
















reservoirs holding the dyes, we applied a vacuum of 15 kPa �total volume=10 ml and syringe
displacement=2 ml� at the device outlet, which generated equal flow rates for both dyes since the
hydrodynamic resistances of the device two branches were the same due to device symmetry.27

Applying vacuum to induce the required flow has the advantage of using one pump to deliver
different reagents instead of dedicating one pump for each reagent.

C. Droplet generation

Multiphase flow in microchannels offers a new set of advantages besides those seen in single
phase flow, such as faster mixing, enhanced heat and mass transfer, and reduced dispersion.28

Additionally, droplet generation in microfluidic devices has been used for single cell analysis,4,29

electrophoretic separation,30 and DNA analysis.31 To further demonstrate the capabilities of the
pump, we used it to generate water droplets in a continuous phase of silicone oil through hydro-
dynamic focusing of a stream of water in a cross-shaped microchannel �Fig. 3�d��. Droplet size in
our experiments was easily controlled by changing the pressure applied on �and hence the flow
rate of� the oil phase as seen in panels ii and iii of Fig. 3�d�. Using the same hydrodynamic
focusing device, we were able to focus a stream of a miscible dye �supplementary material, Fig.
S2�,22 which is useful in various microfluidic applications such as selective delivery of small
molecules into biological cells6 and low-voltage electroporation of cells.32

IV. CONCLUSION

The pressure-driven pumping system presented in this paper does not require electrical power.
It costs less than $50 without a pressure sensor or $150 with a pressure sensor and can be built
within a few minutes from off-the-shelf components. The pump is capable of accurately generat-
ing a wide range of positive and negative pressures with high resolutions for microfluidic appli-
cations. The use of constant pressures to generate flows in microfluidic devices, instead of dis-
placement pumps �e.g., syringe pumps�, has the advantages of zero dead volumes, smooth
continuous flow rates, and being compatible with pressure-sensitive applications such as micropi-
pet aspiration and mechanical stimulation of cells. The capacity of the pump was demonstrated by
performing micropipet aspiration of osteoblasts to determine their Young’s modulus values, real-
izing a concentration gradient, and generating microdroplets of water in a continuous oil phase.

ACKNOWLEDGMENTS

We thank Jason Li for culturing the MC3T3-E1 cells, Di Xue for helping with flow measure-
ment experiments, and Chris Moraes for supplying the fluorescence beads. We also thank Chris
Moraes, Professor Axel Gunther, and Dr. Edmond Young �from Professor David Beebe’s labora-
tory at the University of Wisconsin at Madison� for helpful discussions.

1 E. W. K. Young and D. J. Beebe, Chem. Soc. Rev. 39, 1036 �2010�.
2 D. Wu, J. Qin, and B. Lin, J. Chromatogr. A 1184, 542 �2008�.
3 A. T. Woolley, D. Hadley, P. Landre, A. J. DeMello, R. A. Mathies, and M. A. Northrup, Anal. Chem. 68, 4081 �1996�.
4 J. F. Edd, D. Di Carlo, K. J. Humphry, S. Köster, D. Irimia, D. A. Weitz, and M. Toner, Lab Chip 8, 1262 �2008�.
5 S. Nagrath, L. V. Sequist, S. Maheswaran, D. W. Bell, D. Irimia, L. Ulkus, M. R. Smith, E. L. Kwak, S. Digumarthy, A.
Muzikansky, P. Ryan, U. J. Balis, R. G. Tompkins, D. A. Haber, and M. Toner, Nature �London� 450, 1235 �2007�.

6 F. Wang, H. Wang, J. Wang, H. Y. Wang, P. L. Rummel, S. V. Garimella, and C. Lu, Biotechnol. Bioeng. 100, 150
�2008�.

7 S. A. Khan, A. Gunther, M. A. Schmidt, and K. F. Jensen, Langmuir 20, 8604 �2004�.
8 B. D. Iverson and S. V. Garimella, Microfluid. Nanofluid. 5, 145 �2008�.
9 S. Arulanandam and D. Li, Colloids Surf., A 161, 89 �2000�.

10 R. Yokokawa, T. Saika, T. Nakayama, H. Fujita, and S. Konishi, Lab Chip 6, 1062 �2006�.
11 D. Dendukuri, S. S. Gu, D. C. Pregibon, T. A. Hatton, and P. S. Doyle, Lab Chip 7, 818 �2007�.
12 H. V. Fuentes and A. T. Woolley, Lab Chip 7, 1524 �2007�.
13 J. W. Munyan, H. V. Fuentes, M. Draper, R. T. Kelly, and A. T. Woolley, Lab Chip 3, 217 �2003�.
14 C. C. Hong, J. W. Choi, and C. H. Ahn, J. Micromech. Microeng. 17, 410 �2007�.
15 G. M. Walker and D. J. Beebe, Lab Chip 2, 131 �2002�.
16 A. M. Skelley and J. Voldman, Lab Chip 8, 1733 �2008�.
17 R. K. Shah and A. L. London, Laminar Flow Forced Convection in Ducts; A Source Book for Compact Heat Exchanger

Analytical Data �Academic, New York, 1978�.

