rotation (local 
rotational flow, "c" in the Fig. 2A) and the 
up- and down-wellings (local extensional 
flow, "u" and "d" in Fig. 2A) in the trans- 
verse flow. Figure 2B shows the evolution 
of two streams through one cycle of the 
SHM. 

In the SHM, the efficiency of mixing is 
controlled by two parameters: p, a measure 
of the asymmetry of the herringbones; and 
A(dm9 a measure of the amplitude of the 
rotation of the fluid in each half cycle (22). 
The angular displacement, A4m, is con- 
trolled by the geometry of the ridges (20) 
and the number of herringbones per half 
cycle (10 in the case shown in Fig. 2). Asp 
goes to one-half (i.e., symmetric herring- 
bones) or A4m goes to zero, the flow be- 
comes nonchaotic. For p = 2/3 and Om > 

600, most of the cross-sectional area is 
involved in the chaotic flow (23). As in the 
twisting flow (Fig. 1), the form of flow in 
the SHM is independent of Re in the Stokes 
regime, and we have verified experimental- 
ly that it remains qualitatively the same for 
Re < 100. 

The diagrams in Fig. 3, A to C, show the 
experiments we used to characterize mix- 
ing. At the entrance of the channel, distinct 
streams of a fluorescent and a clear solution 
fill opposite halves of the cross section of 
the channel. The micrographs in Fig. 3, A 
and B, show that for flows with high Peclet 
number (Pe = 2 X 105), there is negligible 
mixing in a simple channel (Fig. 3A) and 
incomplete mixing in a channel with 
straight ridges (Fig. 3B) after the flow has 
proceeded 3 cm-the typical dimension of 
a microfluidic chip-down the channel. 
The confocal cross sections in Fig. 3C 
show that thorough mixing occurs at even 
higher Pe (9 X 10) in a channel that 
contains the SHM (24). The micrographs in 
Fig. 3C also show the rapid increase in the 
number of filaments and decrease in their 
thickness, Ar, as a function of the number 
of mixing cycles. 

To quantify the degree of mixing (con- 
vection plus diffusion) as a function of the 
axial distance traveled in the mixer and of 
Pe, we measure the standard deviation of 

the intensity distribution in confocal imag- 
es of the cross section of the flow like those 
in Fig. 3, A to C: (a = ((I -(f))2)1/2, where 

I is the grayscale value (between 0 and 1) 
of a pixel, and ( ) means an average over all 
the pixels in the image. The value of or is 
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Fig. 1. Three-dimensional twisting flow in a channel with obliquely oriented ridges on one wall. (A) 
Schematic diagram of channel with ridges. The coordinate systems (x,y, z) and (x',y', z) define the 
principal axes of the channel and of the ridges. The angle 0 defines the orientation of the ridges 
with respect to the channel. The amplitude of the ridges, cTh, is small compared to the average 
height of the channel, h (at < 0.3). The width of the channel is w and principal wavevector of the 
ridges is q. The red and green lines represent trajectories in the flow. The streamlines of the flow 
in the cross section are shown below the channel. The angular displacement, Af, is evaluated on 
an outer streamline. (B) Optical micrograph showing a top view of a red stream and a green stream 
flowing on either side of a clear stream in a channel such as in (A) with h = 70 Jim, w = 200 Jim, 
a = 0.2, q = 27r/200 jim-1, and 0 = 45?. (C) Fluorescent confocal micrographs of vertical cross 
sections of a microchannel such as in (A). The frames show the rotation and distortion of a stream 
of fluorescent solution that was injected along one side of the channel such as the stream of green 
solution in (B). The measured values of Af are indicated (29). 
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Fig. 2. Staggered herringbone mixer (SHM). (A) Schematic diagram of one-and-a-half cycles of the SHM. 
A mixing cycle is composed of two sequential regions of ridges; the direction of asymmetry of the 
herringbones switches with respect to the centerline of the channel from one region to the next. The 
streamlines of the flow in the cross section are shown schematically above the channel. The angle, A(m 
is the average angular displacement of a volume of fluid along an outer streamline over one half cycle 
in the flow generated by the wide arms of the herringbones. The fraction of the width of the channel 
occupied by the wide arms of the herringbones is p. The horizontal positions of the centers of rotation, 
the upwellings, and the downwellings of the cellular flows are indicated by c, u, and d, respectively. (B) 
Confocal micrographs of vertical cross sections of a channel as in (A). Two streams of fluorescent 
solution were injected on either side of a stream of clear solution (29). The frames show the distribution 
of fluorescence upstream of the features, after one half cycle, and after one full cycle. The fingerlike 
structures at the end of the fluorescent filaments on the bottom left of the second two frames are due 
to the weak separation of streamlines that occurs in the rectangular grooves even at low Re. In this 
experiment, h = 77 pLm, w = 200 pLm, ox = 0.23, q = 2'rr/100 Lm1, p = 2/3, and 0 = 450, and there 
were 10 ridges per half cycle. Re < 10-2. Arm 1800. 
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tively thin (typically 30 !m). When pressure
is applied to the upper channel (“control
channel”), the membrane deflects downward.
Sufficient pressure closes the lower channel
(“flow channel”). For optical convenience,
we typically seal our structures with glass as

the bottom layer; this bond with glass is
reversible, so devices may be peeled up,
washed, and reused. We also fabricated de-
vices where the bottom layer is another layer
of elastomer, which is useful when higher
back pressures are used. The response time of

devices actuated in this fashion is on the
order of 1 ms, and the applied pressures are
on the order of 100 kPa, so a 100 !m by 100
!m area gives actuation forces on the order
of 1 mN. Pneumatic actuation allows active
devices to be densely packed; we built mi-
crofluidics with densities of 30 devices per
square millimeter, and greater densities are
achievable. This actuation speed, pressure,
and device density are more than adequate for
the vast majority of microfluidic applications.

The shape of the flow channel is impor-
tant for proper actuation of the valve (Fig.
1B). Rectangular and even trapezoidal shaped
channels will not close completely under
pressure from above. Flow channels with a
round cross section close completely; the
round shape transfers force from above to the
channel edges and causes the channel to close
from edges to center. We found that 100 !m
by 100 !m by 10 !m valves over trapezoidal
channels would not close completely even at
200 kPa of applied pressure, whereas round-
ed channels sealed completely at only 40 kPa.

Making multiple, independently actuat-
ed valves in one device simply requires
independent control of the pressure applied
to each control line (35). Figure 2, A to E,
shows simple configurations resulting in
on-off valves (Fig. 2, A and B), a pump
(Fig. 2C), a grid of valves (Fig. 2D), and a
switching valve (Fig. 2E). Each control line
can actuate multiple valves simultaneously.
Because the width of the control lines can
be varied and membrane deflection de-
pends strongly on membrane dimensions, it
is possible to have a control line pass over
multiple flow channels and actuate only the
desired ones. The active element is the roof
of the channel itself, so simple on-off
valves (and pumps) produced by this tech-
nique have truly zero dead volume; switch-
ing valves have a dead volume about equal
to the active volume of one valve, that is,
100 !m " 100 !m " 10 !m # 100 pl. The
dead volume required and the area con-
sumed by the moving membrane are each
about two orders of magnitude smaller than
any microvalve demonstrated to date (11).

The valve opening can be precisely con-
trolled by varying the pressure applied to the
control line. As demonstrated in Fig. 3A, the
response of the valve is almost perfectly lin-
ear over a large portion of its range of travel,
with minimal hysteresis. Thus, these valves
can be used for microfluidic metering and
flow control. The linearity of the valve re-
sponse demonstrates that the individual valves
are well-modeled as Hooke’s law springs.
Furthermore, high pressures in the flow chan-
nel (“back pressure”) can be countered sim-
ply by increasing the actuation pressure.
Within the experimental range we were able
to test (up to 70-kPa back pressure), valve
closing was achieved by simply adding the

mold

flat 
substrate

AFig. 1. (A) Process flow for multilayer soft
lithography. The elastomer used here is General
Electric Silicones RTV 615. Part “A” contains a
polydimethylsiloxane bearing vinyl groups and
a platinum catalyst; part “B” contains a cross-
linker containing silicon hydride (Si-H) groups,
which form a covalent bond with vinyl groups.
RTV 615 is normally used at a ratio of 10 A:1 B.
For bonding, one layer is made with 30 A:1 B
(excess vinyl groups) and the other with 3 A:1 B
(excess Si-H groups). The top layer is cast thick
($4 mm) for mechanical stability, whereas the
other layers are cast thin. The thin layer was
created by spin-coating the RTV mixture on a
microfabricated mold at 2000 rpm for 30 s,
yielding a thickness of $40 !m. Each layer was
separately baked at 80°C for 1.5 hours. The
thick layer was then sealed on the thin layer,
and the two were bonded at 80°C for 1.5 hours.
Molds were patterned photoresist on silicon
wafers. Shipley SJR 5740 photoresist was spun
at 2000 rpm, patterned with a high-resolution
transparency film as a mask, and developed to
yield inverse channels of 10 !m in height.
When baked at 200°C for 30 min, the photore-
sist reflows and the inverse channels become
rounded. Molds were treated with trimethyl-
chlorosilane vapor for 1 min before each use to
prevent adhesion of silicone rubber. (B) Sche-
matic of valve closing for square and rounded channels. The dotted lines indicate the contour of the
top of the channel for rectangular (left) and rounded (right) channels as pressure is increased. Valve
sealing can be inspected by observing the elastomer-substrate interface under an optical micro-
scope: It appears as a distinct, visible edge. Incomplete sealing as with a rectangular channel
appears as an “island” of contact in the flow channel; complete sealing (as observed with rounded
channels) gives a continuous contact edge joining the left and right edges of the flow channel.

A B

C D

E F

Fig. 2. Optical micrographs of dif-
ferent valve and pump configura-
tions; control lines are oriented
vertically. (A) Simple on-off valve
with 200-!m control line and
100-!m flow line (“200"100”).
(B) 30"50 on-off valve. (C) Peri-
staltic pump. Only three of the
four control lines shown were
used for actuation. (D) Grid of
on-off valves. (E) Switching valve.
Typically, only the innermost two
control lines were used for actua-
tion. (F) Section of the seven-layer
test structure mentioned in the
text. All scale bars are 200 !m.
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Key idea: Fabricate a plastic valve that is separately actuated with air

tively thin (typically 30 !m). When pressure
is applied to the upper channel (“control
channel”), the membrane deflects downward.
Sufficient pressure closes the lower channel
(“flow channel”). For optical convenience,
we typically seal our structures with glass as

the bottom layer; this bond with glass is
reversible, so devices may be peeled up,
washed, and reused. We also fabricated de-
vices where the bottom layer is another layer
of elastomer, which is useful when higher
back pressures are used. The response time of

devices actuated in this fashion is on the
order of 1 ms, and the applied pressures are
on the order of 100 kPa, so a 100 !m by 100
!m area gives actuation forces on the order
of 1 mN. Pneumatic actuation allows active
devices to be densely packed; we built mi-
crofluidics with densities of 30 devices per
square millimeter, and greater densities are
achievable. This actuation speed, pressure,
and device density are more than adequate for
the vast majority of microfluidic applications.

The shape of the flow channel is impor-
tant for proper actuation of the valve (Fig.
1B). Rectangular and even trapezoidal shaped
channels will not close completely under
pressure from above. Flow channels with a
round cross section close completely; the
round shape transfers force from above to the
channel edges and causes the channel to close
from edges to center. We found that 100 !m
by 100 !m by 10 !m valves over trapezoidal
channels would not close completely even at
200 kPa of applied pressure, whereas round-
ed channels sealed completely at only 40 kPa.

Making multiple, independently actuat-
ed valves in one device simply requires
independent control of the pressure applied
to each control line (35). Figure 2, A to E,
shows simple configurations resulting in
on-off valves (Fig. 2, A and B), a pump
(Fig. 2C), a grid of valves (Fig. 2D), and a
switching valve (Fig. 2E). Each control line
can actuate multiple valves simultaneously.
Because the width of the control lines can
be varied and membrane deflection de-
pends strongly on membrane dimensions, it
is possible to have a control line pass over
multiple flow channels and actuate only the
desired ones. The active element is the roof
of the channel itself, so simple on-off
valves (and pumps) produced by this tech-
nique have truly zero dead volume; switch-
ing valves have a dead volume about equal
to the active volume of one valve, that is,
100 !m " 100 !m " 10 !m # 100 pl. The
dead volume required and the area con-
sumed by the moving membrane are each
about two orders of magnitude smaller than
any microvalve demonstrated to date (11).

The valve opening can be precisely con-
trolled by varying the pressure applied to the
control line. As demonstrated in Fig. 3A, the
response of the valve is almost perfectly lin-
ear over a large portion of its range of travel,
with minimal hysteresis. Thus, these valves
can be used for microfluidic metering and
flow control. The linearity of the valve re-
sponse demonstrates that the individual valves
are well-modeled as Hooke’s law springs.
Furthermore, high pressures in the flow chan-
nel (“back pressure”) can be countered sim-
ply by increasing the actuation pressure.
Within the experimental range we were able
to test (up to 70-kPa back pressure), valve
closing was achieved by simply adding the
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AFig. 1. (A) Process flow for multilayer soft
lithography. The elastomer used here is General
Electric Silicones RTV 615. Part “A” contains a
polydimethylsiloxane bearing vinyl groups and
a platinum catalyst; part “B” contains a cross-
linker containing silicon hydride (Si-H) groups,
which form a covalent bond with vinyl groups.
RTV 615 is normally used at a ratio of 10 A:1 B.
For bonding, one layer is made with 30 A:1 B
(excess vinyl groups) and the other with 3 A:1 B
(excess Si-H groups). The top layer is cast thick
($4 mm) for mechanical stability, whereas the
other layers are cast thin. The thin layer was
created by spin-coating the RTV mixture on a
microfabricated mold at 2000 rpm for 30 s,
yielding a thickness of $40 !m. Each layer was
separately baked at 80°C for 1.5 hours. The
thick layer was then sealed on the thin layer,
and the two were bonded at 80°C for 1.5 hours.
Molds were patterned photoresist on silicon
wafers. Shipley SJR 5740 photoresist was spun
at 2000 rpm, patterned with a high-resolution
transparency film as a mask, and developed to
yield inverse channels of 10 !m in height.
When baked at 200°C for 30 min, the photore-
sist reflows and the inverse channels become
rounded. Molds were treated with trimethyl-
chlorosilane vapor for 1 min before each use to
prevent adhesion of silicone rubber. (B) Sche-
matic of valve closing for square and rounded channels. The dotted lines indicate the contour of the
top of the channel for rectangular (left) and rounded (right) channels as pressure is increased. Valve
sealing can be inspected by observing the elastomer-substrate interface under an optical micro-
scope: It appears as a distinct, visible edge. Incomplete sealing as with a rectangular channel
appears as an “island” of contact in the flow channel; complete sealing (as observed with rounded
channels) gives a continuous contact edge joining the left and right edges of the flow channel.
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Fig. 2. Optical micrographs of dif-
ferent valve and pump configura-
tions; control lines are oriented
vertically. (A) Simple on-off valve
with 200-!m control line and
100-!m flow line (“200"100”).
(B) 30"50 on-off valve. (C) Peri-
staltic pump. Only three of the
four control lines shown were
used for actuation. (D) Grid of
on-off valves. (E) Switching valve.
Typically, only the innermost two
control lines were used for actua-
tion. (F) Section of the seven-layer
test structure mentioned in the
text. All scale bars are 200 !m.
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particles consisting of 1.5-!m silica spheres to
the aqueous solution (Movie S1). The measured
tracer particle velocities were determined as a
function of the gear rotation rate both in the
forward and reverse directions and indicate a
maximum flow rate of 1 nl/hour. The depen-
dence appears to be linear and independent of
direction, as expected from the laminar nature of
the flow (Fig. 2). From the measured tracer
particle velocities, we estimate that pressure
drops of "30 !m H2O are achievable at our
fastest rotation rates.

The gear pump design illustrates the success
of positive-displacement pumping through the
use of colloidal microspheres; however, its de-
sign may prove particularly harsh to certain
solutions. Although we have been able to pump
individual cells using the gear pump (Movie
S2), concentrated cellular suspensions may be
damaged by the aggressive motion of the mesh-
ing “gears” of the pump. We have therefore
investigated a second approach that incorporates
a peristaltic design also based on the concept of
positive fluid displacement, effectively a pseudo
two-dimensional analog of a three-dimensional,
macroscopic screw pump. If instead of rotating
the particles as in the gear pump, they are trans-
lated back and forth across the channel in a
cooperative manner, fluid propagation can be
achieved.

The colloidal movement required to direct
flow with this approach is illustrated in Fig. 3.
The optical trap moves the colloids in a propa-
gating sine wave within which a plug of fluid is
encased. Direction of the flow can be reversed
by changing the direction of colloidal wave
movement. Again, these experiments were per-
formed with independent, 3-!m silica spheres;
however, a larger number of particles was used
in the experiments shown in Fig. 3 to represent
a complete wavelength. Fabrication of these
pumps required first maneuvering the colloids
into the channel section. Once in place, the
optical trap was scanned such that multiple
independent traps were created, one for each
colloid composing the peristaltic pump. Tracer
particles were also used in these experiments
and indicate that comparable flow rates could
be achieved with this approach. The “snake-
like” motion of this pump is best viewed as
movie clips (Movies S3 and S4).

The physical, colloid-based, in situ posi-
tive-displacement pumping scheme of these
two pumps has a number of advantages in
addition to its diminutive size. Because col-
loidal particles are used, and depending on
the design, the actuation scheme could be
electrophoretic, magnetophoretic, or optical
based. This range of actuation schemes will
allow pumping of complex suspensions and
nonpolar organic solvents, two fluid classes
in which electrophoretic pumping techniques
falter or fail.

To restrict and direct the flow of cells or
colloids within microfluidic networks, we creat-
ed two types of valve (Fig. 4) by using laser-
initiated photopolymerization to first lock col-
loids into specific geometries. Once polymer-
ized, these structures are positioned and, in
some cases, actuated by the same laser used for
their construction. Each valve consists of a
3-!m silica sphere photopolymerized to several
0.64-!m silica spheres that form a linear struc-
ture. For passive applications, the device was
maneuvered into a straight channel and the
3-!m sphere was held next to the wall, allowing
the arm to rotate freely in the microchannel. As
the flow direction was changed (Fig. 4A), the
valve selectively restricted the flow of large
particles in one direction while allowing passage
of all particles in the other. To actively direct
particulates to one of two exit channels, the
passive valve was maneuvered into a confining
“T” geometry. As the valve structure was rotat-
ed about its swivel point by using the optical

trap, the top or bottom channel was sealed,
directing flow of particulates toward the open
channel (Fig. 4B) (Movies S5 and S6).

We have shown here that colloidal particles
can be used to fabricate true micrometer-scale
microfluidic pumps and valves that are much
smaller than those constructed with current ap-
proaches (16, 27, 28). Although the use of an
optical trap provides a number of advantages,
including the elimination of physical connec-
tion to macroscopic hardware and the ability to
instantly alter device design or location in situ,
actuation of these devices via other applied
fields is certainly feasible. As discussed previ-
ously, appropriately selected colloids will also
translate in applied electric and magnetic fields.
Because of its versatility, a colloid-based ap-
proach to microfluidic flow generation and con-
trol may indeed prove a powerful technique for
the creation of complex, highly integrated, mi-
croscale total analysis systems.
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Fig. 3. Three-micro-
meter colloidal silica
used as a peristaltic
pump, operating at 2
Hz, to induce flow
from right to left
within a 6-!m chan-
nel. Frames are sepa-
rated by four cycles to
show movement of
the 1.5-!m tracer
particle.

Fig. 4. (A) A passive colloidal valve, where arrows indicate the direction of fluid flow. In images 1 to 3,
a flow of "2 nl/hour pushes the valve arm against the channel wall, allowing particulates in the flow
to pass. In images 4 to 6, the flow is reversed, swinging the valve structure across the channel, restricting
the flow of the 3-!m colloids but not the smaller 1.5-!m tracer particles. The aqueous solution used
to photopolymerize the valve structure consisted of an aqueous monomer, 1.99 M acrylamide
(Sigma-Aldrich) and cross-linker solution, 0.048 M bis-acrylamide (Sigma-Aldrich), containing both a
photoinitiator, 0.0006 M triethanolamine (J. T. Baker, Phillipsburg, NJ), and a coinitiator, 0.0002 M
riboflavin 5# phosphate sodium salt (Sigma-Aldrich). This solution was pumped into the microfluidic
channel network through a syringe pump. Initially fabricated in a deeper region of the network, the
linear structures were optically maneuvered into an 11-!m-wide and 3.2-!m-deep straight section of
the PDMSmicrofluidic channel. (B) An actuated, three-way colloidal valve. Images 1 to 3 show the valve
structure in a position to direct 3-!m spheres to the lower channel with flow rates of "2 nl/hour. In
images 4 to 6, the valve is moved downward to direct particulates to the upper channel.
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the shallower features). Although hemispherical channels (with
only one side etched) are significantly easier to fabricate, they
allow more leakage to occur, for lack of a sealing surface around
the entire circumference of the end of the piston. Sections b and
c of Figure 3 show the check valve (a “diode”, pointing to the
right) in operation. In Figure 3b, the piston allows flow past the
piston via a bypass channel, while the piston is seated against
the stop at right. In Figure 3c, the piston is seated against the left
stop, preventing any flow from passing through. An important
engineering tradeoff in the design of these systems is, of course,
the amount of leakage that occurs through the bypass while the
piston is actuated from left to right. Assuming Poiseuille flow in
the bypass, the volume of fluid that leaks past the piston during
actuation is Qleak ≈ (πdb

4/128ηLb)∆Pact∆tact, where db and Lb are
the bypass channel hydraulic diameter and length, respectively.
Since the leakage will be proportional to the product of the
pressure differential across the piston ∆Pact and the time required
for it to actuate ∆tact, clearly a low-friction piston leads to lower
leakage. For a piston/channel of fixed friction characteristics, the
engineering tradeoff that must be considered in selecting the
design variables db and Lb is the amount of pressure drop that is
tolerable during forward-flow operation (similar design compro-
mises are encountered with macroscale check valves). Since the
leakage scales with the fourth power of db, this is a very influential
design variable.

