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ABSTRACT 

 
This paper presents an investigation into two crucial 

aspects of microfluidic applications, namely hydrodynamic 
/electrokinetic focusing and switching. This study 
commences by modeling the hydrodynamic/electrokinetic 
focusing phenomenon theoretically using potential flow 
theory. A new theoretical model is applied to predict the 
width of the focused stream. The results predicted by the 
theoretical model are shown to be in reasonable agreement 
with the experimental data and numerical simulation results. 
The paper then proceeds to study the hydrodynamic and 
electrokinetic switching functions systematically using both 
experimental and theoretical approaches. A simple control 
model for N×1  electrokinetically pre-focused micro-flow 
switches is proposed. The study concludes by performing a 
systematic comparison of hydrodynamic and electrokinetic 
focusing/switching. The results of this study provide a 
useful methodology for the analysis of flow control in 
microfluidic devices. 
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1 INTRODUCTION 
 

Recently, two-dimensional hydrodynamic and 
electrokinetic focusing approaches [1-2] have been 
demonstrated in a wide variety of applications, including in 
flow cytometers [3-4], diffusion-based mixers [5], and 
micro-flow switches [6-7].  

The current research group has previously presented a 
simple model capable of predicting the width of two-
dimensional hydrodynamically focused sample streams [8]. 
Hence, the principal aim of the current study is to develop a 
theoretical model to predict the width of electrokinetically 
focused sample stream. Furthermore, this study presents 
theoretical and experimental comparisons of hydrodynamic 
and electrokinetic focusing. 

Hydrodynamic and electrokinetic switching are highly 
important techniques in microfluidic applications. The 
present study adopts numerical and experimental 
approaches to conduct a systematic investigation into the 
use of hydrodynamic and electrokinetic forces to realize 
flow switching in microfluidic devices. Additionally, this 
study presents a novel and simple control model based on 
electrokinetic forces. The effectiveness of the proposed 
control model is verified both numerically and 
experimentally. 

2 EXPERIMENTAL SECTION 
 
The present microchips were fabricated on 

commercially available soda-lime glass substrates 
measuring 22mm × 75mm × 1mm. A more detailed 
explanation of this fabrication process has been provided by 
the current study group in a previous publication [9]. 
Furthermore, the experimental setup employed in the 
current study of hydrodynamic and electrokinetic 
focusing/switching has been also provided by the current 
study group in previous publications [6-7]. 
 

3 FORMULATION 
 

3.1 Governing Equations and Numerical 
Methods 

A numerical model was developed to simulate the 
electrokinetic focusing and switching effects. This model 
was based on the Navier-Stokes equations modified to 
include an electrical driving force term in order to represent 
the interaction between the excess ions of the electrical 
double layer (EDL) and the external electric field. In this 
study, considering a thin EDL and assuming that there is no 
net electric charge density in the bulk liquid, the electrical 
driving force term in the equation of motion can be 
neglected. Also, while considering the effect of 
electroosmotic flow as the slip wall boundary conditions to 
the equation of motion, the wall slip velocity is determined 
by the Helmholtz-Smoluchowski equation, which is given 
by: 

 

φ
µ
ζεε
∇= 0

,slipEOV
v

                                                            (1) 
 

The externally applied electrical potential φ in 
microchannels is governed by the Laplace equation. 
Furthermore, in order to obtain information relating to the 
sample concentration distribution during the electrokinetic 
focusing and switching steps, the species convection-
diffusion equation is solved. This study adopts the 
numerical method developed by the present authors to solve 
the governing equations together with their corresponding 
boundary conditions [10].  

 
3.2 Theoretical Model 

This present study develops a theoretical model to 
predict the width of the hydrodynamically and 
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electrokinetically focused streams (see Figure 1). Details of 
a simple model to predict the width of the two-dimensional 
focused sample stream in hydrodynamic focusing have 
been reported previously [8]. According to the principles of 
mass conservation, and assuming that a fully developed 
laminar flow exists in outlet channel 4, and the relationship 
between cv and 4v  is 4vXvc = , therefore, it can be shown 
that the width of the focused stream is given as: 
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where 1D , 2D , 3D  and 4D  are the widths of inlet 
channels 1, 2 and 3 and outlet channel 4, respectively; 1v , 

2v , 3v  and 4v  are the average velocities inside inlet 
channels 1,  2 and 3 and outlet channel 4, respectively.  

