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ABSTRACT 
Numerous studies on microfluidics diagnostic devices 

have been published in the last decade. Although the first 
generation of Lab-on-chip (LOC) devices was functional in 
1999, some of the promises of microfluidics (integration of all 
functions on a chip and the commercialization of truly 
handheld microfluidic instruments) have yet to be fulfilled. 
The major challenges of LOC technology include cost-
effective pumping, function integration, multiple detection, 
and system miniaturization.  In this paper, we propose a novel 
and simple streaming-based LOC technology that may have 
potential to directly address these challenges. The 
phenomenon of the flow streaming is found in zero-mean 
velocity oscillating flows in a wide range of channel 
geometries. Although there is no net flow (zero-mean 
velocity) across the channel, a discrepancy in velocity profiles 
between the forward flow and backward flow causes fluid 
particles near the walls to drift toward one end, while fluid 
particles near the centerline drift to the other end. We 
hypothesize that the unique characteristics of flow streaming 
could be used: 1) to transport, mix and separate 
particles/molecules/bacterium/cells entrained in flows; 2) to 
perform multi-channel/generation micro-array sample 
distributions; and 3) to achieve function integrations and 
biomarker detections. Mechanisms of using flow streaming to 
achieve the various LOC functions are described.  Preliminary 
results are presented to demonstrate the potential of this 
technology for LOC applications. 

 
INTRODUCTION 

With technological advancements in micro-
electromechanical (MEMS) systems and semiconductor 
micro-fabrication methods, along with the influx of genomic 
and proteomic data, microfluidic devices will continue to 
provide superior benefits in many fields including 
pharmaceuticals, biotechnology, life science, defense, public 
health, and food/agriculture. A truly Lab-on-a-Chip (LOC) 
device needs to perform various testing functions on a single 
chip, including sampling, sample pre-treatment (filtration, 
concentration, mixing, reaction, separation, etc.) and detection 

[1].  They are low-cost, fast, portable and free of human 
errors.  Due to micro-scale dimensions, the devices consume 
an extremely low volume of sample material and reagents, 
drastically reducing sample size and time requirements. The 
entire test procedure will be completed on a chip without 
human intervention.  Experimental and analytical protocols 
developed in software, are translated into chip architectures 
consisting of inter-connected fluid reservoirs and pathways.  
Micro-fluids, the fluids flowing in micro-channels, make LOC 
designs possible.  

The past decade has witnessed a marked increase in 
research efforts on development of various novel microfluidics 
devices [1-11]. While there are hundreds of papers describing 
many novel strategies of driving fluid through micro-channels, 
the two most commons are eletrokinetic-driven and pressure-
driven flows, at the present time. Pressure-driven flow is the 
dominant flow type in macro-scale devices and has 
applications in microsystems technology as well.  An 
advantage to pressure driven flow is that both charged and 
uncharged molecules, as well as cells, can be moved without 
separation. The typical micro-pumps used in pressure-driven 
flows are diaphragm pumps equipped with either check-valves 
or a pair of diffuser/nozzles [12].  

Mixing two or more fluids quickly is also one key 
function in many biomedical testing. Rapid mixing is a 
challenge for micro-devices because flow is considered to be 
laminar.  Micro channel cooling faces the same challenge: 
small dimensions lead to a low Re number laminar heat 
transfer, which is usually associated with the low heat transfer 
coefficients. Laminar flow has smooth streamlines and its 
mechanisms of shear, mass and heat transfer owe entirely to 
the flow molecular viscosity and diffusivities. Based on the 