Figure 4 shows a diverter valve (analogous to an exclusive OR
gate), created by polymerizing a piston between two stops that
surround the intersection of two channels. The valve allows the
injection of fluid into a device from either input, while largely
restricting unwanted flow into, and contamination of, the opposite

input. The channels are created in a manner similar to those in
Figure 3, with stops as shown in Figure 4a. In Figure 4a,
fluorescent dye solution is being injected at ∼2 MPa (300 psi)
pressure into the chip; based on calculated Darcy restrictions from
inlet to outlet, the pressure differential across the polymer plug
is ∼1 MPa.

Leakage past the piston was quantified in this diverter valve,
by digitizing the video of the fluorescence interface near the

Figure 3. On-chip passive check valve. (a) Schematic of valve
architecture. The concentric cylinder (with bypass) geometry is
created in the substrate (shown clear) by wet-etching mirror images
of half-cylinders in two substrates, then aligning, and bonding. The
free piston (gray) is polymerized in situ. Both glass wafer surfaces
are HF-etched (in mirror image) to produce interconnecting channels
of concentric cylinders when bonded. (b) Flow direction is indicated
by dashed lines. Flow from left to right bypasses the piston seated
against the right stop. (c) Flow from right to left is prevented when
the piston seats against the left stop, checking the flow. Cylinder
diameters are approximately 100 and 25 µm.

Figure 4. Diverter valve. Large channels are ∼75 µm in diameter,
with 25-µm-diameter constrictions at the piston seats. (a) Pressure
(∼1 MPa) is applied to fluorescent dye solution at inlet A; the piston
seats to the right, preventing cross-contamination of inlet B while dye
solution flows into the device. (b) Profiles of the dye signal profiles
through the dashed line, as a function of time. Exponential curve fits
indicate the front is moving ∼115 µm in 1.6 s; diffusion alone over
this time would give a front moving 56 µm, assuming D ) 10-9 m2/s.
This suggests leakage at a velocity of ∼37 µm/s or a leakage flow
rate of ∼160 pL/s for this channel diameter of 75 µm. (c) Pressure is
applied from inlet B, at right, and the piston seats against the left
stop. Some leakage is apparent (notice the low dye signal in inlet A)
due to imperfect matching of the piston to the stop.
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kPa and are incompatible with organic solvent.15 Hydrogel valves16

show good sealing, and their apparent weaknesssthe dependence
of their state on fluid propertiesshas been largely overcome by
engineering, and offer the intriguing possibility of autonomous
flow control. Their actuation times are dramatically reduced at
the microscale but are still on the order of a few seconds. None
of these devices, however, provide low-leakage performance at
pressures exceeding several atmospheres, and only a few are
compatible with organic solvents.

In the present work, we create moving micropistons in situ
within microfluidic channels, using laser polymerization of a
nonstick polymer. Using various microfluidic channel geometries,
one can create check valves, diverter valves, and pipets within
the microfluidic device in a matter of a few minutes. The major
advantage of this technique is that moving parts may be made
without the limitations and difficulties imposed by the need for
sacrificial layers or mechanical assembly, bringing at least part
of the fabrication out of the cleanroom and into the chemistry
laboratory. This in situ technique also allows one to fabricate
moving parts that would be difficult or impossible to make using
traditional buildup and etch-away techniques.

MATERIALS AND METHODS
Freely moving microparts were created by selectively photo-

polymerizing a Teflon-like polymer formulation inside of a micro-
channel.17 As illustrated in Figure 1, the microfluidic channel is
completely filled with a monomer/solvent/initiator mixture, and
the mixture is then selectively exposed to UV light through a
mask. Unwanted monomer is flushed away with organic solvent
(via alternate conduits in the microfluidic system), while the
moving part is held captive by geometric constrictions within the
channel. The technique is similar to recent work on the photo-
polymerization of static devices (e.g., to create microfluidic
platforms and stationary porous media18,19); in the current work,
we have successfully identified formulations and polymerization
methods for UV photopolymers that can move freely within
microchannels. Typical formulations used in the examples pre-
sented here are as follows: (monomers) 1:1 trifluoroethyl acryl-
ate/1,3-butanediol diacrylate (50-80%); (solvents) methoxyetha-
nol/1,4-dioxane/5 mM TRIS buffer (total 20-50%); and (photo-
initiator) 2,2!-azobisisobutyronitrile 0.5% (w/w). Polymerization and
cross-linking is initiated by 355-nm light from a Nd:YAG laser (1

(mJ cm-2)/pulse, 10 Hz) through a chrome-on-quartz mask for
30-75 s. Although a number of UV sources will initiate photo-
polymerization, a laser confers higher resolution photodefinition
of the part. All reagents are used as received from Sigma-Aldrich,
except the monomers, which are purified with activated white
quartz sand just prior to use.

Resolution of the devices is limited by the competition between
radical diffusion and initiation/recombination reactions. Typical
resolution achieved is ∼10 µm, achieved by allowing oxygen to
diffuse into the formula prior to polymerization.

Figure 2 shows an illustrative example of a piston created in
a microfluidic channel (in a glass chip) that has a reduction of its
cross-sectional area (see inset). The monomer solution was
exposed to UV in the rectangular region outlined by the dashed
line and has been moved to the left by applying pressure at the
right inlet (using finger pressure applied to a syringe, which is
coupled to the chip via silica capillary and custom-made glue-down
ferruled fittings similar to ones now sold commercially by
Upchurch, Inc., Oak Harbor, WA). The piston is difficult to see
due to its optical clarity; the drawing above the image is intended
to guide the reader’s eye to the outline of the piston.

DEVICE EXAMPLES AND PERFORMANCE
One important point illustrated by Figure 2 is that because

the part is automatically molded to the cross-sectional shape of
the microchannel, and because it is polymerized against the
channel constriction, tight sealing is automatically achieved, as
will be demonstrated shortly. This makes this technique particu-
larly well-suited to fluid control applications in microdevices; in
fact, we have found in work conducted thus far that liquid is
necessary as a lubricant.

Simple geometries of channel and piston lead to a wide variety
of devices, wherein the channel constrictions behave as stops or
as sealing surfaces for pistons. In Figure 3, a check valve only
allows unidirectional flow, due to the location of the piston relative
to a bypass channel. Figure 3a shows a three-dimensional
schematic of both the substrate (clear) and the piston (gray).
Cylindrical channels were constructed by wet-etching mirror
images of the channel geometry in two glass wafers and then
bonding them together using electrostatic bonding followed by
thermal annealing. Two depths of channel were created, by
etching each wafer twice (first etching just the deep channels and
then repeating the photoresist/expose/develop/etch process for

(16) Beebe, D. J.; Moore, J. S.; Bauer, J. M.; Yu, Q.; Liu, R. H.; Devadoss, C.; Jo,
B. H. Nature 2000, 404, 588.

(17) Rehm, J. E.; Shepodd, T. J.; Hasselbrink, E. F.; Kluwer Academic: Monterey,
CA, 2001; pp 227-229.

(18) Svec, F.; J., F. J. M. Science 1996, 273, 205-211.
(19) Beebe, D. J.; Moore, J. S.; Yu, Q.; Liu, R. H.; Kraft, M. L.; Jo, B. H.; Devadoss,

C. Proc. Natl. Acad. Sci. U.S.A. 2000, 97, 13488-13493.

Figure 1. Method for in situ photopolymerization of mobile polymer
pistons.

Figure 2. Photopolymerized piston with cross-sectional area
change. The width of the channel contracts from 150 to 50 µm, and
the channel is 25 µm deep. The piston was UV-polymerized in the
outlined region and then displaced slightly to the left to show the
molded sealing surface. Plastic deformation of the piston is not
observed until the pressure applied at left exceeds 300 bar.

4914 Analytical Chemistry, Vol. 74, No. 19, October 1, 2002

Key idea: Photopolymerize parts in place in microfluidic devices
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Key idea: Exploit the Rayleigh-Plateau instability to create emulsion drops

Thorsen et al., Phys. Rev. Lett. 86 4163-4166 (2001) 
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FIG. 1. Microfabricated channel dimensions at the point of
crossflow and photomicrograph of the discontinuous water phase
introduced into the continuous oil phase. Dashed rectangle in-
dicates area in photomicrograph.

(60 mm wide 3 9 mm) are !1 and !4 cm, respectively.
The fluids are introduced into the urethane microfluidic
devices through pressurized reservoirs containing water
and oil. The reservoirs are connected to the device through
approximately 30 cm of 500 mm i.d. Tygon tubing. Pres-
sure was applied to the reservoirs with compressed air,
and the device output channel was allowed to vent to the
atmosphere. All reported pressures are relative to atmo-
spheric pressure (psig). Various oils were tested in the
device, including decane, tetradecane, and hexadecane,
combined with the surfactant Span 80 concentrations
(y"y) of 0.5%, 1.0%, and 2%. The device is equilibrated
prior to crossflow by priming the outflow channel with
oil/surfactant to eliminate water interaction with the
hydrophilic urethane. The production of reverse micelles
is then initiated by modifying relative oil/surfactant and
water pressures such that the water enters the crossflow
junction perpendicular to the oil stream, shearing off into
discrete droplets (Fig. 1).

The shape of the channels influences the size distribution
and morphology of the droplet patterning and can be modi-
fied by heating the photoresist mold on the silicon wafer
(80–110 ±C) to round the normally rectangular channels.
The photoresist flows during the heating process, creating
localized maxima and minima at the perpendicular inter-
section in the mold where the water is sheared into the
oil/surfactant phase and the transitions from the restricted
to the wide channels. Channels that have not been rounded

produce only monodisperse reverse micelles with regular
periodicity that associate with the walls of the wide chan-
nel as they flow through the device (Fig. 2). The relative
water/oil-surfactant pressures determine the size and spac-
ing between the reverse micelles. The patterns in a rounded
channel are more complex, ranging from periodic droplets
to “ribbons,” “pearl necklaces,” and helical intermediate
structures. The self-organization of the reverse micelles
depends on the differential pressure between the water and
oil-surfactant phases, with higher relative water pressures
driving the formation of increasingly complex droplet ar-
rays (Fig. 3).

The diverse pattern formation found in the rounded
channels can be classified as follows. When the oil pres-
sure greatly exceeds the water pressure, the water stream is
held in check by surface tension and only the oil flows. As
the water pressure is increased past a critical point, single
monodisperse separated droplets are formed at a frequency
of 20–80 Hz. Small adjustments in the water pressure in
this range change the radii of the formed droplets, with
higher water pressures generating larger droplets. When
the relative oil and water pressures are approximately
balanced (Pw ! Po), droplets are formed in a pearl-
necklacelike configuration [Figs. 3(D) and 3(E)]. They
stack up against each other during the transition from the
30 mm channel to the wider 60 mm channel due in part to
the increased drag of the necklace (which is larger than the
separated monodisperse droplets). At water pressures that
slightly exceed the oil pressure (Pw . Po), the packing
density of the droplets in the 60 mm channel increases.
The first complex structure that emerges with increas-
ing oil pressure is a transition from the pearl-necklace
shape into a zigzag pattern of droplets [Fig. 3(G)]. At
moderately higher water pressures (!10% higher than the
relative oil pressure), shear occurs at both the crossflow
junction and the transition from the narrow to wide
microchannel. Polydisperse and bidisperse motifs appear
as helices and patterned multilayer ribbon structures. The
patterns remain coherent as the arrayed droplets flow
down the entire length of the channel from the breakpoint

FIG. 2. Reverse micelles in square channels. Photomicro-
graphs show the transition from the 30 mm wide channel to the
60 mm wide channel. Respective pressures for the water and
oil/surfactant (hexadecane"2% Span 80) are noted in the figure.
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Wikipedia

Stress: elongates jet of liquid
Surface tension: minimizes surface area
Result: jet breaks up into drops
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Formation of dispersions using ‘‘flow focusing’’ in microchannels
Shelley L. Anna, Nathalie Bontoux,a) and Howard A. Stoneb)
Division of Engineering and Applied Sciences, Harvard University, Cambridge, Massachusetts 02138

!Received 13 August 2002; accepted 21 November 2002"

A flow-focusing geometry is integrated into a microfluidic device and used to study drop formation
in liquid–liquid systems. A phase diagram illustrating the drop size as a function of flow rates and
flow rate ratios of the two liquids includes one regime where drop size is comparable to orifice width
and a second regime where drop size is dictated by the diameter of a thin ‘‘focused’’ thread, so drops
much smaller than the orifice are formed. Both monodisperse and polydisperse emulsions can be
produced. © 2003 American Institute of Physics. #DOI: 10.1063/1.1537519$

Droplets of one fluid in a second immiscible fluid are
useful in a wide range of applications, particularly when the
droplet size and the size distribution can be prescribed on a
micro- or nanoscale. As examples, many personal care prod-
ucts, foods,1 and products for topical delivery of drugs are
emulsions, and nanoemulsions have been proposed for de-
contamination of surfaces infected in some way !e.g., bacte-
ria, bioterror agents, etc.".2 Similar emulsion structures are
considered for organizing liquid-crystal droplets into optical
devices.3,4 In this letter, we consider a flow-focusing con-
figuration in a microfluidic device for the formation of both
monodisperse and polydisperse emulsions and we qualita-
tively illustrate aspects for controlling the drop size and dis-
tribution as the flow rates of the two liquid phases are varied.

Emulsification methods are plentiful, but most involve
mixing two liquids in bulk processes, and many use turbu-
lence to enhance drop breakup. In these ‘‘top-down’’ ap-
proaches to emulsification, little control over the formation
of individual droplets is available, and a broad distribution of
sizes is typically produced.5 Alternatively, a ‘‘bottom-up’’ ap-
proach can be used for emulsification at the level of indi-
vidual drops. Microfluidic devices are ideal for thinking
about this approach to microstructure formation.6 For ex-
ample, Thorsen et al. formed emulsions in a microfluidic de-
vice by colliding an oil stream and a water stream at a
T-shaped junction.7 The resulting drops varied in size de-
pending on the flow rate in each stream. Similar microfluidic
approaches to emulsification and two-phase flows have been
described elsewhere.8–12 Alternatively, Gañán-Calvo and
Gordillo produced highly monodisperse gas bubbles, less
than 100 %m in diameter,11 using a technique called capillary
flow focusing: gas is forced out of a capillary tube into a bath
of liquid, the tube is positioned above an orifice, and the
pressure-driven contraction flow of the external liquid
through the orifice focuses the gas into a thin jet, which
subsequently breaks into equal-sized bubbles. In a separate
experiment, this geometry was used to produce liquid drop-
lets in air.13 Bubbles and drops formed by this flow-focusing
technique are typically smaller than the upstream capillary
tube and vary in size with the flow rates.

In the present study, we report experiments using a flow-

focusing geometry, integrated into a planar microchannel de-
sign using soft lithography fabrication methods,14 to form
liquid drops in a continuous phase of a second immiscible
liquid. Such fabrication methods allow rapid production of
an integrated microchannel prototype in essentially a single
step.15 Using oil as the continuous phase and water as the
dispersed phase, we observe a wide range of drop formation
patterns, depending on the flow rates applied to each liquid
inlet stream. We quantify the variation in size of the resulting
water drops as a function of the oil flow rate, Qo , and the
ratio of the internal water flow rate to the external oil flow
rate, Qi /Qo . Both monodisperse and polydisperse patterns
of drop formation occur, and the drop size can be either
approximately independent of, or strongly dependent on, the
flow rates, depending on the operating parameters chosen.

Figure 1 shows the flow-focusing geometry implemented
in a microfluidic device: a liquid flows into the middle chan-
nel and a second immiscible liquid flows into the two outside
channels. The two liquid phases are then forced to flow
through a small orifice that is located downstream of the
three channels. The outer fluid exerts pressure and viscous
stresses that force the inner fluid into a narrow thread, which
then breaks inside or downstream of the orifice. In the ex-
periments reported here, the inner fluid is distilled water and

a"École Polytechnique, Palaiseau, Paris, France.
b"Electronic mail: has@deas.harvard.edu

FIG. 1. Flow-focusing geometry implemented in a microfluidic device. An
orifice is placed a distance Hf!161 %m downstream of three coaxial inlet
streams. Water flows in the central channel, Wi!197 %m, and oil flows in
the two outer channels, Wo!278 %m. The total width of the channel is
W!963 %m and the width of the orifice is D!43.5 %m. The thickness of
the internal walls in the device is 105 %m; this thickness is necessary in
order to obtain a uniform seal between the glass cover slip and the poly-
!dimethylsiloxane" !PDMS". The uniform depth of the channels is 117 %m.
The ‘‘design’’ dimensions were slightly different than the measured values
reported here since silicone oil swells the PDMS.
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the outer fluid is silicone oil !viscosity, 6 mPa s", which leads
to water drops that form in a continuous phase of oil. Span
80 surfactant !Sorbitan monooleate, Aldrich" is dissolved in
the oil phase at 0.67 wt%. The surfactant solution was pre-
pared by mechanically mixing the two components for ap-

proximately 30 min and then filtering to eliminate aggregates
and prevent clogging of the microchannel.

The fluids are introduced into the microchannel through
flexible tubing and the flow rate is controlled using separate
syringe pumps for each fluid. In the experiments reported
here, the flow rate of the outer fluid !oil", Qo , is always
greater than the flow rate of the inner fluid !water", Qi .
Three different flow rate ratios are chosen, Qi /Qo!1/4,
1/40, and 1/400, where the oil flow rate given corresponds to
the total flow rate for both oil inlet streams. For each Qi /Qo ,
oil flow rates spanning more than two orders of magnitude
are chosen (4.2"10#5 mL/s#Qo#8.3"10#3 mL/s). At
each value of Qo and Qi , drop formation is visualized using
an inverted microscope and a high-speed camera.

In Fig. 2!a" we show formation of a nearly monodisperse
suspension of water droplets with diameter comparable to
the orifice width. Breakup occurs within the orifice. In addi-
tion, drops may break within the orifice such that one or
more satellite droplets are formed in a regular and reproduc-
ible manner. Figure 2!b" illustrates this kind of breakup pro-
cess, which thus naturally forms a bidisperse suspension.

We have conducted many experiments documenting the
formation of two-phase liquid–liquid dispersions in micro-
channels fabricated with the flow-focusing configuration. A
phase diagram indicating the range of responses we have
observed is shown in Fig. 3. We observe the formation of

FIG. 2. Experimental images of drop breakup sequences occurring inside
the flow-focusing orifice. (a) Uniform-sized drops are formed without vis-
ible satellites; breakup occurs inside the orifice. The time interval between
images is 1000 $s; Qo!8.3"10#5 mL/s and Qi /Qo!1/4. (b) A small
satellite accompanies each large drop; breakup occurs at two corresponding
locations inside the orifice. The time interval between images is 166 $s;
Qo!4.2"10#4 mL/s and Qi /Qo!1/40.

FIG. 3. Phase diagram for drop formation in flow focusing. Each image represents the drop sizes and drop patterns that form at the specified value of Qo
!rows" and Qi /Qo !columns". We note that for these flows the Reynolds numbers R!Q/(%h), where % is the kinematic viscosity of the fluid and h is the
height of the channel, of the oil (o) and water (i) are in the ranges 0.07$Ro$12 and 0.001$Ri$18, which are typically smaller than the values for the
original flow-focusing studies !see Refs. 11 and 12".
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Key idea: “Pinch off” droplets using a flow-focusing geometry
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Key idea: Recirculation within drops enhances mixing rates

thegraphs of intensity versus relativepositionacross the channel
(Figure 7c) were shifted vertically by <50 units of intensity to
adjust for nonuniform illumination of different parts of the
images. These adjustments were justified because the shape of
thedistributionrather thanabsolute concentrationwasdiscussed
in the paper.

Results and Discussion

Formation of a plug of multiple reagents1 is schemati-
cally shown in Figure 1a. Two reagent streams were
combined inamicrochannel, separatedbyan inert stream.
Since the flow was characterized by low values of the Re,
the three streams remained laminar. The streams were
continuously injected intoa stream of flowing carrier fluid
where they broke up into plugs transported by the carrier
fluid. Microfluidic devices were fabricated using PDMS.24-26

We choseperfluorodecaline (PFD)as thewater immiscible
carrier fluid because fluorinated fluids, in contrast to
hydrocarbon fluids, do not swell PDMS.

Visualization. We visualized flow patterns inside
moving plugs by injecting marked streams of fluid into a
plug and monitored the distribution of the marker as the
plug proceeded through the channel. Marking streams in
microchannels with absorption dyes requires high con-
centration of the dye, because thinmicrochannels provide
only a short optical path. All organic dyes that we
investigated, including the food dyes shown in Figure 2,
affected the interfacial properties of aqueous solutions
when dissolved at high concentrations. Therefore, visu-
alizations made with these dyes were not representative
of the flow patterns in plugs composed of dilute aqueous
solutions.