However, in order to obtain the width of the focused 
stream, the parameter X in Eq. 2 must be known. For 
hydrodynamic focusing, the fully developed velocity profile 
has a parabolic distribution. In a previous study [8], it was 
reported that 5.1=X , but it is valid only when 4Dd << (i.e. 
the sample flow rate is much smaller than the sheath flow 
rate). Hence, in this study, a more appropriate parameter X   
is used to remove this restriction, is given by:  
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For electrokinetic focusing, the fully developed 

electroosmotic flow exhibits a “plug-like” velocity profile, 
i.e. 1=X . 

Furthermore, to obtain the width of the 
electrokinetically focused stream, the velocities, 1v , 2v  and 

3v in Eq. 5 must be known. According to the Helmholtz-
Smoluchowski equation given in Eq. 1, the velocity of the 
electrokinetic flow within the microchannel is proportional 
to the externally applied electrical potential gradient. 
Assuming that 32 DD = , 32 φφ = , 04 =φ (i.e. grounded), 
and cφ  can be determined in accordance with Kirchoff’s 
laws [11], yields the following equations for predicting the 
normalized width of the electrokinetically focused stream: 

 

( )( )
( )( )12

124
121

1
21

1

φφαδ
αφφα

δη
−+

−+
+

=
D
d  , max

1

2
min ℜ<≤ℜ

φ
φ

    (4) 

 
where 21 LL=δ , 31 LL=σ , 12 DD=η , and 12 φφ  is 
defined as the focusing ratio. In Eq. 4, when the normalized 
width of the focused stream is equal to “1” (i.e. there is no 
focusing effect), the focusing ratio, ( )112 += ααφφ , is 
defined as the minimum focusing ratio, minℜ . Meanwhile, 
when the normalized width of the focused stream is equal 
to “0” (i.e. the focused stream is “pinched off”), the 

focusing ratio, αδφφ 21112 += , is defined as the 
maximum focusing ratio, maxℜ .  

Figure 1: Schematic illustration of the  flow focusing. 
 

4 RESULTS AND DISCUSSION 
 

4.1 Hydrodynamic and Electrokinetic 
Focusing Effects 

This section of the paper discusses hydrodynamic and 
electrokinetic flow focusing inside the microchannel. A 
comparison between hydrodynamic and electrokinetic 
focusing is made. The results calculated using Eq. 2 are 
plotted in Figure 2 (Noted that 32 vv = ). The experimental 
data relating to hydrodynamic and electrokinetic flow 
focusing are also presented in the same figure. It can be 
seen that these data are in good agreement with the results 
obtained from Eq. 2. It is note that the width of the 
electrokinetically focused stream is found to be 1.5 times 
that of the hydrodynamically focused stream when 

Dd << (i.e. 12 vv >> ). This result can be attributed to the 
fact that the fully developed velocity profile of the 
hydrodynamic flow is distributed parabolically, while that 
of the electroosmotic flow is “plug-like”.  
 
4.2  Effect of Length Ratio α  on Width of 
Electrokinetically Focused Stream 

The objective of this section of the paper is to study the 
relationship between the width of the electrokinetically 
focused stream and the electrical potential applied to inlet 
channels 1, 2, and 3 and to the outlet port 4 (see Figure 1)).  
A model for predicting this relationship have been 
presented previously in Eq. 4. This section of the paper 
verifies the model experimentally. 

From an inspection of Eq. 4, it is clear that the length 
ratio, α (i.e. 14 LL ), plays an important role in determining 
the width of the sample stream. Figures 3(a)-(d) illustrate 
the relationship between the width of the electrokinetically 
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focused sample stream and the focusing ratio ( 12 φφ ) for 
the theoretical and experimental results obtained using 
length ratios of α =1, 2, 3 and 4, respectively. The width of 
channels 1, 2, 3, and 4 is assumed to be constant. 
Additionally, inlet channels 1, 2 and 3 are of equal length. 
From Figures 3(a)-(d), it is clear that the relationship 
between the width of the focused stream and the focusing 
ratio is dependent upon the length ratio α . In all cases, the 
focused stream width decreases as the focusing ratio 
increases. The experimental data are in reasonable 
agreement with the theoretical results predicted by Eq. 4. 
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Figure 2: Comparison of normalized width of focused 
stream as function of relative sheath and sample flow 
rates for hydrodynamic and electrokinetic flow focusing. 
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Figure 3: Effect of length ratio (α ) on variation of width 
of focused stream as function of the focusing ratio.  