046501-9 Simple and versatile microfluidic pump Biomicrofluidics 4, 046501 �2010�

Downloaded 14 Oct 2010 to 128.100.48.225. Redistribution subject to AIP license or copyright; see http://bmf.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1039/b909900j
http://dx.doi.org/10.1016/j.chroma.2007.11.119
http://dx.doi.org/10.1021/ac960718q
http://dx.doi.org/10.1039/b805456h
http://dx.doi.org/10.1038/nature06385
http://dx.doi.org/10.1002/bit.21737
http://dx.doi.org/10.1021/la0499012
http://dx.doi.org/10.1007/s10404-008-0266-8
http://dx.doi.org/10.1016/S0927-7757(99)00328-3
http://dx.doi.org/10.1039/b603938c
http://dx.doi.org/10.1039/b703457a
http://dx.doi.org/10.1039/b708865e
http://dx.doi.org/10.1039/b309788a
http://dx.doi.org/10.1088/0960-1317/17/2/029
http://dx.doi.org/10.1039/b204381e
http://dx.doi.org/10.1039/b807037g


18 D. P. Theret, M. J. Levesque, M. Sato, R. M. Nerem, and L. T. Wheeler, J. Biomech. Eng. 110, 190 �1988�.
19 C. T. Lim, E. H. Zhou, and S. T. Quek, J. Biomech. 39, 195 �2006�.
20 N. L. Jeon, S. K. W. Dertinger, D. T. Chiu, I. S. Choi, A. D. Stroock, and G. M. Whitesides, Langmuir 16, 8311 �2000�.
21 H. Kim, D. Luo, D. Link, D. A. Weitz, M. Marquez, and Z. Cheng, Appl. Phys. Lett. 91, 133106 �2007�.
22 See supplementary material at http://dx.doi.org/10.1063/1.3499939 for measurments of the pump hysteresis and results

of a hydrodynamic focusing experiment using the proposed pump.
23 B. R. Munson, D. F. Young, and T. H. Okiishi, Fundamentals of Fluid Mechanics, 4th ed. �Wiley, New York, 2002�.
24 R. M. Hochmuth, J. Biomech. 33, 15 �2000�.
25 E. Takai, K. D. Costa, A. Shaheen, C. T. Hung, and X. E. Guo, Ann. Biomed. Eng. 33, 963 �2005�.
26 S. K. W. Dertinger, D. T. Chiu, J. Noo Li, and G. M. Whitesides, Anal. Chem. 73, 1240 �2001�.
27 T. Stiles, R. Fallon, T. Vestad, J. Oakey, D. W. M. Marr, J. Squier, and R. Jimenez, Microfluid. Nanofluid. 1, 280 �2005�.
28 A. Günther and K. F. Jensen, Lab Chip 6, 1487 �2006�.
29 M. Y. He, J. S. Edgar, G. D. M. Jeffries, R. M. Lorenz, J. P. Shelby, and D. T. Chiu, Anal. Chem. 77, 1539 �2005�.
30 J. S. Edgar, C. P. Pabbati, R. M. Lorenz, M. He, G. S. Fiorini, and D. T. Chiu, Anal. Chem. 78, 6948 �2006�.
31 M. A. Burns, B. N. Johnson, S. N. Brahmasandra, K. Handique, J. R. Webster, M. Krishnan, T. S. Sammarco, P. M. Man,

D. Jones, D. Heldsinger, C. H. Mastrangelo, and D. T. Burke, Science 282, 484 �1998�.
32 T. Zhu, C. Luo, J. Huang, C. Xiong, Q. Ouyang, and J. Fang, Biomed. Microdevices 12, 35 �2010�.
33 D. J. Laser and J. G. Santiago, J. Micromech. Microeng. 14, R35 �2004�.

046501-10 Moscovici et al. Biomicrofluidics 4, 046501 �2010�

Downloaded 14 Oct 2010 to 128.100.48.225. Redistribution subject to AIP license or copyright; see http://bmf.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1115/1.3108430
http://dx.doi.org/10.1016/j.jbiomech.2004.12.008
http://dx.doi.org/10.1021/la000600b
http://dx.doi.org/10.1063/1.2767769
http://dx.doi.org/10.1063/1.3499939
http://dx.doi.org/10.1016/S0021-9290(99)00175-X
http://dx.doi.org/10.1007/s10439-005-3555-3
http://dx.doi.org/10.1021/ac001132d
http://dx.doi.org/10.1007/s10404-005-0033-z
http://dx.doi.org/10.1039/b609851g
http://dx.doi.org/10.1021/ac0480850
http://dx.doi.org/10.1021/ac0613131
http://dx.doi.org/10.1126/science.282.5388.484
http://dx.doi.org/10.1007/s10544-009-9355-z
http://dx.doi.org/10.1088/0960-1317/14/6/R01