By comparing Figure 2a and b, it becomes apparent
that our food dyes did not act as inert markers in the
aqueous phase (Figure 2). If the dyes acted as inert mar-
kers, one would expect that switching the inlets through
which the red and green streams enter the plug-forming
region would lead to the formation of plugs with comple-
mentary flowpatterns (flowpatternswith switched colors
but otherwise identical). This is not what was observed
(Figure 2)sthe gross features of the flow patterns, and

not just their colors, changed when the two streams were
switched. The shape of the plugs also changed (black
arrows inFigure 2).Wehavenot characterized thedetails
of the flow of fooddyes inmicrochannelssabetter-defined
system where both the viscosity and interfacial tension
can be varied independently would be required for a
conclusive study.Nevertheless, these datawere sufficient
to conclude that organic dyes at high concentrationswere
unsuitable for visualization of flow patterns in aqueous
plugs of multiphase flow in this system.

To observe flow patterns without perturbing the flow
in aqueous plugs, we used a red aqueous solution of an
inorganic complex Fe(SCN)x(3-x)+ (x ∼ 3, absorption
maximum λmax ∼ 480 nm, extinction coefficient ε ∼ 5 ×
103 cm-1 M-1) prepared by mixing 0.067 M Fe(NO3)3 with
0.2 M KSCN (the viscosity of the solution of the complex
was1.08(0.05mPas). The two colorless aqueous streams
were 0.2 M KNO3 (viscosity 1.00 ( 0.05 mPa s). Both
Fe(SCN)x(3-x)+andKNO3 solutionshad interfacial tension
with the fluorinated carrier fluid of 12-14 mN/m. These
solutions did not perturb the flow patterns inside plugs
(Figure 3). Switching the position of the colored stream
leads to the formation of plugs with complementary
distribution of the dye; for example, white areas in plugs
shown in Figure 3a corresponded to dark areas in plugs
shown in Figure 3b and c. Flow patterns within plugs
were reproducible. At different flow rates, flow patterns
were similar except for blurring by diffusion at lower flow
rates, consistent with the low value of Re for these flows.
We used these aqueous solutions in all subsequent
experiments.

Formation of PlugssSurface Tension and the
Capillary Number. To obtain clean transport of the
reagents, the carrier fluid must wet the walls of the

Figure 2. Concentrated solutions of organic dyes cannot be
used to visualize true flow patterns and mixing inside plugs
described in this paper because they perturbed the flow inside
plugs. Left: Diagram of the microfluidic network. Right:
Microphotographs of theplug-forming region of themicrofluidic
network. The colored aqueous streams were solutions of red
and green food dyes. Plugs were traveling at 50 mm s-1. The
insets show enlargedmicrophotographs of plugs and their flow
patterns.Arrows emphasize the difference in contact angles of
the green and the red dyes with PDMS, indicating preferential
wetting of the surface of the channels by the green dye.

Figure 3. Aqueous solutions of Fe(SCN)x(3-x)+ complexes and
KNO3 can be used to visualize flow patterns and mixing in
plugs. Left: Diagram of the microfluidic network. Right:
Microphotographs of theplug-forming region of themicrofluidic
network. The insets show enlarged microphotographs of plugs
and their flow patterns. Changing the position of the dyed
stream yielded plugs with complementary (switched) colored
regions that were characteristic of the same flow patternsfor
example,white areas in part a correspond to red areas in either
part b or c. Plugs were traveling at 50 mm s-1.
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(Figure 7b). Twirling affected only a small fraction of the
longplugs andhada small effect on the distribution of the
marker in these plugs (Figure 7b). Recirculating flow did
not significantly acceleratemixing in longer plugs (Figure
7b, wf ) 0.73) because not enough of the marker was
transferred into the left side of the plugsthe initial
conditions for mixing in large plugs were similar to those
shown in Figure 7a2. Mixing in the longest plugs was
similar tomixing in a laminar flow in the absence of PFD
(Figure 7b, wf ) 1.00). In contrast, twirling accelerated
mixing for shorter plugs (Figure 7b, wf ) 0.30). Here,
twirling redistributed the marker just enough into the
left side such that nearly ideal initial conditions were
created, like those in Figure 7a1. Under these conditions,
we observed that the initial striation length was reduced
by the formation of a spiral flow pattern shown schemati-
cally inFigure1a.However, for even shorter plugs,mixing
was worse (Figure 7b, wf ) 0.14 and wf ) 0.20) due to
“overtwirling”. In this case, too much of the marker was
transferred into the left sideof theplug.Whenovertwirling
occurred, mixing was less efficient because initial condi-
tions resembled those observed for longer plugs (Figure
7b, wf ) 0.40), except that the red markers occupied the
opposite side of the plug.

We have created two intensity plots (Figure 7c) that
show the relative concentration of the marker within the
plug across the channel at the different water fractions
(Figure 7b). For these plots, the general shape of each
curve can qualitatively identify which initial condition

results in the most efficient mixing. The most efficient
mixing corresponds to a curve with minimal fluctuations
in intensity (the marker is evenly distributed across the
plug). To further investigate the effects of twirling on
mixing, intensity was measured across each plug after it
traveled a distance d of 4.4 times its length l (Figure 7c1).
If twirling is ignored, under these conditions of constant
d/l for all plugs, eq 5 predicts equivalent mixing in all
plugs.Equation5 isundoubtedlyvalid23 for the ideal initial
conditions (Figure 7a1), and deviations from the predic-
tions of the equation can be safely attributed to the effect
of twirling. For the longer plug with wf ) 0.73 and wf )
0.60, the plugswerenotwellmixed: the relative intensity
curve was much higher on the right side of the plug than
on the left side of the plug. For the shorter plug with wf
) 0.30, the mixing curve was fairly smooth and so the
plug was well mixed. For wf) 0.30, we estimated mixing
time ∼ 25 ms under these conditions. Mixing time could
be reduced further by increasing the flow rate, but we
have not been able to reach the ∼2 ms mixing time
observed for mixing by chaotic advection.1 This fact is
consistent with the lower mixing efficiency of steady
recirculating flows rather than that of time-dependent
flows.38 For the shortest plugswithwf) 0.14, the relative
intensity was higher on the left side of the plug, and

(38) Ottino, J. M. TheKinematics ofMixing: Stretching, Chaos, and
Transport; Cambridge University Press: Cambridge, 1989.

Figure 7. Effects of initial conditions on mixing by recirculating flow inside plugs moving through straight microchannels. (a1)
Recirculating flow (shown by black arrows) efficiently mixed solutions of reagents that were initially localized in the front and back
halves of the plug. Notations of front, back, left, and right are the same as those in Figure 1b. (a2) Recirculating flow (shown by
black arrows) did not efficiently mix solutions of reagents that were initially localized in the left and right halves of the plug. (b)
Left: Schematic diagram of the microfluidic network. Right: Microphotographs of different length plugs near the plug-forming
region of the microfluidic network, for water fractions of 0.14-1.00. Plugs were traveling at 50 mm s-1. (c1) A graph showing the
relative optical intensity of Fe(SCN)x(3-x)+ complexes in plugs of different lengths. Intensities were measured from left (x ) 1.0)
to right (x ) 0.0) across the width of a plug (shown by white dashed lines in parts a1 and a2) after the plug had traveled 4.4 times
its length through the straight microchannel. The gray shaded areas indicate the walls of the microchannel. (c2) Same as part c1,
except each plug had traveled 1.3 mm. The d/l for each water fraction was 15.2 (wf ) 0.14), 13.3 (wf ) 0.20), 11.7 (wf ) 0.30), 9.7
(wf ) 0.40), 6.8 (wf ) 0.60), 4.6 (wf ) 0.73), and 2.7 (wf ) 0.84).
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Key idea: Encapsulate drops in other drops to create multiple emulsions 

number of innermost droplets can be precisely controlled, as
illustrated by the double emulsions containing one to eight
inner droplets (Figure 1d). Similarly, the size of the innermost
droplets can be precisely controlled, as shown by the three
sets of double emulsions with different inner droplet sizes in
Figure 1e. In each case, all droplets are highly monodisperse.
The coefficient of variation (CV, defined as the ratio of the
standard deviation of the size distribution to its arithmetic
mean) is used to characterize the size monodispersity of

emulsion droplets. In all experiments, the CV values for
diameters of internal droplets and for double emulsions are
less than 2.3% and 1.6%, respectively. Furthermore, the
coaxial structure of this capillary microfluidic device has the
advantage that no surface modification of wettability is
necessary, allowing the same device to be used to prepare
either water-in-oil-in-water (W/O/W) or the inverse oil-in-
water-in-oil (O/W/O) multiple emulsions.

The high degree of control and stability afforded by the
dripping mechanism allows us to quantitatively determine the
flow-rate dependence of the diameters of the inner and outer
drops (d1 and d2, respectively) and to predict the number of
inner droplets N1. For fixed device dimensions and solution
conditions, the droplet diameter in coaxial flow is inversely
proportional to the velocity of the surrounding flow[30] in the
dripping regime. We calibrate the dependence of d1/D2 on
Q1/Q2 and find the linear dependence depicted in Figure 2a.
We find a similar linear dependence of d2/D3 on (Q1 + Q2)/Q3

(Figure 2b). Using these empirical relations, we can quanti-
tatively predict the number of inner droplets as N1 = f1/f2,
where f1 and f2 are the formation rates of the inner and outer
droplets. From mass conservation for each stream [Eq. (1)],

N1 ¼
f 1

f 2
¼ Q1=ðpd3

1=6Þ
ðQ1 þQ2Þ=ðpd3

2=6Þ
¼ Q1

Q1 þQ2

d3
2

d3
1

ð1Þ

using the linear fits to the experimental data in Figures 2a and
b, we can predict the number of encapsulated droplets as a
function of the flow rates [Eq. (2)], where a1 and a2 are the

N1 ¼
Q1

Q1 þQ2

D3
3

D3
2

!

a2 ðQ1 þQ2Þ=Q3 þ b2

a2 ðQ1=Q2Þ þ b1

"3

ð2Þ

slopes, and b1 and b2 are the intercepts obtained from the fits
in Figures 2a and b. The experimentally measured N1 values
are well-described by Equation (2), with no free parameters,
as shown by the solid line in Figure 2c; this correlation allows
easy calibration of our device. When the number predicted is
an integer, N1 can be precisely controlled; however, when the
number predicted is between two integers, the operation is in
a transition zone, and N1 takes either integral value. However,
precise control over N1 can be achieved through correct
adjustment of the flow rates.

This method for fabricating multiple emulsions has the
significant advantage that it can be very easily extended, thus
enabling us to generate additional hierarchical levels of
multiple emulsions. We illustrate this concept by fabricating
monodisperse triple emulsions, which consist of water-in-oil-
in-water-in-oil (W/O/W/O) drops. This preparation is accom-
plished by adding a second transition tube at the outlet of the
first and injecting the outermost fluid to flow coaxially around
this tube to form the third level of emulsification at its outlet,
as shown in Figure 3a. The individual steps of drop formation
leading to the triple emulsions are shown in Figures 3b–d.
Although there are large deformations of the droplets during
their formation as they flow through the tapered regions of
the capillaries, the emulsification process remains stable.
Again, both the diameter and the number of the individual
drops at every level can be precisely controlled, as illustrated

Figure 1. Capillary microfluidic device and the formation of precisely
controlled monodisperse double emulsions. a) Schematic diagram of
the device geometry. The outer fluid must be immiscible with the
middle fluid and the middle fluid must be immiscible with the inner
fluid. b) and c) High-speed optical micrographs of the first (b) and
second (c) emulsification stages. d) Optical micrographs of monodis-
perse double emulsions containing a controlled number of monodis-
perse single emulsions. e) Optical micrographs of monodisperse
double emulsions showing controlled increase of the diameter of the
inner droplets while the number is constant. All double emulsions
were made in the same device and with the same fluids. The flow
rates of the inner, middle, and outer fluids in (b) and (c) are Q1 =350,
Q2 = 2000, and Q3 =5000 mLh%1, respectively. In (d), the flow rates of
middle and outer fluids are fixed at Q2 =2000 and Q3 = 5000 mLh%1,
and those of the inner fluid are Q1 = 20, 55, 70, 85, 150, 200, 225, and
240 mLh%1, from the left top to the right bottom. In (e), the variation
ranges for the flow rates of the inner, middle, and outer fluids are
Q1&20–600, Q2&1600–5000, and Q3&2000–8000 mLh%1 (in each
case, Q3 is larger than Q2). All scale bars are 200 mm.
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middle fluid, which can be selectively gelled
or hardened to create solid capsules (12, 13).
These capsules can be used to encapsulate of
drugs for targeted delivery and release (14–21).

Multiple emulsions are typically made in a
two-step process, by first emulsifying the inner
droplets in the middle fluid, and then under-
taking a second emulsification step for the
dispersion (22). Each emulsification step
results in a highly polydisperse droplet distri-
bution, exacerbating the polydispersity of the
final double emulsion. Thus, any capsules
formed from such double emulsions are, by
nature, poorly controlled in both size and
structure, and this limits their use in applica-
tions that require precise control and release of
active materials. Microfluidic techniques can
circumvent the vagaries of the bulk emulsifi-
cation process and can produce more uniform
double emulsions (23), although the range of
drop sizes is limited and the devices require
localized surface functionalization to control
wettability in order to function. Alternatively,
flow focusing of coaxial jets (24) can produce
uniform coated droplets, but these must be re-
emulsified into the continuous phase, which is
a difficult step that precludeswidespread use of
this technique. The availability of highly
monodisperse double emulsions would not
only greatly improve their applicability but
would also allow for detailed studies of their
stability under more controlled conditions
(25–31).

Here we describe a fluidic device that
generates double emulsions in a single step,
allowing precision control of the outer and
inner drop sizes as well as the number of
droplets encapsulated in each larger drop. Our
device consists of cylindrical glass capillary
tubes nested within a square glass tube. By
ensuring that the outer diameter of the round
tubes is the same as the inner dimension of the
square tube, we achieve good alignment to
form a coaxial geometry. The innermost fluid
is pumped through a tapered cylindrical
capillary tube, and the middle fluid is pumped
through the outer coaxial region (Fig. 1A),
which forms a coaxial flow at the exit of the
tapered tube. The outermost fluid is pumped
through the outer coaxial region from the
opposite direction, and all fluids are forced
through the exit orifice formed by the re-
maining inner tube (Fig. 1A). This geometry
results in hydrodynamic focusing (24, 32) of
the coaxial flow. The flow passes through
the exit orifice and subsequently ruptures to
form drops; however, the coaxial flow can
maintain its integrity and generate double
emulsion droplets within the collection tube.
We were also able to produce single emul-
sions by removing the tapered inner injection
tube. In this geometry, our device is reminis-
cent of the selective withdrawal technique
(33). Typical diameters of the exit orifice in
our devices range from 20 to 200 mm; however,
smaller or larger orifices can also be used,

which allows the drop size to be adjusted. For
convenience, we used a collection tube whose
inner diameter was initially narrow and
abruptly widened at a distance equal to one–
article diameter downstream. These collec-
tion tubes were fabricated by axially heating
the end of a cylindrical glass tube; as the
glass liquefies, the orifice shrinks. Alter-
natively, we can use a tapered capillary tube
as the collection tube. This can provide ad-
ditional control, but the alignment of two
tapered capillary tubes is more delicate and
hence more difficult.

We achieved a high degree of control over
the resultant double emulsions, varying the
diameters of both the outer and inner drops
and the number of inner droplets [supporting
online material (SOM) text I and fig. S1]. We
can produce uniform double emulsions, in
which each drop contains a single internal
droplet, creating core-shell structures whose
drop diameter and shell thickness can be
controlled. For example, we can form drops
with extremely thin shells; the ratio of shell
thickness to outer drop radius can be as low
as 3% (Fig. 1B). Alternatively, we can in-
crease the shell thickness up to about 40% of
the drop radius (Fig. 1, C to E). We can also
vary the number and size of the internal
droplets in the double emulsions (Fig. 1, F
and G). A stream of double emulsions, each
containing a single internal droplet, is shown
in Fig. 1H.

To gain insight into the breakup of a coaxial
flow, we first considered the formation of
single emulsions. We defined two mechanisms
of drop formation for our device geometry:
dripping and jetting (34, 35). Dripping pro-
duces drops close to the entrance of the
collection tube, within a single orifice diame-
ter, analogous to a dripping faucet. Droplets
produced by dripping are typically highly
monodisperse. In contrast, jetting produces a
long jet that extends three or more orifice
diameters downstream into the collection tube,
where it breaks into drops. The jetting regime is
typically quite irregular, resulting in poly-
disperse droplets whose radii are much greater
than that of the jet. Jet formation is caused by
the viscous stress of the outer fluid, whose
viscosity, hOF, is typically 10 times greater
than that of the inner fluids in our experiments.
Thus, viscous effects dominate over inertial
effects, resulting in a low Reynolds number.
The formation of double emulsions is similar to
that of single emulsions; however, there are
two fluids flowing coaxially, each of which can
form drops through either mechanism.

The size distribution of the double emul-
sions is determined by the breakupmechanism,
whereas the number of innermost droplets
depends on the relative rates of drop formation
of the inner and middle fluids (fig. S1). When
the rates are equal, the annulus and core of the
coaxial jet break simultaneously, generating a

Fig. 1. Microcapillary geometry for generating double emulsions from coaxial jets. (A) Schematic
of the coaxial microcapillary fluidic device. The geometry requires the outer fluid to be immiscible
with the middle fluid and the middle fluid to be in turn immiscible with the inner fluid. The
geometry of the collection tube (round tube on the left) can be a simple cylindrical tube with a
constriction, as shown here, or it can be tapered into a fine point (not shown). The typical inner
dimension of the square tube is 1 mm; this matches the outer diameter of the untapered regions
of the collection tube and the injection tube. Typical inner diameters of the tapered end of the
injection tube range from 10 to 50 mm. Typical diameters of the orifice in the collection tube vary
from 50 to 500 mm. (B to E) Double emulsions containing only one internal droplet. The thickness
of the coating fluid on each drop can vary from extremely thin (less than 3 mm) as in (B) to
significantly thicker. (F and G) Double emulsions containing many internal drops with different
size and number distributions. (H) Double emulsion drops, each containing a single internal
droplet, flowing in the collection tube. The devices used to generate these double emulsions had
different geometries.
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a few beads per minute. Passive sorting is also possible and has been
used to demonstrate fractionation of small beads based on refractive
index and size18.

Here we describe a fast, active, all-optical control switch for live cells
and its implementation in a high-throughput, fluorescence-activated
microfluidic cell sorter. The noncontact nature of optical switching
facilitates a low-cost, passive chip device and the use of physiological
buffers such as cell culture media. Because this switch operates by
displacing the cell within the laminar flow rather than by attempting
to make a transient change to the fluid flow, switch rates can be high.
We have demonstrated mammalian cell sorting with high purities and
recovery rates.

There are many possible configurations for the orientation of the
optical beam and the design of the sorting junction. The design used
here is depicted in Figure 1. Cells flowing in from the sample input are
aligned to a narrow stream by hydrodynamic focusing. Cells in the
focused flow pass first through an analysis region and then through
the optical switching region. Flow to the two output channels is
asymmetrically biased such that, with no optical beam present, all cells
flow out to the waste channel. When a cell is detected and determined
to be a target cell, the optical switch is activated and a focused laser
spot deflects the cell to the target output channel. The laser spot is
translated at a speed matched to the flow velocity and at a small angle
relative to the axis of the flow to maximize the interaction time
between the laser and the cell. The resulting lateral displacement of the
cell across the flow stream is sufficient to ensure that it will be directed
toward the target output channel.

Our cell sorter uses two lasers: a near-infrared laser for the optical
switch and a visible wavelength laser for detection and fluorescence
measurement (Fig. 2a). The optical switch laser is a 20-W CW
Ytterbium fiber laser with a wavelength of 1,070 nm. Modulation
and translation of the beam from this laser is controlled by an

acousto-optic modulator (AOM). The laser is focused with a numer-
ical aperture (NA) of 0.2 onto the microfluidic chip. This NA is
relatively low compared to what is used in optical trapping experi-
ments (typically, NA 4 1); however, trapping is not required in this
case, and the lower divergence and longer depth-of-focus of the
resulting focused beam allows cells to be moved laterally by the
optical force regardless of their initial depth in the microfluidic
channel. The laser used for cell detection and fluorescence excitation
is a 5-mW, 488-nm semiconductor laser that is copropagated with the
near-infrared laser. The fluorescence signal from each cell is measured
by a photomultiplier tube (PMT) and electronically gated. The
removable microfluidic cartridge used in these experiments was
designed to minimize cell losses even for small starting cell popula-
tions. Starting sample volumes are in the range of 5–25 ml, whereas
sheath buffer loaded onto the cartridge is approximately 1 ml. For
starting cell populations as small as 1,000 cells, typically 490% of
cells loaded into the sample input can be retrieved at the combined
outputs at the end of a complete run. Figure 2b,c shows the resulting

Waste Collection

Optical switch

Analysis region

BufferBuffer

Sample input

Figure 1 Layout of the microfluidic sorting junction and the optical switch.
After being aligned to the center of the channel by flow focusing, cells are
analyzed and then switched based on their detected fluorescence. Target
cells are directed by the laser to the collection output while all other cells
flow to the waste output.
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Figure 2 Cell sorting with an optically switched microfluidic fluorescence-
activated cell sorter. (a) Schematic of the cell sorter instrument and the
microfluidic cartridge. The near-infrared laser and 488-nm laser are focused
through the same lens onto the microfluidic chip. The presence of a cell in
the analysis region is detected by a photodiode and the fluorescence of that
cell is measured by the PMT. Based on a gating of the fluorescence signal
the AOM is triggered to optically switch the cell (GFP-positive cells are
switched to the collection well). Sample is loaded directly onto and off the
cartridge by pipette. Windows on the bottom of the collection wells permit
viewing of the sorted populations. IR, infrared. (b,c) Brightfield (left) and
fluorescence (right) images of the resulting cell populations in the collection
well (b) and waste well (c) are shown for a typical sort of the GFP-expressing
HeLa cells.
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Key idea: Use radiation pressure to sort cells in a microfluidic device

a few beads per minute. Passive sorting is also possible and has been
used to demonstrate fractionation of small beads based on refractive
index and size18.