 

4.3 Comparison of Hydrodynamic and 
Electrokinetic Flow Switching Based on 
“Flow-rate-ratio” Method 

In this section of the paper, the pre-focused 31×  micro-
flow switch with one inlet sample port (S1) and three outlet 
ports (A, B, and C) shown in Figure 4 is used to compare 
the hydrodynamic and electrokinetic flow switching 
phenomena using the so-called “flow-rate-ratio” method [6]. 
Figure 5 presents the experimental and numerical results for 
hydrodynamic and electrokinetic flow switching. The 
operating conditions for the hydrodynamic and 
electrokinetic flow switching operations are listed in Tables 
1 and 2, respectively. It is noted that the flow rates inside 
the inlet ports when performing electrokinetic flow 
switching are different from those established for the 
hydrodynamic flow switching case. However, the “flow-
rate-ratios” (i.e. the ratio of the sheath and sample flow 
rates) are the same in both cases. Three different 
operational modes correspond to switching the sample flow 
to outlet ports A, B, and C, respectively. From Figure 5, it 
can be seen that the experimental data are in very good 
agreement with the numerical results. In the case of 
electrokinetic flow switching, as shown in Figures 5(a2) 
and 5(c2), it is clear that a small volume of the sample is 
carried into port B since the electrokinetic flow velocity is 
much lower than that of the hydrodynamic flow and then 
sample diffusion is un-eligible. Nonetheless, it can be seen 
that the streamlines of the sample flow all lie within the 
desired outlet channel. 

 

Focusing flow 1 

Focusing flow 2

Sample injection 

F1

S1

A 

B 

C 
F2 

 

 
Figure 4: Photographs of Microchip capable of 
hydrodynamic or electrokinetic flow focusing and 
switching. 
 

Table 1: Operation conditions for hydrodynamically pre-
focused 31×  micro flow switches. 
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Table 2: Operation conditions for electrokinetically pre-
focused 31×  micro flow switches based on the “flow-rate-
ratio” method. 
 

Figure 5: Comparison of experimental and numerical results 
obtained for hydrodynamically and electrokinetically pre-
focused 31×  micro flow switches. 
 
4.4 Electrokinetic Flow Switching Based on 
“Electrokinetic forces” 

This paper proposes a more straightforward control 
method for electrokinetic flow switching. By applying 
appropriate electrical potentials to the S1, F1, F2, A, B, and 
C ports, the sample flow can be pre-focused 
electrokinetically into a narrow stream and then directed 
precisely to the required outlet port. Figure 6 presents the 
experimental and numerical results for electrokinetic flow 
switching obtained using this approach. The operating 
conditions are listed in Table 3. The flow switching 
function implemented using electrokinetic forces is 
achieved by carefully specifying the outlet port to which 
electric grounding is to be applied.  

 
5 CONCLUSIONS 

 

In the present study, a simple theoretical model has been 
developed and is capable of predicting the width of the 
focused stream. The comparison between hydrodynamic 
and electrokinetic focusing has been made. The 

hydrodynamic and electrokinetic switching functions have 
also been investigated using both numerical and 
experimental approaches. It has been shown that the “flow-
rate-ratio” method is capable of controlling the flow 
switching in both cases. An alternative model based on 
electrokinetic forces has also been proposed for flow 
switching. This simple model is significantly more 
straightforward than the “flow-rate-ratio” method when 
applied to the switching of focused sample streams to a 
desired outlet port.  

 

Table 3: Operation conditions for 31× electrokinetically 
micro flow switches based on electrokinetic forces. 

 

Figure 6:  Experimental and numerical simulation results of 
electrokinetically pre-focused 31×  micro flow switches. 

 
 

REFERENCES 
[1] P. Crosland-Taylor, Nature, 17, 37-38, 1953. 
[2] S. C. Jacobson and J. M. Ramsey, Anal. Chem., 69, 

3212-3217, 1997. 
[3] J. V. Watson, Cytometry, 38, 2-14, 1999. 
[4] D. P. Schrum, C. T. Culbertson, S. C. Jacobson and J. M. 

Ramsey, Anal. Chem., 71, 4173-4177, 1999. 
[5] J. B. Knight, A. Vishwanath, J. P. Brody and R. H. 

Austin, Phys. Rev. Lett., 80, 3863-3866, 1998. 
[6] G.-B. Lee, C.-I Hung, B.-J. Ke, G.-R. Huang and B.-H. 