Here we describe a fast, active, all-optical control switch for live cells
and its implementation in a high-throughput, fluorescence-activated
microfluidic cell sorter. The noncontact nature of optical switching
facilitates a low-cost, passive chip device and the use of physiological
buffers such as cell culture media. Because this switch operates by
displacing the cell within the laminar flow rather than by attempting
to make a transient change to the fluid flow, switch rates can be high.
We have demonstrated mammalian cell sorting with high purities and
recovery rates.

There are many possible configurations for the orientation of the
optical beam and the design of the sorting junction. The design used
here is depicted in Figure 1. Cells flowing in from the sample input are
aligned to a narrow stream by hydrodynamic focusing. Cells in the
focused flow pass first through an analysis region and then through
the optical switching region. Flow to the two output channels is
asymmetrically biased such that, with no optical beam present, all cells
flow out to the waste channel. When a cell is detected and determined
to be a target cell, the optical switch is activated and a focused laser
spot deflects the cell to the target output channel. The laser spot is
translated at a speed matched to the flow velocity and at a small angle
relative to the axis of the flow to maximize the interaction time
between the laser and the cell. The resulting lateral displacement of the
cell across the flow stream is sufficient to ensure that it will be directed
toward the target output channel.

Our cell sorter uses two lasers: a near-infrared laser for the optical
switch and a visible wavelength laser for detection and fluorescence
measurement (Fig. 2a). The optical switch laser is a 20-W CW
Ytterbium fiber laser with a wavelength of 1,070 nm. Modulation
and translation of the beam from this laser is controlled by an

acousto-optic modulator (AOM). The laser is focused with a numer-
ical aperture (NA) of 0.2 onto the microfluidic chip. This NA is
relatively low compared to what is used in optical trapping experi-
ments (typically, NA 4 1); however, trapping is not required in this
case, and the lower divergence and longer depth-of-focus of the
resulting focused beam allows cells to be moved laterally by the
optical force regardless of their initial depth in the microfluidic
channel. The laser used for cell detection and fluorescence excitation
is a 5-mW, 488-nm semiconductor laser that is copropagated with the
near-infrared laser. The fluorescence signal from each cell is measured
by a photomultiplier tube (PMT) and electronically gated. The
removable microfluidic cartridge used in these experiments was
designed to minimize cell losses even for small starting cell popula-
tions. Starting sample volumes are in the range of 5–25 ml, whereas
sheath buffer loaded onto the cartridge is approximately 1 ml. For
starting cell populations as small as 1,000 cells, typically 490% of
cells loaded into the sample input can be retrieved at the combined
outputs at the end of a complete run. Figure 2b,c shows the resulting
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Optical switch

Analysis region

BufferBuffer

Sample input

Figure 1 Layout of the microfluidic sorting junction and the optical switch.
After being aligned to the center of the channel by flow focusing, cells are
analyzed and then switched based on their detected fluorescence. Target
cells are directed by the laser to the collection output while all other cells
flow to the waste output.
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Figure 2 Cell sorting with an optically switched microfluidic fluorescence-
activated cell sorter. (a) Schematic of the cell sorter instrument and the
microfluidic cartridge. The near-infrared laser and 488-nm laser are focused
through the same lens onto the microfluidic chip. The presence of a cell in
the analysis region is detected by a photodiode and the fluorescence of that
cell is measured by the PMT. Based on a gating of the fluorescence signal
the AOM is triggered to optically switch the cell (GFP-positive cells are
switched to the collection well). Sample is loaded directly onto and off the
cartridge by pipette. Windows on the bottom of the collection wells permit
viewing of the sorted populations. IR, infrared. (b,c) Brightfield (left) and
fluorescence (right) images of the resulting cell populations in the collection
well (b) and waste well (c) are shown for a typical sort of the GFP-expressing
HeLa cells.
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Key idea: Use gravity to sort particles of different mass 

the simple use of difference in sedimentation velocity. Mass-
dependent particle sorting in µ-SOHSA is completed at the end
of the separation channel where smaller and larger particles flow
into the upper and lower collectors, respectively (Figure 1D).

THEORY

We performed a theoretical analysis of hydrodynamic separa-
tion amplification by investigating the effect of the widening
channel geometry on the trajectories of different-sized particles
with the same density. Figure 2A shows a schematic diagram of
the separation channel whose lower wall widens in the positive
x-direction at an angle of θ. Gravity is in the positive y-direction,
and the width of the channel at the entrance and at any arbitrary
longitudinal position along the x-axis is denoted by Hin and H(x),
respectively. To simplify the analysis, we considered the fluid flows
in the microchannel to be two-dimensional in the xy-plane and
ignored the flow domain and the movement of particles in the
z-direction. Also, we assumed that there is no hydrodynamic
interaction between particles.

Considering θ << 1 and the small Reynolds number of our
system, the governing equations for the steady flow in the channel

are given by

where p is fluid pressure, µ is the viscosity of fluid, and u and υ
are x- and y-directional flow velocities, respectively. Solving (1)
and (2) using no-slip and no-penetration boundary conditions at
the channel walls located at y ) 0 and y ) H(x), we obtain the
following expressions for the velocity components.

where Q! is a volumetric flow rate per unit thickness of the channel
and Hin represents the entrance width of the separation channel.

Figure 1. Mass-dependent particle separation based on hydrodynamic amplification of sedimentation-driven particle separation in µ-SOHSA.
(A) Particles are introduced into the middle inlet and hydrodynamically focused by sheath flows in the sample focusing channel. Upon entering
the separation channel where the flow direction is aligned perpendicular to gravity, sedimentation of particles occurs, and the resulting difference
in the vertical position between larger (white polystyrene beads, 20 µm in diameter) and smaller (blue polystyrene beads, 1 µm in diameter)
particles is gradually amplified by asymmetrically widening flow streamlines generated by widening channel geometry as shown in (B) and (C).
(D) In the far downstream, isolation of separated particles is achieved by directing each particle stream to different outlet channels. Fluid flows
in µ-SOHSA are driven by the earth’s gravity. The separation demonstrated here was performed at a total flow rate of ∼1 mL/h. Size bar,
500 µm.

0 ) - dp
dx + µ∂2u

∂y2 (Stokes equation) (1)

∂u
∂x + ∂υ

∂y ) 0 (continuity equation) (2)

u(x,y) ) 6Q!
(Hin + x tan θ)3 [(Hin + x tan θ)y - y2] (3)

υ(x,y) ) 6Q! tan θ
(Hin + x tan θ)4 [(Hin + x tan θ)y2 - y3] (4)

Analytical Chemistry, Vol. 79, No. 4, February 15, 2007 1371

Huh et al., Anal. Chem. 79 1369-1376 (2009) 
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Key idea: Particles of different diameter follow different streamlines
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Holm et al., Lab Chip 304, 1326-1332 (2011) 

amounts depending on their size, as described above. Fig. 2b

shows a comparison of the measured displacement with the

theory. Comparing microsphere sizes with their mean lateral

displacements shows that the device parameters used result in

a somewhat larger critical diameter than predicted by the theory.

This applies to all of the microsphere sizes but is most notable for

those of 10 mm diameter. For 10 mm microspheres the mean

lateral displacement differs by almost 20% from the expected

value. We believe this is due in part to the large diameter of the

microspheres compared to the gap between posts (12 mm) and the

large disturbance in the flow field this must cause, and in part due

to a small imbalance in the exit flow in our present design. The

volume flow through the channel that collects particles with

maximum displacement (in this case 10 mm) was smaller than

intended and particle trajectories tended to curve in toward the

centre of the device where the volume flow was marginally larger

leading to a decrease in total displacement for these particles.

In all work previously reported on DLD, devices have been

fabricated much deeper than even the largest dimension of the

particles, the aim being to attain high volume throughput.

Particles are assumed to be either spherical or approximately

spherical in these devices. We have previously shown that non-

spherical particles can be oriented in DLD devices such that they

present different dimensions to the device11 thereby changing the

effective size of the particle so that it approaches that of the

selected dimension, for example the diameter of a disk shaped

particle or the length of a long thin particle. The smallest

dimensions of RBCs and parasites are very similar, the result,

being that in a conventional deep DLD device their effective sizes

are also very similar. This makes separation impossible or at best

gives it very poor resolution. The method we present here, of

tailoring device depth to the specific particle system, overcomes

this problem and makes it possible to control the sensitivity of

DLD to specific morphologies.

3. Trypanosoma cyclops as a model system

The African trypanosomes comprise a taxonomic group that

includes those subspecies discussed above that are infectious to

man, but also numerous other hemoflagellates infectious to other

vertebrate species. Given the risks and regulatory constraints

associated with working with T. brucei subspecies, we have

confined our initial proof-of-concept studies to trypomastigotes

(the flagellated parasite form found in the mammalian host) of

the parasite T. cyclops, Fig. 3. This is a parasite of the macaque

monkey, Macaca, found in Southeast Asia which also propa-

gates as a trypomastigote in culture medium. The T. cyclops

culture forms are similar but not identical to T. brucei. Cultured

T. cyclops trypomastigotes are expected to be 33.5 mm long and

2.5 mm wide according to the literature,12 while T. brucei trypo-

mastigotes are described as 30 mm long and 1.5–3.5 mm wide.3

Initial size characterisation of our cultured T. cyclops was carried

out by microscopical examination of 160 parasites resulting in

a measured length of 30.6! 4.7 mm and a broadest width of 2.6!
0.4 mm. No distinct subpopulations could be distinguished within

the culture based on the size and there was very little correlation

(correlation coefficient of 0.14) between the length and width of

the parasites, see the ESI, Section 2†. The width of the T. cyclops

is almost identical to the width of the RBCs which makes

separation in conventional DLD devices very difficult as

described above.

It is possible that properties, such as surface charge and

flagellum waveform, for example, differ between T. cyclops and

T. brucei. However, the Deterministic Lateral Displacement

technique that we employ depends primarily on cell shape and

size. We thus believe that T. cyclops represent a legitimate

surrogate for pathogenic T. brucei in demonstrating the separa-

bility of trypanosomes from RBCs in blood using DLD.

4. Materials and methods

To make a master for replica moulding SU-8 (MicroChem,

Newton, MA, USA) was spin coated onto 300 silicon wafers at

varying thicknesses and patterned using UV light in a contact

mask aligner (Karl Suss MJB3 and MJB4, Munich, Germany). A

chrome mask was fabricated by Delta Mask (Delta Mask,

Enschede, The Netherlands) with a design drawn in L-Edit 11.02

(Tanner Research, Monrovia, CA USA). Before casting, the

master was given an anti-adhesion layer of 1H,1H,2H,2H-per-

fluorooctyltrichlorosilane (ABCR GmbH & Co. KG, Karlsruhe,

Germany) to facilitate demoulding.13 PDMS monomer and

hardener (Sylgard 184, Dow Corning, Midland, MI, USA) were

mixed to a ratio of 10 : 1, degassed, poured onto the master and

baked for 1 hour at 80 "C. Connection tubes were cast directly

into the PDMS to avoid the need for any additional adhesive.

Our first generation of devices were sealed with glass slides as is

commonly done. In these devices we observed a high proportion

of echinocytes (deformed RBCs). We discovered later that this is

due to the proximity to the glass surface consistent with the

observations by Lim et al.14 In order to avoid this problem we

fabricated devices entirely in PDMS. The patterned PDMS slab

was bonded to a blank PDMS slide following surface treatment

with oxygen plasma (Plasma Preen II-862, Plasmatic Systems,

Inc, North Brunswick, NJ, USA). A pressure gradient was used

to drive flow through the DLD devices. Outlets were kept at

atmospheric pressure and the overpressure at the three inlets was

controlled individually using an MFCS-4C (Fluigent, Paris,

France). This made it possible to hydrodynamically focus the

sample into a stream of #10 mm in width. A schematic overview

of the device is shown in Fig. 4a.

All images were taken through an inverted Nikon Eclipse

TE2000-U microscope (Nikon Corporation, Tokyo, Japan)

using an Andor Luca EMCCD camera (Andor Technology,

Fig. 3 A colour-enhanced scanning electron micrograph of an RBC

(red) and a T. cyclops (green), both of which are representative of the

most common size and shape. The dimensions of the two are also given.

1328 | Lab Chip, 2011, 11, 1326–1332 This journal is ª The Royal Society of Chemistry 2011
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designed specifically to give sperm a residence time of 20 s in
the main separation channel. A bifurcation placed at the end of
this separation channel allows efficient collection of only the motile
sperm that deviated from its initial inlet stream (Figure 2 and
Supporting Information).

Component Integration. The MISS integrates all functions
necessary for sperm sortingssuch as inlet/outlet ports, fluid
reservoirs, pumps, power source, and separation columnsonto a
simple chip design that is practical to manufacture and use (Figure
1). A key design feature is the set of four horizontally oriented
fluid reservoirs that also function as sample inlet/outlet ports and
a fluid pumping system. The orientation, geometry, and size of
these reservoirs are designed to balance gravitational forces and
surface tension forces and provide a pumping system that
generates a steady flow rate over extended periods of time
regardless of the volume of fluid in the reservoirs. This contrasts
with conventional gravity-driven pumping systems whose flow
rates decrease over time as the volume of fluid in the inlet
reservoir decreases. The diameters of the reservoirs were selected
to be small enough that surface tension prevents liquid from
spilling out of the horizontally oriented reservoirs but large enough
to hold sufficient amounts of sample (tens to hundreds of
microliters) and allow convenient sample introduction and recov-
ery. This balance of forces allows the reservoirs to be arranged
horizontally without the liquid inside spilling out. The horizontal
reservoir arrangement, in turn, holds the height difference
between the fluid in the inlet and outlet reservoirs the same (1.0-
mm height difference between inlet and outlet reservoir ceilings,
Figure 1) regardless of the volume of fluid present in the
reservoirs and maintains a constant hydraulic pressure even as
the amount of fluid in the reservoirs changes.19

Passive Pumping Mechanism. The passively driven pump-
ing system described here is unique in that it uses horizontally
oriented reservoirs to overcome the problem of traditional gravity-
driven pumping, where the pressure decreases as the amount of
liquid in the reservoir decreases. Furthermore, the structure of
the pump is greatly simplified compared to other mechanical or
nonmechanical pumping systems, allowing easy manufacture and
integration of the pump into a small, integrated device. Finally,
the use of gravity and surface tension as the driving-force
contributes to the overall small size of the MISS by eliminating
the need for power supplies, such as batteries. Taking gravity,
surface tension, and channel resistance into consideration, the
MISS was designed to give a steady flow rate of sperm with a
residence time of ∼20 s inside the main sorting channel. More
specifically, the MISS is designed so that the flow resistance of
the fluid reservoirs is more than 106 times less than that of the
microfluidic channels and, therefore, negligible. Thus, the resis-
tance of the channels, calculated to be 2.8 × 1012 kg/(s/m4),
approximates the total resistance of the system. Since a bulk flow
rate of 0.008 µL/s is required to achieve the desired residence
time of 20 s and the total resistance is 2.8 × 1012 kg/(s/m4), the
net pressure drop required to drive the fluid is 23 N/m2. To
achieve this desired pressure drop, we designed the dimensions
of the reservoirs such that capillary forces (3.0-mm-diameter inlet
reservoir versus 2.0-mm-diameter outlet reservoir) would be 13
N/m2 and the pressure drop across the microfluidic channel of
the MISS due to hydrostatic forces (1.0-mm height difference)
would be 9.8 N/m2. For calculation of the capillary force, we
approximated the contact angle to be 0° (the contact angle of water

(19) Zhu, X.; Phadke, N.; Chang, J.; Cho, B.; Huh, D.; Takayama, S. Proceedings
of MicroTAS 2002, Nara, Japan, 2002; pp 151-153.

Figure 2. Video images and schematic figure of sperm sorting. (a) Phase contrast images of sperm sample entering channel at the inlet
junction, motile sperm swimming out of their initial streamline and spreading throughout the width of the channel, and motile sperm being sorted
at the outlet junction. (b) Cartoon illustration of the video images shown in (a). The dashed line represents the interface between the parallel
laminar streams. At the outlet junction, the motile sperm are evenly distributed throughout the width of the channel. The majority of the nonmotile
sperm, however, are positioned in the initial streamline, which corresponds to the upper stream in this image. The relative flow rates of the inlet
streams and outlet streams (upper stream/lower stream) are ∼1:3 (see Supporting Information for a movie of the process).

Analytical Chemistry, Vol. 75, No. 7, April 1, 2003 1673

Key idea: Live cells swim across laminar streamlines
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is more, vapor bubbles that nucleate during boiling rapidly grow

to occupy a microchannel14 and further evaporation takes place

at the miniscus between a vapor bubble and microchannel

wall.14,35,36 However, controlled boiling in microsystems remains

a challenge because the volume of vapor generated is roughly two

orders of magnitude greater than condensed liquid.

We have conceptualized, engineered and demonstrated

a microfluidic distillation operation, which enables separation of

liquid mixtures based on boiling point differences. Microfluidic

distillation is realized by establishing vapor–liquid equilibrium

using segmented flow. Enriched vapor in equilibrium with liquid

is then separated using capillary forces, which enables a single-

stage distillation operation. The earlier limitations of microscale

distillation were thus overcome by achieving controlled boiling

through the use of an inert gas and by using microscale capillary

separators to perform separation of the enriched phases.

Theory

Guiding principles

Gas–liquid segmented flows can be separated using capillary

forces.15,23 Kralj16 et al. have outlined the pressure conditions

necessary to achieve capillary separation of immiscible liquid–

liquid systems. The conditions must also be satisfied for

successful operation in gas–liquid systems. In our system, vapor–

liquid equilibrium is achieved using segmented flow (see Fig. 1).

This vapor–liquid segmented flow subsequently enters the

membrane separator shown in Fig. 1. The vapor–nitrogen phase,

which does not flow through the separator membrane, passes

across the membrane surface to an outlet (outlet 1). The resis-

tance to flow across the membrane surface is small compared

with the pressure drop across outlet 1. The liquid phase, which

wets the PTFE membrane, flows through the pores of the

membrane to outlet 2. The vapor–nitrogen phase does not flow

through the membrane because the minimum pressure needed to

overcome the capillary pressure difference has not been achieved.

This first condition is expressed as16

DPc > DP1 ! DP2 (1)

where DP is the pressure drop across a membrane capillary

(DPc), the vapor outlet (DP1), and the liquid outlet (DP2). The

pressure drop through outlet 1 must be equal to the sum of

pressure drops of the membrane (DPm) and outlet 2 because both

fluid streams exit under ambient pressure. Reynold’s number

(Re) in our system was estimated between 1 to 4. Thus, the

pressure drop due to laminar flow is given by the Hagen–Pois-

euille equation.

DP ¼ 8mQL

pR4
(2)

If cylinders are used to represent the membrane pores, then the

capillary pressure can be estimated from the interfacial tension

(g), pore size (R), and wetting angle (q). Taking these observa-

tions into consideration, and applying eqn (2), the first condition

(eqn (1)) is easily rewritten as

gcosq .
4m2Q2

npR3
Lm (3)

We now develop a second condition, whereby saturated liquid

does not flow through the vapor outlet 1. The only way to

prevent liquid flow through outlet 1 is to impose a much larger

resistence to flow through outlet 1. Given that fluidic resistence

equals DP/Q, the second condition is

DP1

Q1

..
DPm

Q2

þ DP2

Q2

(4)

As vapor and gas flow through outlet 1, condensation takes place

upon cooling of the microchannel. Condensation within

a microchannel is a complex process. Here, we simplify the order

of magnitude calculations by setting the pressure drop across the

vapor outlet equal to the sum of the pressure drop in the outlet

section before condensation (DPV) and total nitrogen gas–liquid

pressure drop after condensation (DPG,L) in the same outlet,

DP1 ¼ DPV + DPG,L (5)

The pressure drop before condensation is given by eqn (2),

DPV ¼
8m1Q1

pR1
4

L1 (6)

Here, m1 is the viscosity of the nitrogen–vapor mixture, L1 the

channel length of outlet 1 before condensation, R1 the channel

radius, and Q1 the total flow rate through outlet 1. Upon

condensation, nitrogen gas slugs are dispersed in a continuous

liquid phase. The pressure drop after condensation can therefore

be modeled as a gas–liquid segmented flow. The gas–liquid

pressure drop during segmented flow is expressed as40

DPG,L ¼ NBDPB + DPL,V (7)

where DPB is the pressure drop across each gas bubble, DPL,V is

the liquid phase pressure drop, and NB is the number of gas

bubbles present inside the microchannel. The number of gas

bubbles can be estimated from the void fraction of gas bubbles

(3G), the length of microchannel comprised of segmented flow

(L3), and the bubble length (LB) by

NB ¼ 3G

L3

LB

(8)

Fig. 1 Proof of concept device used to achieve single-stage distillation.

The illustration shows a capillary in which vapor–liquid equilibrium is

reached using segmented flow. A gas–liquid membrane separator is then

used to separate vapor from liquid, and thus realizing distillation.

1844 | Lab Chip, 2009, 9, 1843–1849 This journal is ª The Royal Society of Chemistry 2009
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Key idea: Establish vapor-liquid equilibrium in segmented flow and separate 
vapor using capillary forces
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Abstract: For a simple biphasic hydrolysis, we show
that the application of various reaction conditions in
microreactors using segmented flow can dramatically
increase the reaction rate. A tandem diazotation/
Heck reaction served as an example that even homo-

geneous reactions can be accelerated by segmenta-
tion in microreactors.

Keywords: biphasic reactions; Heck reaction; hydrol-
ysis; microreactors; segmented flow

Introduction

The miniaturisation of chemical processes using chip-
based microreactors can exhibit significant advantages
over existing conventional techniques. The properties
and reaction conditions in such microreactors are dif-
ferent to large-scale systems. A high surface-to-
volume ratio, short diffusion distances, fast and effi-
cient heat dissipation and mass transfer enable novel
and diverse applications.[1] These properties have
been advantageously used in organic synthesis.[2]

Results and Discussion

A microchip system applied in synthetic chemistry
usually consists of an arrangement of microstructures
such as capillary scale ducts, sensors and actuators. A
combination of such microcomponents and a chip-to-
world interface of fluidic, electrical, optical and other
interconnects may form a microreactor which can be
fabricated in different geometries and from a variety
of materials. The majority of chemical reactions in so-
lution carried out in microreactors involve homogene-
ous reactions at room temperature. Recently, an inter-
est in applying microreactors utilising multiphase flow
(gas/liquid or liquid/liquid biphasic systems) has
emerged.[3] In a microchannel, the contact interface
between immiscible liquids can follow various flow
patterns, due to the forces at the interface generated
from the different physical properties of both phases
such as viscosity and surface tension. The most

common mode of multiphase interface is known as
parallel flow in which the respective fluid phases align
side-by-side and mixing between them occurs princi-
pally via diffusion. Another multiphase mode, seg-
mented flow, can be created in a microchannel when
two (or more) fluid phases form serial trains of fluid
packets, each phase being separated by the other.
Once these fluid packets or segments are formed, an
internal fluid vortex is generated which causes rapid
mixing within a given segment by continuously re-
freshing the diffusion interface as shown in Figure 1.
The area of this interface is approximately propor-
tional to the cross-sectional area of the microchannel.
The cross-section must be smaller than the length of
the segments, otherwise emulsions are formed.[4] Fur-
thermore, the constructional material of the micro-

Figure 1. Schematic representation of segmented flow in a
microchannel: Rapid mixing within a given fluid segment is
caused by the internal vortex fluid flow; mass transfer be-
tween contiguous fluid segments is enhanced by the continu-
ously refreshing interface.
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channel plays a significant role in the formation of
segments and influences their shape due to the effects
of interfacial tension and surface energies.[5] The com-
parison of microreactors with conventional processing
has become of interest recently as exploitation of
their industrial usage is increasing.[6]

Herein we report the effect of internal vortex circu-
lation in segmented flow systems and compare these
data with results obtained using conventional flasks.
Firstly, we performed biphasic reactions in which a
mass-transfer between two phases is necessary in
order for a reaction to proceed. Secondly, we describe
the acceleration of homogeneous reactions taking
place only in one phase, which is rapidly mixed by an
immiscible, second inert phase.

For the generation of segmented flow, a microreac-
tor or PTFE (polytetrafluoroethylene) tube with a T-
junction geometry was used. One fluid phase moves
into the channel whilst the other phase is forced into
the junction, thus cutting the flow of the first phase
due to the high interfacial forces between the phases.
Pressure build up then reverses the configuration, and
as these events are repeated a regular segmented flow
stream is formed (Figure 2). The lengths of segments
are dependent on flow velocities and surface proper-
ties. Additionally, a material with a high surface
energy with respect to one phase (i.e., larger contact
angle) will lead to more rounded fluid segments. For
example, in the case of an organic/aqueous system in
a channel made of perfluoro polymeric material, the
aqueous phase will have a larger contact angle and
hence a higher surface energy compared to the organ-
ic phase, leading to the formation of “rounder” aque-
ous segments and expanded organic ones.

We investigated the hydrolysis of p-nitrophenyl ace-
tate (1), dissolved in toluene, with aqueous sodium
hydroxide as a biphasic reaction (Scheme 1). The re-
action progress was monitored by the UV absorption
of phenolate 2 at lmax=400 nm. The reaction was per-
formed in a microreactor as described in the Experi-
mental Section (300 mm ! 300 mm microchannel,
400 mm length) or in a PTFE tube (300 mm internal
diameter, 400 mm length). The yield of the reaction is
dependent upon reaction time which is inversely pro-
portional to the flow rate. Additionally, the size of the
segments will also have an effect on the reaction rate
as the ratio of volume:interfacial area increases with
increasing size of the segments (Figure 3).

A solution of substrate 1 in toluene (0.05M) and an
aqueous solution of sodium hydroxide (0.5M) were
passed through the two inlets of the microreactor or
into a T-junction of PTFE tubes using a dual syringe
pump.

The hydrolysis of p-nitrophenyl acetate (1) was car-
ried out under different reaction conditions in differ-
ent reactors. It is possible to deduce a number of
trends from the results shown in Figure 3. A compari-

Figure 2. Photo image of segmented flow during biphasic hy-
drolysis reaction in PMMA microreactor with T-junction;
Phase A is the aqueous layer and Phase B is the organic
layer.

Scheme 1. Hydrolysis of p-nitrophenyl acetate (1).

Figure 3. Hydrolysis of 1 using different flow types and reac-
tion times: (a) Short segmented flow (approx. 2 mm) under
microwave irradiation at 50 8C. (b) Long segmented flow
(approx. 10 mm) under microwave irradiation at 50 8C. (c)
Segmented flow in PTFE tubing heated in an oil bath at
50 8C. (d) Segmented flow at room temperature in a PMMA
reactor. (e) Segmented flow at room temperature in PTFE
tubing. (f) Hydrolysis reaction at 50 8C in a flask with stir-
ring. (g) Hydrolysis reaction at room temperature in flask
with stirring.
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channel plays a significant role in the formation of
segments and influences their shape due to the effects
of interfacial tension and surface energies.[5] The com-
parison of microreactors with conventional processing
has become of interest recently as exploitation of
their industrial usage is increasing.[6]

Herein we report the effect of internal vortex circu-
lation in segmented flow systems and compare these
data with results obtained using conventional flasks.
Firstly, we performed biphasic reactions in which a
mass-transfer between two phases is necessary in
order for a reaction to proceed. Secondly, we describe
the acceleration of homogeneous reactions taking
place only in one phase, which is rapidly mixed by an
immiscible, second inert phase.

For the generation of segmented flow, a microreac-
tor or PTFE (polytetrafluoroethylene) tube with a T-
junction geometry was used. One fluid phase moves
into the channel whilst the other phase is forced into
the junction, thus cutting the flow of the first phase
due to the high interfacial forces between the phases.
Pressure build up then reverses the configuration, and
as these events are repeated a regular segmented flow
stream is formed (Figure 2). The lengths of segments
are dependent on flow velocities and surface proper-
ties. Additionally, a material with a high surface
energy with respect to one phase (i.e., larger contact
angle) will lead to more rounded fluid segments. For
example, in the case of an organic/aqueous system in
a channel made of perfluoro polymeric material, the
aqueous phase will have a larger contact angle and
hence a higher surface energy compared to the organ-
ic phase, leading to the formation of “rounder” aque-
ous segments and expanded organic ones.

We investigated the hydrolysis of p-nitrophenyl ace-
tate (1), dissolved in toluene, with aqueous sodium
hydroxide as a biphasic reaction (Scheme 1). The re-
action progress was monitored by the UV absorption
of phenolate 2 at lmax=400 nm. The reaction was per-
formed in a microreactor as described in the Experi-
mental Section (300 mm ! 300 mm microchannel,
400 mm length) or in a PTFE tube (300 mm internal
diameter, 400 mm length). The yield of the reaction is
dependent upon reaction time which is inversely pro-
portional to the flow rate. Additionally, the size of the
segments will also have an effect on the reaction rate
as the ratio of volume:interfacial area increases with
increasing size of the segments (Figure 3).

A solution of substrate 1 in toluene (0.05M) and an
aqueous solution of sodium hydroxide (0.5M) were
passed through the two inlets of the microreactor or
into a T-junction of PTFE tubes using a dual syringe
pump.

The hydrolysis of p-nitrophenyl acetate (1) was car-
ried out under different reaction conditions in differ-
ent reactors. It is possible to deduce a number of
trends from the results shown in Figure 3. A compari-

Figure 2. Photo image of segmented flow during biphasic hy-
drolysis reaction in PMMA microreactor with T-junction;
Phase A is the aqueous layer and Phase B is the organic
layer.

Scheme 1. Hydrolysis of p-nitrophenyl acetate (1).

Figure 3. Hydrolysis of 1 using different flow types and reac-
tion times: (a) Short segmented flow (approx. 2 mm) under
microwave irradiation at 50 8C. (b) Long segmented flow
(approx. 10 mm) under microwave irradiation at 50 8C. (c)
Segmented flow in PTFE tubing heated in an oil bath at
50 8C. (d) Segmented flow at room temperature in a PMMA
reactor. (e) Segmented flow at room temperature in PTFE
tubing. (f) Hydrolysis reaction at 50 8C in a flask with stir-
ring. (g) Hydrolysis reaction at room temperature in flask
with stirring.
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Key idea: Drops increase reaction rates by increasing surface-to-volume 
ratio, reducing diffusion distances, and enhance heat and mass transfer
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make droplet-based microfluidics the method of choice to
measure single-turnover kinetics of the enzyme ribonuclea-
se A (RNase A) with millisecond resolution (Figure 18).[44]

By using on-chip dilution (Section 2.2.2), serial measurements
of the kinetics of RNase A turnover were performed for three
substrate concentrations (Figure 18b). A kinetic trace is
obtained from a time-averaged image of the fluorescence
intensity (Section 2.7); each kinetic trace required approx-
imately 66 nL of sample. The conversion of alkaline phos-
phatase was also studied within plugs on a millisecond
timescale.[43] The activity of luciferase within droplets of
viscous solutions could be studied with millisecond resolution
by using the “bumpy mixer” (Figure 12a).[45] Control of
dispersion enables plugs to be used to perform enzymatic
reactions on slower timescales (from seconds to hours). A
multiple-step assay to measure the clotting time of blood was
adapted to the droplet-based microfluidic system, which
allowed fibrin clots within the droplets to be transported
through the channel without contacting or contaminating the
channel walls.[132] By using a preformed cartridge containing
plugs of various enzymes (Section 2.2.1) and by merging these
plugs with a stream of a substrate (Figure 6), enzymes could
be screened to identify an enzyme with desired reactivity.[42]

Microreactors for in vitro protein expression are useful
for directed evolution of proteins, because the genes and
substrate for the protein can be contained in the same

microreactor to express the protein and probe its function
simultaneously.[61,149] In a microfluidic device, droplets of sub-
picoliter volume were formed from two aqueous streams
(Section 2.2.2) containing the components for GFP expres-
sion (GFP-encoding vector, RNA polymerase, amino acids,
nucleotides, and ATP; GFP= green fluorescent protein).[149]

After incubation of the droplets at 37 8C, the expression of
GFP was confirmed by high-sensitivity epifluorescence
microscopy (Figure 19).[149] This method, which allows easy
control of the concentrations of a large number of droplets
(Section 2.2.2), demonstrates the potential application of
droplet-based microfluidic channels for the directed evolu-
tion of proteins.

3.1.2. Encapsulation of Macromolecules and Cells in Droplets

Cell cultivation can be highly parallelized with droplet-
based microfluidics, as has been demonstrated for C. elegans
embryos[172] and microbial cells.[162,173,174] By confining a cell
within a droplet, dilution is minimized, and the small amounts
of molecules released by the cell can be more easily detected.

Single-cell enzymatic assays have been achieved by
encapsulating single cells inside droplets.[175] A single droplet
of controlled femtoliter volume could be generated by using
specially designed T channels. Before the formation of the
droplet, a single cell was selected from the aqueous solution
and moved by optical trapping to the interface between the
aqueous phase and the carrier fluid.[175] The cell was
encapsulated in the resulting droplet. Similar selective
encapsulation has been demonstrated for polystyrene beads,
single cells, and single mitochondria.[175] In one example, a
single mast cell was encapsulated in a droplet containing a
fluorogenic substrate outside the cell (Figure 20a). Before

Figure 18. Kinetic analysis on a millisecond timescale of the turnover
of RNase A in plugs.[44] a) Left: Experimental setup. Right: Fluores-
cence microphotograph (false-colored) that shows the time-averaged
(exposure time 2 s) intensity of aqueous plugs and carrier fluid
moving through the microchannel. b) Graph of the experimental
kinetic data for three substrate concentrations at 0.8 (~), 3.3 (&), and
5.8 mm (*); the data is obtained from analysis of images such as that
in (a). Also shown is a mixing curve (right axis, !) for a Fluo-4/Ca2+

system in the same microfluidic device. The solid lines are fits of the
reaction progress including explicit treatment of mixing. Reprinted
with permission from reference [44]. Copyright 2003 American Chem-
ical Society.

Figure 19. In vitro translation of GFP within droplets.[149] a) Fluores-
cence microphotograph of the droplets after GFP expression. The
droplets were collected in a microfabricated well. b) Fluorescence
spectrum of GFP; dashed line: commercially obtained protein in
aqueous solution, solid line: individual droplet after in vitro expres-
sion. Reprinted from reference [149].

Figure 20. An enzymatic assay for a single mast cell within a drop-
let.[175] a, c) Brightfield images; b, d) fluorescence images. Reprinted
with permission from reference [175]. Copyright 2005 American Chem-
ical Society.

R. F. Ismagilov et al.Reviews
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Key idea: Design a droplet-based microfluidic system to extract kinetic 
parameters of an enzymatic reaction
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tions of the protein and the precipitant). Because precipitants
(often small molecules or salts) may diffuse faster than the
protein, the solution at the interface between the solutions of
the protein and the precipitant is more supersaturated than
the solution after mixing. Mixing was used to control the
lifetime of the interface between the solutions of protein and
salt in plugs. If mixing was slow, then the lifetime of the
interface was long and excessive nucleation resulted (Fig-
ure 26b). If mixing was fast, then the lifetime was short and
fewer nucleation events resulted (Figure 26c).

3.3. Syntheses in Droplets
3.3.1. Synthesis of Organic Molecules in Droplets

Organic reactions have been performed in microfluidic
plugs and slugs to exploit the advantages of miniaturization as
well as facile heat and mass transfer. Examples of single-step
reactions that have been performed within plugs include the
nitration of benzene,[184–186] the extraction of acid from
kerosene,[187] the fluorination of aromatics,[49] the bromination
of alkenes,[188] and precipitate-forming reactions.[189] Mono-
meric and novolak azo dyes were formed within plugs in a
two-step reaction.[47] The hybridization efficiency on DNA
microarrays was improved by segmenting the samples into
slugs.[190]

Mass transport is crucial for heterogeneous reactions that
occur between multiple phases. In droplet-based microflui-
dics, effective and well-controlled mass transport between
phases can be achieved[96] thanks to the reproducible flow
patterns. This enables droplet-based microfluidics to be used
as a tool for investigating the effect of mass transport on
heterogeneous reactions. One example of this application is
the catalytic hydrogenation of unsaturated aldehydes, in
which three phases were involved: the aqueous phase
contained the [RuII(tppts)] catalyst (tppts= triphenylphos-
phane trisulfonate), the organic phase contained the unsatu-
rated aldehyde, and the gas phase was composed of H2. The
reaction was conducted in capillaries by forming alternating
(Section 2.6) aqueous droplets and H2 bubbles in an organic
solvent, which served as the carrier fluid (Figure 27).[191] The
mass transfer between phases was controlled by the flow rates

and the diameter of capillary. This study suggested that the
mass transport is the rate-determining factor of the reac-
tion.[191]

Minimization of the reagent consumption is an important
factor for optimizing reactions of precious substrates. The
consumption of substrates per reaction can be decreased to
nanoliter volumes by conducting these reactions in plugs. A
preformed cartridge (Section 2.2.1) containing different reac-
tion conditions (Figure 28) was used to optimize an organic
reaction,[126] and the plugs from the cartridge were merged
(Section 2.2.3) with a stream of the substrate solution. In the
selective deacetylation of the substrate hexaacetyl ouabain
(Ac6-OUA), less than 1 mg of Ac6-OUAwas required for each
reaction. In contrast to screening in microtiter plates, this
plug-based method requires only two syringe pumps for flow
control. Evaporation is also eliminated. MALDI-MS was
used as a semiquantitative detection method to analyze the
reaction in the nanoliter-sized droplets (Figure 28b).[126]

3.3.2. Synthesis of Monodisperse Nanoparticles

In addition to kinetic measurements, the synthesis of
monodisperse polymers and particles also requires accurate
control of the reaction time. Compartmentalization and rapid
mixing (Section 2.3) result in a defined starting point of
reactions and a narrow distribution of residence times. This
control of mixing enabled, for example, the synthesis of silica
gel particles of uniform size within liquid slugs.[192] The size of
the nanoparticles was controlled by varying the flow rate and
therefore the residence time (Figure 29).[48, 129,192] The repro-

Figure 26. Study of the influence of mixing on the nucleation of
protein crystals by using droplets.[183] a) Experimental setup. b) At a
low flow rate, precipitation was observed (top image); precipitate and
microcrystals grew within the plugs (bottom image). c) At a higher
flow rate, fewer and larger crystals were observed (bottom image).
Reprinted with permission from reference [183]. Copyright 2005 Amer-
ican Chemical Society.

Figure 27. Catalytic multiphase reaction for the hydrogenation of
unsaturated aldehydes performed by using alternating droplets.[191]

Photograph of a capillary (diameter 750 mm) containing alternating H2

bubbles and aqueous droplets. The continuous phase is an organic
solvent (either toluene or hexane) that contains the unsaturated
aldehyde. Figure reprinted from reference [191].

Figure 28. Testing of the conditions of organic reactions in plugs with
subsequent analysis by MALDI-MS.[126] a) Setup for serial merging of
the reagent plugs with a stream of substrate solution. “PEEK Tee” is a
commercially available T junction. b) The reaction plugs are deposited
on a MALDI plate for analysis. Figure reprinted from reference [126].
Copyright 2006 American Chemical Society.
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Key idea: Design a droplet-based microfluidic system to study effect of 
mixing on nucleation of protein crystals
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This paper analyzes the effect of mixing on nucleation of protein
crystals. Nucleation is an important aspect of protein crystallization.1
In-depth research has been conducted leading to insights into the
mechanism of crystal nucleation as well as novel methods to control
it1,2 (e.g., work on nucleation at the liquid-liquid-phase boundary
and on levitated droplets), but the effect of several factors affecting
nucleation is not well understood. Mixing is proposed to be respon-
sible for uncertainties in batch protein crystallization.3 Mixing is
also important in the nucleation of small molecule crystals4 and
selectivity of organic reactions,5 but its effect on nucleation of pro-
tein crystals has not been studied experimentally. One barrier to this
study is the difficulty of controlling and monitoring mixing, espe-
cially when using manual or robotic pipets. Crystal nucleation is a
stochastic process, and to obtain statistically significant data, studies
of nucleation necessitate a large number of experiments. The amount
of the protein and labor required presents another barrier.
Here we show that a plug-based microfluidic system6 is suitable

for observing mixing effects in crystal nucleation. The system is
capable of setting up hundreds of crystallization experiments in a
short period of time,7 requiring little labor and ∼1 µL samples of
protein solutions. It relies on nL-volume aqueous plugs in a water-
immiscible, fluorinated carrier fluid, where each plug acts as a
microreactor in which a crystallization trial takes place. Mixing by
chaotic advection in the system is well-controlled and characterized.8
Chaotic advection has been pioneered in single-phase microfluidic
devices.9 The use of two-phase flows in plugs is attractive because
it can transport solids,10 such as precipitates that might arise during
crystallization experiments.
Mixing experiments were carried out by combining protein

(thaumatin) and precipitant (2 M KNaC4H4O6) solutions in a PDMS
microfluidic channel. The solutions were separated by a thin stream
of buffer to avoid contact6 before forming plugs (Figure 1a). Mixing
was changed by varying the total flow rate (higher flow rate
corresponding to more rapid mixing in a winding channel).8 The
flow rate ratios between protein, buffer, and salt solutions were
kept constant. Mixed plugs were collected in a glass capillary,7
which was sealed and incubated at 18 °C. The number of crystals
in each plug was monitored over time.
Nucleation was sensitive to flow rate and mixing. Rapid

nucleation took place at low flow velocities: i) precipitate was
visible as the plugs were being mixed, and ii) these plugs yielded
precipitation or showers of microcrystals after incubation for 8 h,
indicating many nucleation events per plug. At high flow velocities,
no precipitation was visible, and only a few large crystals grew
after 8 h (Figure 1) of incubation, representing only a few nucleation
events in each plug.
We rationalize qualitatively the effect of mixing by considering

the interface regions (interfaces) between the protein and salt
solutions. Mixing by chaotic advection yields interfaces where
highly concentrated protein and precipitant come in contact and
interdiffuse (Figure 2). Because the precipitant diffuses more rapidly
than the protein, at the interface there will be a region within which
the protein concentration is still high, while it has a high

concentration of precipitant. The nucleation rate J [nuclei m-3 s-1]
strongly depends11 on supersaturation S, J ∝ exp[-C/(ln S)2].12
The supersaturation, and therefore nucleation rate at the inter-

faces, is much higher than it would be after mixing. Therefore, the
total number of nucleation events depends on both the area and
the lifetime of these interfaces. These arguments are well-known
and are used as the basis for free-interface diffusion methods of
protein crystallization.1,13
Varying the flow velocity varies the area as well as the lifetime

of these interfaces. The interfaces stretch and fold as plugs travel
through the winding channel.8 Stretching and folding increases the
total area of interfaces and accelerates mixing by decreasing the
diffusion distance (Figure 2). Increasing the flow velocity allows
the interfaces to evolve faster and increases the total area of the
interfaces that develops before mixing is complete. The lifetime of
the interfaces, however, decreases at high flow velocity due to
acceleration of mixing by chaotic advection.
The mixing effect can be qualitatively estimated from the product

of the lifetime and total area of the interfaces (for simplicity we
assume that the thickness of the interfacial region in which
nucleation takes place is constant). We have made three additional
approximations. First, only nucleation happening at the freshly
formed interfaces is considered, rather than nucleation taking place
after mixing is complete. This assumption is experimentally
reasonable when the time of incubation before collecting crystal
growth data is short (to reduce the importance of background
nucleation from the mixed solutions). Second, every newly gener-
ated interface is fresh for only one cycle of advection, which is
arbitrary, but it will cancel out as we are comparing the ratio of
nucleation under different flow velocities. Removing this assump-
tion gives qualitatively similar results. Third, the Peclet number
(Pe) is high - convective transport dominates diffusive transport
(The calculated values: Reynolds number, Re < 6; Pe > 170).
Applying a scaling argument (with all of the necessary assumptions)

Figure 1. (a) A schematic of the microfluidic channel. (b) At low flow
velocity precipitation occurred and microcrystals grew. (c) At high flow
velocity no precipitation occurred and large crystals grew.