Hwei, J. Micromech. Microeng., 11, 567-573, 2001.  
[7] L.-M. Fu, R.-J. Yang, G.-B. Lee and Y.-J. Pan, 

Electrophoresis, 24, 3026-3032, 2003. 
[8] G.-B. Lee, C.-I Hung, B.-J. Ke, G.-R. Huang and B.-H. 

Hwei, ASME J. Fluids Eng., 123, 672-679, 2001. 
[9] C.-H. Lin, G.-B. Lee, Y.-H. Lin and G.-L. Chang, J. 

Micromech. Microeng., 11, 726-732, 2001.  
[10] C.-C. Chang and R.-J. Yang, J. Micromech. Microeng., 

14, 550-558, 2004. 
[11] S. C. Jacobson, S. V. Ermakov and J. M. Ramsey, Anal. 

Chem., 72, 3273-3276, 1999. 

NSTI-Nanotech 2005, www.nsti.org, ISBN 0-9767985-0-6  Vol. 1, 2005 615


	Book1.1.pdf
	1132.pdf
	1132.pdf
	[13]  Lisa A. DeLouise, Peng Meng Kou, and Benjamin L. Mille



	Book1.2.pdf
	1064.pdf
	1064.pdf
	ABSTRACT
	2    TRIBOMECHANICAL ACTIVATION OF SOLIDS
	3     INDUCTION OF PROGRAMMED CELL DEATH-APOPTOSIS
	4    ANIMAL DATA
	5    HUMAN DATA

	CONCLUSION
	REFERENCES



	1124.pdf
	ABSTRACT
	To examine the roles of the adjuvant in antigen delivery, de
	INTRODUCTION
	EXPERIMENTAL
	RESULTS
	Phagocytosis of tomatine-antigen complexes by the DCs

	REFERENCES


	Book1.4.pdf
	825.pdf
	825.pdf
	 
	 
	ABSTRACT 
	The bioaccumulation of a large variety of inorganic trace elements in Bacillus subtilis was studied using an inductively coupled plasma mass spectrometer and compared to other related and unrelated species. Bacillus subtilis is a safe substitute for anthrax. Unique and reproducible chemical fingerprint for each species of organisms were determined. Additionally, it was found that these chemical signatures were very susceptible to laboratory and procedural effects, suggesting that this approach could be useful also as a forensic tool. In addition, quantitative analysis on these signatures have been performed to mathematically relate the chemical fingerprints of B. subtilis to the number of cells or spores present in an analyzed sample.  
	INTRODUCTION 
	METHODS 
	RESULTS 
	REFERENCE 




	828.pdf
	Elastic Properties of Aspergillus nidulans Studied with Atomic Force Microscopy 
	* Department of Chemical and Biochemical Engineering, UMBC, lzhao@umbc.edu 
	*** Department of Biological Science, UMBC, Baltimore, MD 21250 
	**** Department of Chemistry and Biochemistry, University of Maryland Baltimore County (UMBC), Baltimore, Maryland 21250 
	ABSTRACT 


	877.pdf
	ABSTRACT
	1.   INTRODUCTION
	3.  RESULTS
	REFERENCES


	175.pdf
	Nanofabrication of Bioselective Materials Using Diverse Nano


	Book1.5.1.pdf
	292.pdf
	292.pdf
	Nanotechnology  Based on Spatially Fixed DNA (RNA) Molecules
	ABSTRACT
	ON THE PRACTICAL APPLICATION OF NANOCONSTRUCTIONS
	The NaCs created by us are of interest for various areas of 





	557.pdf
	Testing

	307.pdf
	References

	743.pdf
	ABSTRACT
	1   INTRODUCTION
	MATERIALS AND METHODS
	REFERENCES



	Book1.7.pdf
	1158.pdf
	1158.pdf
	Testing the response to NO
	Results and discussion