Figure 2. A simplified schematic of the stretching and folding of interfaces
as plugs are being mixed by chaotic advection in a winding channel.8 See
Supporting Information for experimental flow patterns.

Published on Web 06/15/2005

9672 9 J. AM. CHEM. SOC. 2005, 127, 9672-9673 10.1021/ja052279v CCC: $30.25 © 2005 American Chemical Society

Tuesday, September 25, 12



Reaction: nanoparticle synthesis

40

liquids in design 2, nonuniform reactant distribution
betweenadjacent slugs could occur, thus furtherwidening
the particle size distributions. To visualize and quantify
the recirculationwithin slugs, the liquidphasewas seeded
with polystyrene beads and microscopic particle image
velocimetry was used to quantify the recirculation in a
center plane of the channel (Figure 5). In the example
shown, the average linear velocity of the liquid segment
has been subtracted to clearly reveal the recirculating
flow within the liquid segment. The maximum spanwise
velocity accounts for up to 30% of the bulk velocity in the
liquid segment, corresponding to a significant recircula-
tion.

Figure 6 presents a summary of particle synthesis
results for the design 2 SFR. As expected, the segmented
flow (slug-flow) systemproduces sharper sizedistributions
than the corresponding LFR in the low residence time
regime.However, thenarrowest size distribution that can
be obtained in the design 2 SFR (≈8%) is still wider than
that from batch synthesis (≈5%) and is almost equal to
the corresponding LFR data. We attribute the deviation
from batch synthesis to two principal factors: (i) non-
uniformreactant distribution in adjacent segments at the
gas inlet, and (ii) communication between the adjacent
liquid segments and their merging at channel bends.

Incoming reactant liquids in the design 3 SFR (Figure
1c) pass through a micromixing section prior to the
introduction of the gas. This design thus prevents any
nonuniform reactant distribution effects. In addition, the
aging section in this design is much longer (2.3×) than

those in designs 1 and 2, and stable noncoalescing slug
distributions are obtained. Figure 7 is an optical micro-
graph of this device in operation and shows a typically
uniform segmented flow. Synthesis results from this
microreactor are summarized in Figure 8. We obtain
monodisperse particle size distributions (∼4.5%) that are
equivalent to the corresponding batch results.

PDMS was used as a material of construction to take
advantage of rapid prototyping and a relatively simple
fabricationprocess.Thesmall amountof swellingofPDMS
associated with ethanol43 was not an issue for the present
application. However, other materials systems requiring
organic solvents that swell PDMS43 will require surface
modification to make the microfluidic devices more
chemically compatible. Alternatively, other materials of
construction such as silicon and glass could be used. All
microreactors in this work could be operated for long
periods of timeswithout agglomeration ofparticles on the
walls and subsequent plugging. Electron microscopy of a
PDMSreactor surfaceaftera typical synthesis experiment
lasting about 4 h revealed a surface covered by a thin
layer of silica particlessless than 2 µm thick (Figure 9).
For themicroreactor,weusedPDMSaspreparedwithout
any surface modification beyond the oxygen plasma
treatment to bond the PDMS to the glass slide. We
attribute this lack of aggregation on the wall to electro-
static effects of the initial thin layer of silica preventing

(43) Lee, J.;Park,C.;Whitesides,G.M.Anal. Chem.2003,75, 6544-
6554.

Figure 7. Optical micrograph of segmented flow reactor (SFR, design 3) in operation: Uniform, noncoalescing gas-liquid flow
is obtained.
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furthergrowthofparticlesonthewallsin effect stabilizing
the wall particle interactions in a manner similar to the
electrostatic stabilization of the sol.

Conclusions

We have described basic principles of operation of
microfluidic reactors for synthesis of colloidal particles.

It is possible to tune sizes and size distributions in a
controlled fashion by varying the operating variables of
linear velocity and mean residence time. For a given
laminar flow reactor design, monodisperse particle dis-
tributionsareonly feasibleunder conditions thatminimize
axial dispersion. This requirement is especially severe
for low residence times, when particle growth rate is the
fastest, and wide residence time distributions lead to
corresponding wide distributions of particle sizes. Seg-
mented flow reactors eliminate axial dispersion effects
and could serve as useful tools for obtaining kinetic data
on growth mechanisms. These reactors show promise for
synthesis of ceramic particles such as titania (TiO2) and
zirconia (ZrO2) that are considerably more difficult to
process than the silica system used in present study.
Furthermore, since these particles are charged, they can
be separated on-chip by incorporating electrophoresis
modules, which would enable subsequent surface modi-
fication of the colloidal nanoparticles.
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Figure 8. Segmented flow reactor (SFR, design 3). Sequence of SEM micrographs for recipe 0.2 M TEOS, 2.0 M NH3, 5.9 M H2O,
and corresponding to various residence times: (a) τ ) 9 min, davg ) 407 nm, σ ) 7.1%; (b) τ ) 14 min, davg ) 540 nm, σ ) 4.5%;
(c) low magnification SEM of sample (b), the organization of particles into pseudocrystalline domains is an indicator of the high
monodispersity of the microreactor product; (d) graph of standard deviation (σ) expressed as a percentage of mean diameter versus
residence time (t min) in the SFR as compared to batch reactor data for recipe 2. In all SEM micrographs, the scale bar corresponds
to 1 µm.

Figure 9. SEM micrograph of PDMS reactor wall after a 4 h
synthesis run (tilted view). Smooth surface represents a cut
section of the PDMS.
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Key idea: Use of gas slugs to separate small liquid reaction volumes 
increases the monodispersity of microfluidically-produced particles

Khan et al., Langmuir 20 8604-8611 (2004) 
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(365 nm) radiation to create ‘‘on the fly’’ photopolymerization
(i.e. continuous radiation of a moving liquid) of the sample
stream as it flows towards the outlet of the channel. A
micrograph of polymerized sample and sheath flows inside the
outlet pipette are shown in Fig. 1a. The polymerized fiber
moves along the direction of flow without touching the inner
surface, emerging from the device as a polymerized fiber.

In a similar way, microtubes can be fabricated by using the
apparatus shown in Fig. 1b. Into the inlet ‘A’ and ‘B’, the core
fluid (25 vol% PVA 1 75 vol% DI water) and sample fluid
(4-HBA) are introduced respectively, and a core surrounded by
sample flow is produced at the position ‘C’, as shown in Fig. 1b.
The core/sample flow then enters into the second stage, where a
sheath fluid (50 vol% PVA 1 50 vol% DI water) is introduced
producing a core/sample/sheath flow construct. via continuous
UV exposure, the polymerized tubes are continuously formed.

The radius of the sample stream within a sheath flow can be
described as a function of the volume flow rates of the sample
and sheath streams.15,16 The coaxial flow of appropriate
parameters (e.g., viscosity, flow rate, channel dimension)
produces a laminar flow profile. The linear velocity, V(r), for

laminar flow in a circular outlet tube is given as a function of
distance to the stream center, r, where R is the tube radius.

V rð Þ~ 2Q

pR2
1{

r2

R2

! "
(1)

The total volume flow rate, Qtotal, is given by the sum of the
sample volume flow rate, Qsample, and the sheath volume flow
rate, Qsheath. Since the sample stream is circular and centered in
the tube, the sample stream volume flow rate must equal the
integral of eqn. (1) over the area of the sample stream.
Performing the integration and solving for the sample radius,
Rs yields the following equation for the radius of sample flow as
a function of the sample stream and total volume flow rates:

Rs~R 1{
Qsheath

QsamplezQsheath

! "1=2
" #1=2

(2)

Experiments

The apparatus used to manufacture the fibers and tubes is
constructed using established methods of pipette pulling and
PDMS molding. Fig. 2 demonstrates the process of fabricating
the apparatus used to manufacture microfibers and microtubes.
A glass micropipette (Aluminosilicate glass/1714, Corning), the
length of which is 4 cm, and inner and outer diameters are
0.5 mm and 1 mm, respectively, is used to mold the center hole
(Fig. 2). By using double sided tape, both ends of the pipette
are attached onto the acrylic anchor fixed in the Petri dish. A
mixture of PDMS pre-polymer and curing agent (Sylgard 184
silicone elastomer kit, Dow Corning, Midland, MI) is prepared
in a 10 : 1 ratio and poured over the pipette and anchors, and
cured 2 h at 80 uC on a hot plate. The Petri dish is removed and
the embedded pipette is carefully extracted. The cured PDMS
substrate with center hole is cut in a suitable size.

A micropipette puller (P-97, Sutter Instrument Co.) is
employed to make the pulled micropipette, and its tip is cut in
the range of 20–40 mm using a microforge (MF-900, Narishige).
The prepared PDMS substrate and pulled micropipette are
exposed to an oxygen plasma, and combined by inserting the
pulled pipette into the center hole using methanol as a
lubricant, and bonded at the appropriate position by curing

Fig. 1 The basic apparatus for fabricating microfibers is shown in (a).
By adding an additional stage, the apparatus is capable of producing
microtubes (b)

Fig. 2 The fabrication process for making the PDMS substrate. A
glass pipette is used to mold the main flow channel.
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for 4 h at 80 uC. The hole for the sheath flow is cored out using
a 12 gauge needle. At the opposite entrance of the center hole, a
normal (non-pulled) micropipette is inserted and bonded in the
same way providing an outlet for the polymerized fiber. The
device for microtube production is made in a similar way.
Another intermediate pulled pipette (length: 3 mm, tip
diameter: 40 mm) is placed between the inlet and outlet pipette,
and a hole for the sample and sheath flow delivery is cored out
using a needle.

The fabricated apparatus is completely shielded by alumi-
num foil to prevent UV light exposure onto the channel
excluding the outlet pipette. A 365 nm UV source (Novacure,
EXFO) was used to expose the moving fluid with an intensity
of 10.47 mW cm22 at the surface of the outlet pipette.

Results and discussion

A. Experimental configuration

The photopolymerizable sample fluid is a mixture of
4-hydroxybutyl acrylate (85 wt.%, Sigma-Aldrich), acrylic
acid (11wt.%, Sigma-Aldrich), ethyleneglycol dimethacrylate
(1 wt.%, Sigma-Aldrich), and 2,2’-dimethoxy-2-phenyl-aceto-
nephenone (3 wt.%, Sigma-Aldrich). A mixture of PVA and DI
water was used for the core and sheath flows to match the
viscosity of the sample flow. Ethyl vinyl acetate (EVA) tubes
are utilized to form the fluidic networks, and the core, sample
and sheath flows are regulated separately via infusion pumps.
To enhance visualization of the sample flow, a dye (Rhodamin
B) is mixed with the 4-BHA. The flow inside the outlet channel
is monitored using optical microscopy, and scanning electron
microscopy (S-4300, Hitachi) is employed to inspect the
produced fibers and tubes. To introduce the fluids into each
inlet, the syringe pumps are utilized.

B. Fabricated fibers and tubes

The continuously emerging microfibers are collected into the
small plastic bowl and the PVA on the fiber’s surface is washed
using DI water. Fig. 3a shows a continuous length of fiber
produced using the apparatus. The diameter of the fiber is
determined by the regulation of the sample and sheath flow
rates. Fig. 3b demonstrates the relationship between the
diameter and flow rates obtained from the experiment and
compared to the analytical model (eqns. (1) and (2)). By
changing the sample flows (1.2 and 2.4 ml min21) and the sheath
flows (50, 100, 200, and 400 ml min21), polymerized fibers with
different sizes are produced, and their diameters are measured
under the optical microscope. The small differences between
experimental and simulation are likely due to measurement
error, fluctuations in flow rates, and shrinkage during
polymerization. The microtube is also continuously fabricated
and cut using a razor blade to inspect the cross section. An
SEM image of the cross section is shown in Fig. 4a. The volume
flow rates for core, sample and sheath streams are 2, 4 and
300 ml min21, respectively, and the hole is clearly seen at the
center of tube. The outer and inner diameters of the tube shown
in Fig. 4b are 35 and 7 mm, respectively.

C. Characterization of the fiber

To measure the microfiber’s elasticity, the fiber is cut to a
length of 1.0 cm. One end of the fiber is fixed onto the acryl
plate and an S-shaped metal hook (weight: 100 mg) is hung on
the other end of the fiber. The 100 mg metal wires are prepared
and bended in an S-shape, and utilized as a weighing mass by
sequentially hanging additional wires on the hook. The changes
in length of the microfiber are measured using a stereoscope,
and the resulting stress–strain curves are shown in Fig. 5. The
fiber can be stretched more than 2 times without breakage. The

produced fibers are networked structures of polymer chains
crosslinked to each other, and capable of undergoing large
reversible deformations in response to pH changes. To measure
the dynamic response due to a pH change, the fibers (diameter:
54 mm, length: 1.2 mm) are incorporated into a PDMS based
microchamber (width: 0.6 mm, length: 3 mm, height: 200 mm)
and a continuous flow of the buffer solution is maintained in

Fig. 3 (a) A photo of continuously produced microfiber. (b) The fiber
diameter is a function of the relative sample and sheath flow rates.

Fig. 4 SEM photos of microtubes showing a whole tube (a) and a
close up of the lumen (b).
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for 4 h at 80 uC. The hole for the sheath flow is cored out using
a 12 gauge needle. At the opposite entrance of the center hole, a
normal (non-pulled) micropipette is inserted and bonded in the
same way providing an outlet for the polymerized fiber. The
device for microtube production is made in a similar way.
Another intermediate pulled pipette (length: 3 mm, tip
diameter: 40 mm) is placed between the inlet and outlet pipette,
and a hole for the sample and sheath flow delivery is cored out
using a needle.

The fabricated apparatus is completely shielded by alumi-
num foil to prevent UV light exposure onto the channel
excluding the outlet pipette. A 365 nm UV source (Novacure,
EXFO) was used to expose the moving fluid with an intensity
of 10.47 mW cm22 at the surface of the outlet pipette.

Results and discussion

A. Experimental configuration

The photopolymerizable sample fluid is a mixture of
4-hydroxybutyl acrylate (85 wt.%, Sigma-Aldrich), acrylic
acid (11wt.%, Sigma-Aldrich), ethyleneglycol dimethacrylate
(1 wt.%, Sigma-Aldrich), and 2,2’-dimethoxy-2-phenyl-aceto-
nephenone (3 wt.%, Sigma-Aldrich). A mixture of PVA and DI
water was used for the core and sheath flows to match the
viscosity of the sample flow. Ethyl vinyl acetate (EVA) tubes
are utilized to form the fluidic networks, and the core, sample
and sheath flows are regulated separately via infusion pumps.
To enhance visualization of the sample flow, a dye (Rhodamin
B) is mixed with the 4-BHA. The flow inside the outlet channel
is monitored using optical microscopy, and scanning electron
microscopy (S-4300, Hitachi) is employed to inspect the
produced fibers and tubes. To introduce the fluids into each
inlet, the syringe pumps are utilized.

B. Fabricated fibers and tubes

The continuously emerging microfibers are collected into the
small plastic bowl and the PVA on the fiber’s surface is washed
using DI water. Fig. 3a shows a continuous length of fiber
produced using the apparatus. The diameter of the fiber is
determined by the regulation of the sample and sheath flow
rates. Fig. 3b demonstrates the relationship between the
diameter and flow rates obtained from the experiment and
compared to the analytical model (eqns. (1) and (2)). By
changing the sample flows (1.2 and 2.4 ml min21) and the sheath
flows (50, 100, 200, and 400 ml min21), polymerized fibers with
different sizes are produced, and their diameters are measured
under the optical microscope. The small differences between
experimental and simulation are likely due to measurement
error, fluctuations in flow rates, and shrinkage during
polymerization. The microtube is also continuously fabricated
and cut using a razor blade to inspect the cross section. An
SEM image of the cross section is shown in Fig. 4a. The volume
flow rates for core, sample and sheath streams are 2, 4 and
300 ml min21, respectively, and the hole is clearly seen at the
center of tube. The outer and inner diameters of the tube shown
in Fig. 4b are 35 and 7 mm, respectively.

C. Characterization of the fiber

To measure the microfiber’s elasticity, the fiber is cut to a
length of 1.0 cm. One end of the fiber is fixed onto the acryl
plate and an S-shaped metal hook (weight: 100 mg) is hung on
the other end of the fiber. The 100 mg metal wires are prepared
and bended in an S-shape, and utilized as a weighing mass by
sequentially hanging additional wires on the hook. The changes
in length of the microfiber are measured using a stereoscope,
and the resulting stress–strain curves are shown in Fig. 5. The
fiber can be stretched more than 2 times without breakage. The

produced fibers are networked structures of polymer chains
crosslinked to each other, and capable of undergoing large
reversible deformations in response to pH changes. To measure
the dynamic response due to a pH change, the fibers (diameter:
54 mm, length: 1.2 mm) are incorporated into a PDMS based
microchamber (width: 0.6 mm, length: 3 mm, height: 200 mm)
and a continuous flow of the buffer solution is maintained in

Fig. 3 (a) A photo of continuously produced microfiber. (b) The fiber
diameter is a function of the relative sample and sheath flow rates.

Fig. 4 SEM photos of microtubes showing a whole tube (a) and a
close up of the lumen (b).

5 7 8 L a b C h i p , 2 0 0 4 , 4 , 5 7 6 – 5 8 0

microtubules

microfibers

Khan et al., Lab Chip 4 576-580 (2004) 

Key idea: Photopolymerize a flow-focused stream “on the fly” 
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and is convenient for visualization of the gradient and (2)
thedepth of the etchedSiO2 layermeasuredwitha surface
profilometer can be compared with the value estimated
fromthe colorof theSiO2 layer.Figure3bshowstheoptical

micrograph of a node where two streams containing
different concentrations of HF are brought together. The
different concentrations of HF that flowed through the
channelsare confirmedby thedistinct colorof the channels

Figure 2. Fluorescence micrographs of solution gradient of FITC (fluorescein isothiocynate) at the outlet channel region shown
at flow speeds of 1 mm/s (a), 10 mm/s (b), and 100 mm/s (c). A gradient generator similar in design to one described in Figure 1b
was used. The plots below micrographs show the corresponding fluorescence intensity profile across the channel (900 µm wide)
about 500 µm downstream (dotted line) from the junction. The calculated concentration of FITC in each branch channel is shown
in round dots.

Figure 3. (a) Design of the microfluidic network used to generate a gradient in topography in SiO2. Dilute HF (hydrofluoric acid,
5% in water) solution was introduced into the middle inlet and water into the two outer inlets. The microfluidic network generated
a gradient in concentration ofHF. Where the HF was in contact with the surface, it etched the SiO2. The differences in the thickness
of the SiO2 layer gave rise to the different interference colors in the etched channels. (b)The top optical micrograph shows a junction
where two streams containing different concentrations of HF were brought together. The color of the mixed channel was rapidly
homogenized within a short distance from the junction (<500 µm) where the two fluid streams joined. (c) Optical micrograph and
surface profilometer scan across the branch channels immediately before they are combined. The etched channel was deepest in
the center channel, in agreement with the highest concentration of HF in that channel.

8314 Langmuir, Vol. 16, No. 22, 2000 Jeon et al.

Key idea: Gradients in reactant composition generate differences in etching 
rates through a surface

Jeon et al., Langmuir 16 8311-8316 (2000) 
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• Chemical synthesis

- Especially for high-value components

• Controlled release

- Pharmaceuticals

- Cosmetics

• Biotechnology

- Genomics and sequencing

- Biodetection

- Directed evolution

• Models of biological processes

- Microvasculature and veination

- Chemotaxis and chemical response
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Figure 2
Examples of microfluidic devices applied to protein crystallization. (a) A valve-based system. Schematics showing (i ) loading of
precipitants and protein and (ii ) the process of free interface diffusion (FID) on-chip. Microphotographs iii and iv corresponding to
schematics i and ii, respectively. (v) Microphotograph of the entire device. (vi ) Crystals of aquaporin obtained using this device.
(Figure and caption reprinted from Reference 35 Copyright c© 2003, with permission from Elsevier Ltd.) (b) A droplet-based system.
(i ) A schematic of the device. After the droplets containing the crystallization trials are formed, the trials are flowed into a glass
capillary, flow is stopped, and crystallization occurs. (ii ) A microphotograph illustrating droplet formation. (iii ) A photograph of the
device itself. (iv) Protein crystals obtained using this device. In situ X-ray diffraction can be performed on the crystals contained in the
droplets. (Figure and caption reprinted with permission from Reference 97 Copyright c© 2004 by Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim and Reference 79 Copyright c© 2003 by the American Chemical Society.) (c) A SlipChip (well-based) system.
Schematics showing (i ) loading of protein into a SlipChip that has already been preloaded with precipitants and (ii ) slipping to
combine protein and precipitants to form trials. (iii ) Microphotograph of loading a green food dye (mimicking the protein) into a
SlipChip that has already been preloaded with colored dyes (mimicking precipitants). (iv) Microphotograph of the SlipChip after
slipping to combine the solutions. (v) Crystals of the photosynthetic reaction center from Blastochloris viridis obtained using this device.
(Figure and caption reprinted with permission from Reference 23 Copyright c© 2009 by the Royal Society of Chemistry.)
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Application: crystallization

44
Review article: Li and Ismagilov, Annu. Rev. Biophys. 39, 139-158 (2010) 
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Protein crystallization in “Phase Chip”

45

Kim et al., J. Am. Chem. Soc. 129, 8825-8835 (2007) 

Surface Tension Guided Drop Storage

The first innovation of the Phase Chip is our method of
storing drops in wells using surface tension forces as illustrated
in Figure 1c and in the movie in the Supporting Information,
S4.2. After formation (Figure 1b), drops are forced to flow
through wide rectangular channels (100 µm) of narrow height
(40 µm), which flattens the drops creating a large surface area
and, because of the oil-water interface, a large surface energy.
Deep wells are fabricated on the chip that are adjacent to, but
still connected to, the flow channel. Because the wells are deeper
and wider than the channel, a drop inside a well will be less
confined than when in the channel allowing the surface area of
the drop to be reduced. The gradient in the height of the
microfluidic device produces a gradient in the drop’s surface
area, and therefore a gradient in the drop’s interfacial energy,
which generates a force on the drop driving it out of the
confining channel into the deeper well. The change in interfacial
energy in transforming a flattened drop, such as that shown in
Figure 1c, into a spherical one is approximately 104 times greater

than the change in gravitational energy. The shape with minimal
surface area is a sphere, but any geometric change in the channel
that allows a reduction in the confined drop’s surface area will
create a force on the drop and the channel shape will have the
potential to store drops. Furthermore, because the well is located
to the side of the channel the hydrodynamic stress on the drop
in the well is much weaker than that in the channel. When the
well is about twice the depth of the channel, then the drop will
remain in the well permanently even when oil is flowing rapidly
through the channel. Drops fill the wells in sequence with the
first drop docking into the first empty well and the last drop
docking into the last well. If surfactant is added to stabilize the
drops against coalescence, then the drops pass over filled wells
without mixing. In Figure 1c, stable drops of water in hexade-
cane (Sigma-Aldrich) are formed by adding Span80 (2% v/w,
Sigma-Aldrich) to the oil. Care must be made to match the
volume of the drop to the wells. If the docked drop is too large,
it will protrude into the channel and the next drop will dislodge
it. If the docked drop is too small, a second drop will share its

Figure 1. (a) Plan view of the Phase Chip. (b) Drop formation at nozzle. Confined drops are flattened and elongated in the flow channels. A movie, S4.1,
is in the Supporting Information. (c) Photographs of surface tension guided storage of aqueous drops into rectangular wells. Movies are shown in the
Supporting Information, S4.2, S4.3, and S4.4. These pictures are taken on a chip without a reservoir and have different dimensions than those of the device
portrayed in the rest of this figure. (d) Vertical section of the Phase Chip corresponding to the insert in (a). The device is constructed from two PDMS layers
and subsequently sealed together. In the upper, thick (5 mm) layer there are flow channels and storage wells. In the lower, thin (40 µm) layer there is a
reservoir sealed by a 15 µm thick PDMS membrane. The reservoir is formed by spin coating a 40 µm thick layer PDMS over a 25 µm high photoresist mold.
The principle path for water permeation is between the drop and the reservoir, but there is also a small flux through the 5 mm thick PMDS layer between
the drop and the device exterior.

A R T I C L E S Shim et al.

8826 J. AM. CHEM. SOC. 9 VOL. 129, NO. 28, 2007

Key idea: Change salt concentration “on chip” in an integrated microfluidic 
device to trigger crystallization

Goal of research: determine conditions and kinetic pathways for 
crystallization of biological proteins (e.g. xylanase)
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The production (12) of E18F^FDG is based
on five sequential chemical processes (Fig. 1A):
(i) concentration of the dilute E18F^fluoride
mixture (18) solution (G1 ppm, specific ac-
tivity È5000 to 10,000 Ci/mmol), obtained
from the proton bombardment of E18O^water

at a cyclotron facility (19); (ii) solvent ex-
change from water to acetonitrile (MeCN);
(iii) E18F^fluoride substitution of the triflate
group in the D-mannose triflate precursor 1
in dry MeCN; (iv) solvent exchange from
MeCN to water; and (v) acidic hydrolysis

of the fluorinated intermediate 2a to obtain
E18F^FDG (3a).

The concentration of E18F^fluoride mixture
(18) obtained from a proton bombardment of
E18O^water is usually below 1 ppm. We created
a miniaturized anion exchange column (Fig. 2)
in the microfluidic device to concentrate the
E18F^fluoride mixture solution to È100 ppm.
Sieve valves (Fig. 2B) were created using a
square-profiled fluidic channel and a control
membrane. Actuation of this membrane pro-
hibits the passage of large particles while still
permitting the solution to pass along the edges
of the channel. Using these sieve valves to trap
anion exchange beads, we obtained the anion
exchange column (Fig. 2, C and D) for the
concentration of the E18F^fluoride mixture.

We performed a proof-of-concept trial (Fig.
3) with the use of nonradioactive E19F^fluoride.
The acquired experimental parameters could
be used directly for the production of radioac-
tive E18F^FDG. For the concentration of dilute
fluoride (process i, Fig. 1A), a NaF solution
(5 ppm) was loaded into the anion exchange
column (Fig. 3A). The loading rate (5.0 nl/s)
was controlled with a metering pump. After
the fluoride solution was loaded completely,
a K2CO3 solution (0.25 M, 18 nl) was intro-
duced to fill the rectangular loop. The circu-
lating pump module was then turned on so that
the K2CO3 solution (0.25 M, 18 nl) could loop
through the column continuously to produce a
concentrated KF solution.

Because the fluorination (process iii) of the
D-mannose triflate precursor requires anhydrous
conditions, a digitally controlled hot plate was
used to heat the reaction circuit for removing
water (process ii) from the concentrated KF

Fig. 2. Schematic representations of the operational mechanisms of (A) a regular valve having a
round-profiled fluidic channel, and (B) a sieve valve having a square-profiled fluidic channel. When
pressure is introduced into the control channels, the elastic membranes expand into the fluidic
channels. In a regular valve, the fluidic channel is completely sealed because of the perfect fit
between the expanded membranes and the round profile of the fluidic channel. In a sieve valve,
the square-profiled fluidic channel is only partially closed, which allows fluid to flow along the two
edges. Sieve valves can be used to confine solid objects within the fluidic channel but allow liquid
to flow through. (C) Schematic illustration of the loading of anion exchange beads into a column
module incorporating one fluidic channel and five sieve and five regular valves (!, closed valve). A
suspended solution of anion exchange beads is introduced into the column modules where five
sieve valves and five regular valves operate cooperatively to trap anion exchange beads inside the
fluidic channel (total volume 10 nl). A miniaturized anion exchange column for fluoride
concentration is achieved when the fluidic channel is fully loaded. (D) A snapshot of the bead-
loading process in action.

Fig. 3. Schematic diagrams show-
ing the four most critical steps of
FDG production in the reaction
circuit. (A) Concentration of dilute
fluoride ion. With the cooperation
of regular valves, a dilute fluoride
solution (blue) is introduced into the
ion exchange column by a meter-
ing pump. (B) Evaporation of water
from the concentrated KF solution.
After transferring the concentrated
KF solution from the fluoride con-
centration loop to the ring-shaped
reaction loop, the circuit is heated
on a hot plate to evaporate water
from the reaction loop. Meanwhile,
all of the surrounding regular valves
are completely closed and the circu-
lating pump is turned on. (C) Fluori-
nation reaction. After introduction of
a MeCN solution (green) of Kryptofix
and the D-mannose triflate 1 into
the reaction loop, the inhomoge-
neous reaction mixture is isolated in
the reaction loop, mixed using the
circulating pump, and heated under a
computer-controlled gradient to gen-
erate the intermediate 2a (or 2b).

(D) Hydrolysis reaction. After evaporation of the MeCN, an HCl solution (blue) is introduced into the reaction loop to hydrolyze the intermediate 2a (or 2b) to
give the final product, FDG (3a, 3b).

R E P O R T S
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Application: on-chip multistep synthesis

46

to confine each individual step. Microfluidic
batch devices with integrated microvalves
show promise for the automation of multiple,
parallel, and/or sequential chemical processes
on a single chip under digital control. By anal-
ogy, this technology has already been suc-
cessfully applied to biological problems (10).

A compelling application is in the prepa-
ration of organic compounds bearing short-
lived isotopes whose emission permits detailed
mapping of biological processes in living or-
gans. In conjunction with positron emission
tomography (PET) (11), the development
of sensitive radiolabeled molecular probes is
crucial for expanding the capability of target-
specific in vivo imaging for biological research,
drug discovery, and molecular diagnostics. The
United States already has a vast network of
PET cyclotron production sites in place as con-
venient sources for radiolabeled precursors Ee.g.,
E18F^fluoride, E11C^CO2, and E11C^methyl io-
dide (MeI)^ and a few labeled biomarkers.
The capacity for diversifying radiolabeled probe
structure is therefore limited only by the cost,
speed, and efficiency of synthetic methods.
A central challenge in this regard is the half-
life of the radiolabels.

The synthesis (12) of the E18F^-labeled
molecular imaging probe 2-deoxy-2-E18F^fluoro-
D-glucose (E18F^FDG) in an integrated micro-
fluidic chip was chosen as a proof-of-principle
study. This compound is the most widely used
radiolabeled molecular probe, with more than
1 million doses for patient diagnosis produced
in the United States in 2004 and a similar
number in the rest of the world (13). The
brief half-life of E18F^fluorine (t1/2 0 110 min)
makes rapid synthesis of doses essential. To-
day, E18F^FDG is routinely produced in about
50 min with the use of commercial synthe-
sizers (14), which are expensive (È$140,000)
and produce È10 to 100 doses in a single run.
Obtaining high yields with short synthesis
times is even more critical for molecular im-
aging biomarkers bearing positron-emitting
radioisotopes with shorter half-lives, such as
11C (t1/2 0 20 min) and 13N (t1/2 0 10 min). A
unique aspect of PET molecular imaging
probes is that only nanogram masses per dose
of the radiopharmaceuticals are administered
to subjects.

The radiopharmaceutical requirements of
expedited chemical kinetics and low-mass
quantities of product, together with the emerg-
ing need to expand and diversify the cat-
alog of molecular imaging probes, provide a
unique opportunity for the use of integrated
microfluidics. In addition, the preparation of
E18F^FDG provides a conceptual model for
the preparation of other molecules (including
pharmaceuticals) because it includes common
steps required in many chemical syntheses.

We developed a microfluidic chemical re-
action circuit (Fig. 1) capable of executing
the five chemical processes of the syntheses

of both E18F^FDG and E19F^FDG within a
nanoliter-scale reaction vessel. Conceptually,
however, the chip was designed to demonstrate
the digital control of sequential chemical steps,
variable chemical environments, and variable
physical conditions, all on a single chip. It
was also designed to produce sufficient quan-
tities of E18F^FDG (100 to 200 mCi) for mouse
imaging. The chip thus has the capability of
synthesizing the equivalent of a single mouse
dose of E18F^FDG on demand. The device ac-
celerates the synthetic process and reduces
the quantity of reagents and solvents required.
This integrated microfluidic chip platform can
be extended to other radiolabeled molecular
imaging probes.

Some of the components required for con-
ducting sequential chemical processes within
microfluidics are similar to those previously
demonstrated for biological analysis: isolation
of distinct regions on the chip with micro-
mechanical valves for nanoliter chemical reac-
tions (15), acceleration of diffusion-dominated
mixing within a confined volume with a rotary
pump (16), and creation of in situ affinity

columns (10). However, two additional tech-
nical advances were required to perform
effective chemical synthesis. First, an in situ
ion exchange column was combined with a
rotary pump to concentrate radioisotopes by
nearly three orders of magnitude, thereby op-
timizing the kinetics of the desired reactions.
Second, the gas-permeable poly(dimethylsilox-
ane) (PDMS) matrix allows solvent exchange
to occur within the microfluidic channel
through direct evaporation, thereby allowing
for the sequential execution of chemical re-
actions in PDMS-compatible solvents (17).
A solution inside a PDMS-based microfluidic
reactor can be heated above its normal (atmo-
spheric) boiling point to provide further ki-
netic enhancement. Pressure is mediated not
only by the heat supplied to the chip, but also
by the porosity of the PDMS matrix. Thus,
PDMS plays a role akin to the safety valve of
a pressure cooker that regulates the Bcooking
pressure[ within a critical range. Our device
permits computer-controlled mixing of spatial-
ly isolated reagents under individually regu-
lated solvent and temperature conditions.

Fig. 1. (A) Schematic
representation of a
chemical reaction circuit
used in the production
of 2-deoxy-2-fluoro-D-
glucose (FDG). Five se-
quential processes are
shown: (i) concentration
of dilute fluoride ion
with the use of a mini-
aturized anion exchange
column located in a
rectangle-shaped fluoride
concentration loop, (ii)
solvent exchange from
water to dry MeCN, (iii)
fluorination of the D-
mannose triflate pre-
cursor 1, (iv) solvent
exchange back to water,
and (v) acidic hydrolysis
of the fluorinated in-
termediate 2a (or 2b)
in a ring-shaped reac-
tion loop. Nanogram
amounts of FDG (3a,
3b) are the final product.
The operation of the
circuit is controlled by
pressure-driven valves,
with their delegated re-
sponsibilities illustrated
by their colors: red for
regular valves (for iso-
lation), yellow for pump
valves (for fluidic me-
tering circulation), and
blue for sieve valves
(for trapping anion ex-
change beads in the
column module). (B)

Optical micrograph of the central area of the circuit. The various channels have been loaded
with food dyes to help visualize the different components of the microfluidic chip; colors are as in
(A), plus green for fluidic channels. Inset: Actual view of the device; a penny (diameter 18.9 mm) is
shown for comparison.

R E P O R T S
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Key idea: Move all operations “on chip” in an integrated microfluidic device

Goal of research: demonstrate optimized synthesis for sensitive compound

Lee et al., Science 310, 1793-1797 (2005) 

• Microfluidic synthesis increased 
yield (38%) and purity (97.6%)

• Dramatic increase in time (14 
min vs 50 min)
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Application: programmable release

47

15169 dx.doi.org/10.1021/ja205687k |J. Am. Chem. Soc. 2011, 133, 15165–15171

Journal of the American Chemical Society ARTICLE

polymersomes with a PLA-homopolymer-loaded bilayer do not
exhibit membrane rupture even under high osmotic shock, with
an aqueous solution of NaCl at 2 Osm/L, as shown in Figure S5
of the Supporting Information. Despite being deflated, the
polymersomes do not burst but remain closed, and the red dye
added in the aqueous solution of NaCl does not penetrate within
the polymersomes, as shown in confocal microscope images in
Figure S5b (Supporting Information); fluorescence observed in
the vicinity of the capsules in 2D image is caused by severe
folding of membrane, which makes difficult to distinguish the
inside and the outside of the capsules in the same focal plane of
confocal microscope. However, water is continuously extracted
from the interior of the polymersomes by the high concentration
of NaCl; as a result, the polymersomes shrink until the osmolarity
of the core reaches that of the continuous phase. By contrast, the
polymersomes without PLA homopolymers initially deflate
faster, but subsequently begin to inflate to spherical shape under
same conditions of the osmotic shock imposed by aqueous
solution of NaCl at 2 Osm/L, as shown in Figure S6a of the
Supporting Information; this inflation is attributed to the fast
diffusion of sodium and chloride ions into the polymersomes
during rupture of bilayer. Under high osmotic shock, the
membrane is torn and the ions in the continuous phase diffuse
quickly into the cores of the polymersomes through the tear; by
contrast, the PEG molecules originally encapsulated within the

core remain, due to their relatively low mobility. This results in a
higher osmolarity in the core of the polymersomes. Due to their
ability to spontaneously self-heal, as seen, for example, for the
case of the small mechanical stress, the shrunken polymersomes
are inflated by the inward flow of water from the continuous
phase as a result of the increase in osmolarity in the polymersome
cores. Therefore, the polymersomes recover their original sphe-
rical shape and their cores exhibit the fluorescence as a result of
diffusion of red dye from the continuous phase into the poly-
mersomes while they are ruptured, as shown in Figure S6b
(Supporting Information).
By employing a PLA-homopolymer-loaded bilayer as the

outer membrane of the double polymersomes, we can control
the sequential rupturing of the membrane from the innermost to
the outermost. The PLA-homopolymer-loaded bilayer is stable
for approximately half an hour even in a mixture of water and
ethanol; moreover, the bilayer is also permeable to ethanol.
Therefore, when the double polymersomes are dispersed in this
mixture, the inner polymersomes dissociate first and release
their core materials into the outer polymersomes as shown in
Figure 3d. In addition, the PLA-homopolymer-loaded bilayer
exhibits long-term stability in water by comparison to the PLA-
homopolymer-free bilayer. Because PLA is biodegradable due to
the hydrolysis of the ester group in its chain, the bilayer of PEG-b-
PLA diblock-copolymer dissociates slowly in water, even without

Figure 3. (a) Series of images showing selective rupture of the outer membrane of a double polymersome which passes through an orifice whose
diameter is larger than the innermost polymersome yet smaller than the outermost polymersome. (b) Schematic illustration of a double polymersome
showing bilayers with no internal homopolymer on the top right and one of the bilayers containing homopolymer on the bottom right. (c) Series of
confocal images showing selective dissociation of the outer membrane of double polymersomes, consisting of a poly(lactic acid) (PLA)-homopolymer-
free bilayer for both the inner and outer membranes, in a mixture of water and ethanol at a volume ratio of 1:1. (d) Series of confocal images showing
selective dissociation of the inner membrane of double polymersomes, consisting of a PLA-homopolymer-free bilayer for the inner membrane and a
PLA-homopolymer-loaded bilayer for the outer membrane, in the same mixture of water and ethanol. (e) Schematic illustration and (f) confocal
microscope images showing selective dissociation of the inner membrane of double polymersomes in water consisting of a PLA-homopolymer-free
bilayer for the innermost membrane and a PLA-homopolymer-loaded bilayer for the outer membrane. The dissociation proceeds through spontaneous
degradation of the PLA.

Kim et al., J. Am. Chem. Soc. 133 15165-15171 (2011) 

Key idea: Sequentially dissociate bilayer membranes in a double emulsion 

Goal of research: controllably release multiple components in a 
pharmaceutical or cosmetic formulation 
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Commercialized technology: Capsum

48

Capsum (France) markets encapsulation technologies to luxury cosmetics 
manufacturers such as Amore Pacific (Korea)

capsum.eu amorepacific.com
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Application: directed evolution

49

Key idea: Use ultrahigh throughput screening to remove inactive mutants

Goal of research: identify mutants of horseradish peroxidase enzyme with 
higher catalytic activity

• 108 enzyme reactions screened in 10 h (1,000× faster) 
• Sample volume: < 150 µL of reagent (1,000,000× cheaper)

Agresti et al., Proc. Natl. Acad. Sci. USA 107 4004-4009 (2010) 
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Diagnostics: typical analyte concentrations

50

Nguyen and Wereley, Fundamentals and Applications of Microfluidics, 2nd ed. (2006) 

Introduction 3

10201019101710121011101010710210

Typical molecules or copies/ mL

SodiumGlucose

Cholesterol

1018

Creatinine

Uric Acid

1016

Theophylline

Carbamazepine

Cortisol

1013

DigoxinEstrogens

DNA finger-printing/ genetic
disorder predisposition

103

Cancer detection

HIV in blood
Biothreat agents in air (after concentration)  

Figure 1.2 Concentrations of typical diagnostic analytes in human blood or other samples. (After [7]) 

They are interested primarily in shrinking down the pathway the chemicals take, 
and defending the merit of microscopic fluid quantities in defining microfluidics. 
To put these length scales in context, Figure 1.1 shows the size characteristics of 
typical microfluidic devices compared to other common objects. 

Regarding diagnostic sensitivity, the second valid question is: How small can 
a microscopic fluid quantity be? The relation between the sample volume V and the 
analyte concentration Ai is given by [5]: 

 
iAN

V
As

1
K

  (1.1) 

where Ks is the sensor efficiency ( 10 s dKd ), 231002.6 u AN  is Avogadro 
number, and Ai is the concentration of analyte i. Equation (1.1) demonstrates that 
the sample volume or the size of the microfluidic device is determined by the 
concentration of the desired analyte. Figure 1.2 illustrates the concentrations of 
typical diagnostic analytes in human blood or other samples of interest. 

Concentration determines how many target molecules are present for a 
particular sample volume. Sample volumes that are too small may not contain any 
target molecules and thus will be useless for detection purposes. This concept is 
illustrated in Figure 1.3. Common human clinical chemistry assays require analyte 
concentrations between 1014 and 1021 copies per milliliter. The concentration range 
for a typical immunoassay is from 108 to 1018 copies per milliliter. DNA probe 
assays for genomic molecules, infective bacteria, or virus particles require a 
concentration range from 100 to 107 copies per milliliter [5].  