	1169.pdf
	1. INTRODUCTION
	2. RESULTS


	Book1.8.pdf
	407.pdf
	Name
	Label
	Sequence

	569.pdf
	Controlling Colorimetric Reversibility of Polydiacetylene Su
	Ji-Seok Lee*, Joo Seop Lee*, Hyun Wook Park*, Cheol Hee Lee*
	Dong June Ahn**, and Jong-Man Kim*
	*Department of Chemical Engineering Hanyang University, Seou
	**Department of Chemical and Biological Engineering, Korea U
	dja@korea.ac.kr
	ABSTRACT
	We have investigated colorimetric reversibility of polydiace
	Keywords: biosensor, polydiacetylene, reversibility, supramo
	INTRODUCTION
	The development of efficient chemosensors based on conjugate
	Among the conjugated polymers reported to date, polydiacetyl
	Scheme 1 : Schematic representation of polymerization of ass
	The advantage of the nanostructured polydiacetylenes as sens
	The polydiacetylene-based chemosensors reported to date, however, function via irreversible fashion. Accordingly, once the blue-phase shifts to the red-phase upon a given external
	Figure 1 : Structures of diacetylene lipids investigated for
	EXPERIMENTAL SECTION
	Preparation of Diacetylene Lipid Monomers
	The diacetylenic lipid monomers investigated in this study w
	Figure 2 : Structures of diacetylene derivatives used for th
	Preparation of Polydiacetylene Supramolecules.
	The polydiacetylene vesicles employed in this investigation 
	Thermochromism of Polydiacetylene Vesicles.
	In order to investigate colorimetric reversibility of the po
	The polymer vesicle solution prepared with PCDA-mCPE 2, an e
	Next phase of current investigation focused on the effect of
	In order to gain more information on the role of the phenyl 
	The effect of hydrophobic carbon chain lengths on the revers
	We next investigated the effect of the terminal carboxylic g
	Final phase of colorimetric reversibility with polymer vesic
	RESULTS AND DISCUSSION
	Several aspects of the results described above warrant detai
	The observations made with polymer vesicles prepared with PC
	Another important factor for the reversible thermochromism i
	Investigation of the effect of the hydrophobic chain length 
	Terminal carboxylic acid is recommended for two major aspect
	CONCLUSION
	The observations made during our effort for the understanding of the structural effects of reversible polydiacetylene sensors have led to a conclusion. It seems most probable that
	The lipid monomers which afford polydiacetylene supramolecul
	REFERENCES
	D. tyler McQuade, Anthony E. Pullen and Timothy M. Swager, C
	Jelinek Raz, Kolusheva Sofiya, Biotechnology Advances, 19, 1
	A. Singh, R. B. Thompson and J. Schnur, J. Am. Chem. Soc. 12
	Yang Yi, Lu Yunfeng, Lu Mengcheng, Huang Jinman, Haddad Raid
	Lee Dong-Chan, Sahoo K. Sangrama, Cholli L. Ashok and Sandma
	U. Jonas, K, Shah, S. Norvez and D. H. Charych, J. Am. Chem.
	Ahn Dong June, Chae Eun-Hyuk, Lee Gil Sun, Shim Hee-Yong, Ch

	714.pdf
	V. Martins*, L.P. Fonseca*, H.A. Ferreira**, D.L. Graham**, 
	INTRODUCTION
	EXPERIMENTALS
	Chemicals
	Spin Valve Sensors and Chip Design
	Experimental Set-up
	Surface Functionalization
	Antibody Surface Functionalization
	DNA Surface Functionalization
	Magnetic Particles Functionalization
	Labeling and Setup Measurements

	RESULTS AND DISCUSSION
	CONCLUSIONS

	172.pdf
	A
	ABSTRACT
	INTRODUCTION
	CELLULAR COMMUNICATION
	PETRI NET METHODOLOGY
	A Petri Net Model of Cellular Communication
	A Detailed Petri Net Model of Cellular Communication

	CONCLUSION
	
	
	REFERENCES




	737.pdf
	Figure 1: Hybrid Computational Approach


	Book1.10.pdf
	1137.pdf
	1137.pdf
	ABSTRACT
	AKNOWLEDGEMENT
	REFERENCE


	1138.pdf
	Department of Mechanical and Aerospace Engineering


	Book1.11.pdf
	417.pdf
	417.pdf
	1  SEARCHING FOR OPTIMAL MIXERS
	2  NUMERICAL METHOD
	ACKNOWLEDGMENTS
	REFERENCES


	198.pdf
	Antimicrobial Fabrics Coated with Nano-Sized Silver Salt Cry
	CTT Group, 3000 Boullé, Saint-Hyacinthe,Canada, J2S 1H9,
	dtessier@groupecttgroup.com
	E. coli
	S. Aureus
	Fabric
	Not treated
	Not treated


	REFERENCES



	Book1.12.pdf
	680.pdf
	680.pdf
	Ana Morfesis* and David Fairhurst**
	*Malvern Instruments USA Inc., Southborough, MA, 01772 ana.morfesis@malvernusa.com
	1INTRODUCTION
	1.1Solar Radiation and Sunscreens
	3OPTICAL PROPERTIES


	3.3Formulation parameters
	
	
	
	4CONCLUSIONS