Table 1.1 

Unit Prefixes 

Atto Femto Pico Nano Micro Milli Centi Deka Hecto Kilo Mega Giga 
10-18 10-15 10-12 10-9 10-6 10-3 10-2 10 102 103 106 109 
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Application: cancer detection
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Results
Design of the Herringbone-Chip and Flow Visualization Studies. The
HB-Chip consists of a 1” × 3” glass slide bonded to a polydi-
methylsiloxane (PDMS) structure, containing eight microchan-
nels with patterned chevrons or herringbones on their upper
surface (Fig. 1A). The internal walls of the device are made
chemically active by in-line functionalization and coating with
antibodies against EpCAM (see Materials and Methods). The
geometric design of the device is based upon the general strategy
for inducing chaotic mixing at low Re numbers (20), adapted for
isolation of rare cells from whole blood by varying the ratio of
height of the grooves to that of the channel, chevron dimensions,
and periodicity. The herringbone grooves are staggered periodi-
cally, with each mixing cycle defined by two sequential regions of
ten chevrons shifted asymmetrically (Fig. 1B). The final dimen-
sions of the device were selected based on the optimization
studies: overall height of channel (h) 50 μm, with the ratio of
the height of the grooves to that of the channel (α) set to 0.8;
angle between the herringbones and the axis of the channel
(θ) 45°, and principal wave vector, q ¼ 2π∕100 μm (20, 21). A
branching inlet header was designed to feed into eight individual
channels to promote mechanical integrity and uniform flow dis-
tribution across the device (Fig. 1 A).

In comparison to a traditional flat-walled microfluidic device
(Fig. 1D), the herringbone-induced microvortices disrupt the
laminar flow streamlines that cells travel, causing them to “shift”

(Fig. 1C), increasing the number of cell-surface interactions in
the antibody-coated device. Flow visualization studies demon-
strate this concept, showing in small scale versions of the flat
and herringbone devices that two separate streams of equal visc-
osity (one fluorescently labeled green, one clear) fail to mix in the
former but mix rapidly in the latter (Fig. S1 A, B). Three-dimen-
sional projections of confocal images illustrate the high degree of
mixing within one cycle of herringbone grooves, with the two
streams of fluid folding over one another (Fig. 1 E, F) (see
Movie S1, Movie S2, Movie S3, and Movie S4 for complete
visualization of the flow fields; Fig. S2A–D). As predicted
(20), flow rate does not impact the degree of mixing for the range
of Re that is relevant in this system (Fig. S1 A, B). Thus, any in-
terpatient variances in the rheological properties of the blood will
not impact the extent of mixing in the herringbone CTC-Chip.

HB-Chip Optimization and Validation by Capture of Cancer Cell Lines.
To demonstrate the impact of herringbone-mediated mixing, the
HB-Chip was first compared with a traditional smooth wall
microfluidic channel of similar dimensions (Fig. 2A, and
Fig. S3 A, B). We used a single channel of either the HB-Chip
or the smooth chamber device, connected to a microfluidic waste
collection chamber (Fig. S4). This small footprint serial chamber
setup allowed for accurate counting of target PC3 prostate cancer
cells captured in the devices, as well as enumeration of non-
captured cells flowing into a microfluidic waste chamber, thus

Fig. 1. (A) The HB-Chip consists of a microfluidic array of channels with a single inlet and exit. Inset illustrates the uniform blood flow through the device. (B) A
micrograph of the grooved surface illustrates the asymmetry and periodicity of the herringbone grooves. Cartoon illustrating the cell-surface interactions in (C)
the HB-Chip, and (D) a traditional flat-walled microfluidic device. Flow visualization studies using two paired streams of the same viscosity (one stream is green,
the other clear) demonstrate (E) the chaotic microvortices generated by the herringbone grooves, and the lack of mixing in (F) traditional flat-walled devices.

Stott et al. PNAS ∣ October 26, 2010 ∣ vol. 107 ∣ no. 43 ∣ 18393
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Goal of research: capture rare circulating tumor cells (CTCs) in patients’ 
bloodstreams for cancer detection and monitoring

Key idea: Increase surface encounter rate using chaotic advection

• Cancer cells detected at ~400 CTCs/mL
• Imaging-based platform identified new CTC clusters

Stott et al., Proc. Natl. Acad. Sci. USA 107 18392-18397 (2010) 
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Application: tissue engineering

of culture in growth medium (SI Methods). CD31 (Fig. 1C) and
VE-cadherin (Fig. S2) were both expressed in regions of EC-EC
contact; this expression and localization indicates the mainte-
nance of the endothelial phenotype and the formation of inter-
cellular junctions between ECs (14). These proteins, which define
the restrictive barrier function of the endothelium in vivo (15),
were expressed throughout the whole network (Fig. 1C, i), with
no detectable differences at corners (Fig. 1C, ii) or bifurcations
(Fig. 1C, iii). Over the first 3 d in culture, the cross-sectional area
of the microvessel expanded and changed profile from the origi-
nal square cross-section defined lithographically (100 μm ×
100 μm) toward an elliptical cross-section with larger dimension
(150 μm × 120 μm). We observed no significant difference in the
average cell size relative to that of 2D cultures (approximately
3 × 103 μm2 per cell) (16). This evolution indicates that the
matrix (6–10 mg∕mL collagen with modulus of 200–500 Pa) (16)
possesses the appropriate stiffness and the capacity for chemical
remodeling by the ECs during spreading and proliferation. The
ECs in μVNs exhibit a cobble-stone pattern with no net align-
ment. This venule-like morphology (17) may be maintained by
the low flow shear stress (18) applied (0–10 dyne cm−2 with time

average of 0.1 dyne cm−2). Ultrastructural analysis of the endo-
thelium reveals extensive intracellular junctions (Fig. 1D), includ-
ing focal adherens junctions (Fig. 1D, i), overlapping junctions
(Fig. 1D, ii), and complex junctions (Fig. 1D, iii). The appearance
of these intercellular junctions and of pinocytotic vesicles
(Fig. S2) indicates that the major systems for transport of mole-
cules across the endothelium were intact, as expected in arterioles
and capillaries (19). The absence of intraluminal projections and
the normal architecture of organelles indicate that the endohe-
lium was quiescent, as one would expect in the absence of inflam-
mation (20).

The endothelium throughout the μVNs presented a barrier to
the transfer of solutes from the lumen into the matrix. As seen
qualitatively in Fig. 1E, little permeation of a macromolecule
(70 kDa FITC-Dextran) occurred over intervals of a few minutes;
this behavior strongly contrasts that seen in the absence of en-
dothelium (Fig. S3). We used the distributions of fluorescence
intensity during this transient to estimate the permeability coeffi-
cient of the endothelium, K [cm s−1] (SI Methods). On day 14, we
obtainedK values of ð4.1" 0.5Þ × 10−6 cm s−1 for 70 kDa FITC-
Dextran, and ð7.0" 1.5Þ × 10−6 cm s−1 for 332 Da fluorescein.

Fig. 1. Microfluidic vessel networks (μVNs). (A) Schematic cross-sectional view of a section of μVN illustrating (i) morphology and barrier function of endothe-
lium, (ii) endothelial sprouting, (iii) perivascular association, and (iv) blood perfusion. Arrow, Flow direction. (B) Schematic diagram of microfluidic collagen
scaffolds after fabrication (detailed fabrication processes and parts in Fig. S1). (C) Z-stack projection of horizontal confocal sections of endothelialized micro-
fluidic vessels (overall network, i) and views of corner (ii) and branching sections (iii). Red, CD31; blue, nuclei. (Scale bar: 100 μm.) (D) Transmission electron
micrographs showing focal contacts (i), overlapping junctions (ii), and complex adherens junctions (iii) between endothelial cells. Magnification: 29,000×.
(E) Permeability across the endothelium, perfused with 70 kDa FITC-Dextran (Upper), and corresponding fluorescence intensity (Lower) averaged over the
height of the dashed box on the micrograph (analysis in SI Methods and Fig. S3 B and C). Blue and red curves correspond to the perfusion with 70 kDa Dextran
at perfusion time t ¼ 11 min and 13 min, respectively. (Scale bar: 100 μm.)

Zheng et al. PNAS ∣ June 12, 2012 ∣ vol. 109 ∣ no. 24 ∣ 9343
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Goal of research: model complex vascular phenomena, including 
angiogenesis and thrombosis

Key idea: Use microfluidic channels as a model for microvasculature

Zheng et al., Proc. Natl. Acad. Sci. USA 109 9342-9347 (2012) 
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assembly and storage of these reagents in any one of 95 addres-
sable storage chambers, and off-chip recovery of reaction pro-
ducts from selected individual chambers. The device features a
2D addressable array of chambers, a reagent-metering module,
a cell-sorting module, and an integrated nozzle that allows for
automated recovery of on-chip reaction products without cross-
contamination (Fig. 1). Prior to use, the entire chip is primed with
a water-immiscible oil phase that serves as the carrier fluid for
reagent droplets. Programmable reagent dispensing, using a
three-valve peristaltic pump, is used to deliver arbitrary volumes
of reagents in discrete increments from eight separate reagent
inlets by varying the number of pump cycles; each “pump incre-
ment” advances approximately 133 pL of fluid (16) (Fig. 1F). Re-
agent droplets are dispensed directly into a flowing stream of
carrier fluid, where they break off through the combined effect
of surface tension, shear flow, and valve actuation (Movie S1).

Droplets are delivered to a selected storage chamber by use
of a fluidic multiplexer (16, 17) to select the desired row and a
series of column valves to select the desired column. This creates
a unique fluidic path that passes from the high-pressure oil input,
past the droplet metering module, to the selected chamber,
and out to one of two low-pressure outlets (waste or elution)
(Fig. 1B). Each reagent droplet is transported along this path
and is deposited in the chamber where it merges with any pre-
viously dispensed droplets. At any time, the contents of any
addressed chamber can be recovered from the chip through an
integrated elution nozzle, designed to dispense directly into stan-
dard microfuge tube formats (Fig. 1A).

For single-cell applications, the phenotypic selection and iso-
lation of single cells is achieved using a cell-sorting module
(Fig. 1E). A cell suspension is advanced by peristaltic pumping
and imaged in real time at the channel cross-junction. When a
cell of interest is identified, it is pumped into a droplet for deliv-
ery to the storage chamber array.

Droplet docking and merging by flow-controlled wetting. Program-
mability of the microfluidic device is enabled by the ability to
precisely position and merge an arbitrary sequence of droplets
at each addressable storage location. We achieve this by exploit-

ing the properties of two-phase hydrodynamic flow to implement
a simple and robust method that prevents droplet wetting during
transport, which can result in reagent cross-contamination (3),
while preserving the ability to wet channel walls at precisely de-
fined storage locations. A droplet flowing down a channel filled
with an immiscible carrier fluid is separated from the channel
walls by a thin lubricating film, the thickness of which is a function
of droplet velocity (18). If the droplet velocity, and hence the film
thickness, is reduced below a critical value, an instability arises in
which intermolecular forces between the droplet and the surface
cause the film to spontaneously rupture, allowing the droplet to
wet the channel walls (19) (SI Text). Selective wetting may there-
fore be achieved without modification of surface properties by
engineering the device geometry such that droplet velocity re-
mains above this critical value until arrival at the storage area.

Storage elements were designed to decelerate incoming dro-
plets by diverting oil flow through bypass channels (20). Each sto-
rage element consists of a large cross-section cylindrical storage
chamber that is connected to an inlet channel featuring a series of
small side channels, which connect the inlet channel to a pair of
bypass channels that flow around each side of the storage cham-
ber (Fig. 1C). As the droplets move into the inlet channel, carrier
fluid is diverted through the side channels, causing the droplet to
slow (Fig. 1C, step 2). Droplets do not pass through the side chan-
nels due to the high interfacial tension required for deformation.

When droplets enter the storage element with a velocity less
than or equal to a critical value, they wet the inlet channel up-
stream of the storage chamber. As the leading edge of a droplet
enters the chamber, it is pulled in by surface tension (Movies S2
and S3), where it wets the chamber’s sidewall, precisely position-
ing it at the chamber entrance (Fig. 1C, step 3i). Once docked
inside the chamber, the droplets are sequestered from high-
shear flows (Fig. S1) and are immobilized indefinitely. Contact
line pinning forces are sufficient to resist shear forces at a mean
flow velocity of 50 mm∕s measured at the storage element inlet.
It should be noted that surface tension forces between the droplet
and the carrier phase do not contribute to retention of the droplet
at the chamber entrance as advancement of the droplet further
into the chamber would not increase the droplet’s interfacial area

Fig. 1. Programmable microfluidic reac-
tion array. (A) Device schematic showing
the structure of an elution nozzle de-
signed to interface with standard micro-
fuge tubes during chamber elution. (B)
Addressable array of 95 storage chambers
organized in 19 rows and 5 columns. Con-
trol layers are shown in red. Actuation of
rowmultiplexerandcolumnvalvescreates
a unique fluidic path (green arrow) flow-
ing from high to low-pressure ports.
(C) Storage element geometry for droplet
immobilization and coalescence by flow-
controlled wetting. (1) During transport
to an addressed storage element, a lubri-
cating thin film of oil prevents wetting of
channel walls. (2) Side channels create a
bypass for the oil (green arrows), reducing
droplet velocity. (3i) Belowthe critical flow
velocity, wetting occurs and the droplet is
positioned at the cylindrical chamber en-
trance. (3ii) Above the critical flow velo-
city, the droplet does not wet at the
entrance but travels into the chamber
and docks at the chamber ceiling. (D) Mi-
crograph of a 2.7-nL storedwater droplet.
(E) Cell-sorting module. (1) A single-cell
suspension is pumped down the sorting
channel. (2) The cell is encapsulated in a
droplet for transport to the chamber ar-
ray. (F) Reagent-metering module.

7666 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1106752109 Leung et al.

Goal of research: analyze genome of single cells and microbial consortia 
without sample contamination

Key idea: Create multiplexed chip to sort, cultivate cells and identify, amplify, 
and sequence whole genomes

Leung et al., Proc. Natl. Acad. Sci. USA 109 7665-7670 (2012) 
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Goal of research: study the motion of bacteria and/or mammalian cells in 
response to chemical signals

Key idea: Use gradient generators to control the (nonlinear) spatial 
concentration of chemoattractant

In the peaked profile, bacteria swam into the higher
concentration region from both sides, resulting in strong
accumulation (Figure 6C,D). The best fit was again obtained
by nonlinear !-square fitting, yielding µ ) (7.0 ( 0.4) × 10-6

cm2 s-1 and !0 ) (4.1 ( 0.2) × 10-4 cm2 s-1 (Figure 6D, solid
line), consistent with results reported above. Chemotaxis in
peaked concentration profiles applies, for example, to forag-
ing of aquatic microbes, because nutrients in aquatic envi-
ronments are often released from point sources5 and result
in Gaussian-type patches. Chemotaxis toward such patches
has been studied with microdevices,7,29,30 limited to tran-
sient patches. In contrast, here we observed the response
of bacteria to a steady patch, a useful model in the limit of
slow patch diffusion (e.g., high molecular weight com-
pounds) or fast motility.

By creating steady concentration profiles, we could study
the chemotactic response dynamics without the chemoef-
fector gradient changing over time. The decoupling of the
temporal scales of the evolution of the chemical signal and
the bacterial response is a highly desirable feature for
chemotaxis studies, allowing for a simpler test of the gradi-
ent sensitivity and increased reliability in the quantification
of random-motility and chemotaxis parameters. Another
application of steady gradients has been made in identifying
the logarithmic sensing mechanism of E. coli.31 Here we
have studied chemotaxis in arbitrarily shaped one-dimen-
sional gradients, and the proposed microdevices can easily
be modified to achieve alternative steady configurations,

including two-dimensional or competing gradients.39 We
therefore expect that this class of microdevices will find a
broad range of applications.

In addition to steadiness, an important feature of the
proposed gradient generators is the rapid establishment of
the gradient within the test channel once the gradient in the
agarose layer is formed. In other diffusion-based designs,24,41

cells experience an ever-changing concentration field while
the gradient develops in the test channel. In our device and
related designs25,28 there is a significant separation of time
scales between gradient generation in the agarose layer
(∼L2/2D) and in the test channel (∼H2/2D). Whereas the
former must be established by horizontal diffusion across a
few millimeters (L) over one to several hours, the latter only
requires vertical diffusion over ∼100 µm (H) and thus forms
in a few seconds. On the other hand, the time required to
generate the gradient in the agarose can be a drawback in
some applications. Flow-based microdevices can generate
gradients more rapidly,18,20,21 but they expose cells to shear
stresses. A recent method succeeded in eliminating shear
from a flow-based device42 by translating the gradient to a
static chamber through a porous layer and can possibly be
adapted to create arbitrarily shaped nonlinear gradients.

In summary, we compared the observed distribution of
E. coli with model predictions for both linear and nonlinear
gradients and obtained very good agreement with published
literature values. These results demonstrate the applicability
of hydrogel-based microfluidic gradient generators to quan-
titative chemotaxis studies of free-swimming cells and their
versatility in generating arbitrarily shaped gradients. While
we have focused here on microbial behavior, these devices
will be applicable to a broad range of problems, whenever
rapid establishment of stable gradients in the absence of
flow is desired. We hope that the simplicity of fabrication of
the proposed design, along with its versatility to explore a
wide range of chemical environments, will appeal to re-
searchers in many fields and contribute to improve our
understanding of microbial and cellular processes.
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FIGURE 6. Response of E. coli to (A,B) an exponential and (C,D) a
peaked concentration profile of r-methylaspartate (see Figure 1E-H
for the microdevices’ layout). The concentration of r-methylaspar-
tate in the source and sink channels was 1 and 0 mM, respectively.
(A,C) Long-time-exposure images of cell trajectories, constructed
from a mosaic of 7 (A) and 8 (C) images, each recorded over 6.7 s
and acquired in rapid sequence. Accumulation of cells in the highest
concentration region is evidenced by the high density of trajectories
(white). (B,D) Normalized distribution of E. coli cells along the test
channel, B(s), from the experiments (bars) and the numerical model
(solid line). The model results correspond to the solution of the
bacterial transport equation (eqs 1 and 2) for the best-fit values of µ
and !0. (B) µ ) 7.0 × 10-6 cm2 s-1, !0 ) 4.5 × 10-4 cm2 s-1. (D) µ )
7.0 × 10-6 cm2 s-1, !0 ) 4.1 × 10-4 cm2 s-1. B(s) was normalized so
as to have an area of 1.

© 2010 American Chemical Society 3384 DOI: 10.1021/nl101204e | Nano Lett. 2010, 10, 3379-–3385

min after initiation of the feeder flows to allow the concen-
tration field in the agarose to be established (for L ) 1 mm
this occurs over T ∼ L2/(2D) ) 17 min). Then, buffer was
injected in the test channel to mimic injection of a cell
suspension and measurements started within minutes. Con-
centration profiles C(x) recorded at channel mid-depth (Fig-
ure 3D-F, green dots) were highly linear. A linear least-
squares fit to C(x) within the test channel yielded the

magnitude of the experimentally observed gradients, GO,
and confirmed the linearity of the gradients (r2 > 0.98 for all
three designs). Importantly, we found that GO was consider-
ably lower than GE (Figure 3D-F, dashed blue line) and
differed among the designs. The ratio of the magnitudes of
the experimentally observed gradient and the predicted one-
dimensional gradient, QO )GO/GE, was 0.43, 0.76, and 0.69
for designs 1, 2, and 3, respectively.

FIGURE 2. Schematic vertical cross sections of three different designs of the diffusion-based microfluidic gradient generator. The designs
differ in the arrangement of the source, sink and test channels within the agarose and PDMS layers. (A) Design 1 with all three channels in
the PDMS layer. (B) Design 2 with all three channels in the agarose layer. (C) Design 3 with source and sink channels in the agarose layer and
test channel in the PDMS layer. In all designs, the test channel was separated from the feeder (i.e., source and sink) channels by a 200 µm
wide layer of PDMS (A,C) or agarose (B), resulting in an edge-to-edge distance between the feeder channels of L ) 1 mm. The intensity of the
green shading is illustrative of the chemoattractant field in the channels (shown quantitatively in Figure 4).

FIGURE 3. (A) Planar layout of the microdevice to generate a steady linear gradient (schematic and micrograph). (B) Confocal image showing
fluorescence at mid-depth in the test channel for the planar section defined by the black box in A. One hundred micromolar fluorescein was
added to the source channel (shown in A). (C) Vertical line-scan of the test channel taken along the centerline of the same region. The dashed
line MN indicates mid-depth and corresponds to the image in B. (D-F) Concentration profiles across the width of the test channel at channel
mid-depth for designs 1 (D), 2 (E), and 3 (F) (see Figure 2). The green dots are confocal data for fluorescence intensity, obtained along the
mid-depth cross-section of each test channel (line MN in C). The red lines are numerically modeled profiles, taken along MN in Figure 4A-C,
respectively. Triangular markers labeled M and N indicate the corresponding points in panel C and Figure 4A-C. The blue dashed line
corresponds to the one-dimensional solution, that is, the profile predicted if concentration decayed linearly between source and sink. QO
measures the ratio of the magnitudes of the experimentally observed gradient and the predicted one-dimensional gradient. QS measures the
ratio of the magnitudes of the numerically computed gradient and the predicted one-dimensional gradient. C(x) represents concentration
normalized by the concentration in the source channel.

© 2010 American Chemical Society 3381 DOI: 10.1021/nl101204e | Nano Lett. 2010, 10, 3379-–3385
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Challenges

• Scale-up

- Transition from “lab scale” devices to plant-scale operations

- 2-d to 3-d layouts

• Interplay between parallelized chips

- Need to generate uniform flow across multiple devices

- Synchronization and chaotic effects

• Clogging and unsteady flow

55
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• Microfluidics enables mini “chemical plants”

- Exceptional control over reactions and mixing

- Naturally achieves continuous production

• Optimal usages of microfluidic devices:

- Specialty chemicals and high-value chemicals

- Hard-to-produce molecules (especially biomolecules)

• Industries impacted by microfluidics

- Biotechnology: genome sequencing, protein crystallization

- Chemical synthesis: radiolabeled molecules

- Manufacturing: designer specialty cosmetics

• Opportunities abound for chemical and biomolecular 
engineers to design new microfluidic processes
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