Einstein equation of Brownian diffusion, Dxt 2/
2

=  where 
t is the time, x is the distance and D is the diffusivity,  it will 
take molecules a short time to diffuse a short distance,  while 
it will take 100 times longer to diffuse a distance only 10 
times as great.  In those cases, it becomes necessary to induce 
the flow disturbances for the enhancement of transport 
processes. 
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Separation of particles suspension is another functions 
used in chemical and biological testing. Electrophoresis is 
widely used but may not be effective for certain applications 
(i.e., certain requirements on electrochemical properties of the 
fluid sample).  Also, if high voltages are used, that may limit 
the ability to integrate sensitive electronic components in the 
same device.  Separation by molecule/particle diffusion is the 
other technique used in LOC designs. The speed of separation 
can be slow if diffusivity is low, for the example, in the case 
of large molecule/particles. There may not be sufficient time 
for separation if the flow velocity is higher than the speed of 
diffusion. 

In this study, we introduce a streaming flow based 
microfluidic technolgy that may have potential to solve some 
of the aforementioned problems. The stream flow based Lab-
On-Chip platform has the potential to integrate mixing, 
separation, fluid propulsion and control functions into a single 
devise.  

 
RESEARCH CONCEPTS AND HYPOTHESIS 
Mechanisms of Flow Streaming   

Figure 1 illustrates mechanisms of flow streaming in two 
common geometries. Panel A, shows a qualitative picture of 
the axial velocity profiles of fluid in a macro-channel 
bifurcation tube based on the work of [13].  During the inflow 
(to the right), the parabolic velocity profile in the mother tube 
was split in half at the location of when entering the 
daughter tubes, resulting in a nonsymmetrical profile with the 
maximum velocity skewed to the inner wall of the daughter 
tubes.  During the backflow (to the left), two fully developed, 
parabolic flow profiles in the daughter tubes merge at the 
center of the bifurcation and result in a 

maxU

ε -shaped symmetrical 
profile in the mother tube with a zero velocity at the center. A 
discrepancy in velocity profiles between inflow and backflow 
causes fluid elements near the walls to drift toward the mother 
tube (negative drift) while fluids near the centerline drift to the 
daughter tubes (positive drift).  

      
     Figure 1     Mechanisms of Flow Streaming 

Panel B shows the sketch of a fluid streak deformation 
profile in a tapered macro-channel based on the work of [14] 
due to discrepancy between oscillating divergent (from narrow 
end to wide end) and convergent flows (from wide end to 
narrow end) in a tapered channel. 

One of the successful applications of flow streaming is 
the High-frequency-ventilation (HFV) technique used in 
emergency rooms of hospitals. In contrast to conventional 
ventilation, which mimics normal breathing, HFV operates 
with tidal volume much smaller than the anatomic dead space 
(or with a very small oscillation amplitude) of the lungs at a 

higher rate of breath. The successive bifurcation networks 
coupled with the tapered lung airways geometry promote two 
way 2  fluid streaming within the entire human 2 / COO
lungs. 
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Hypothetic Mech

ing 
Figure 1B, demonstrates the mechanisms of particle 

separation based on differential streaming velocities along the 
channel transversal direction. Unlike smaller and lighter ones, 
larger particles will not follow the waving fluid motion well 
due to their greater inertias. This will result in the separation 
of particles according to their mass and size. Smaller and 
lighter particles appearing at the fronts of the bi-directional 
drifts (top of the streak deformation profile) and larger and 
heavier ones lagging behind, pa

tions as illustrated in Panel B. 
There are two major types of micro-mixers, active and 

chaotic, reported in the literature [15-17]. Streaming-based 
mixers inherit features of both mixers. Oscillations with 
variable intensity should effectively dismantling the layered 
flow structure and provide enormous sources of chaotic 
advection, making it
m
 
Hypothetic Mechanisms of Fun

Fluid Propulsion Control 
We predict the streaming-based micro fluidic device has 

capability to determine when, where and what test function to 
be activated. The mechanism is based on the experimental 
observations that: 1) flow streaming is a local phenomenon 
and is faded out due to viscous dissipations when it is away 
from the streaming source, and 2) stream

ands/contracts as oscillation intensity changes.   
The following is an example of the imaginary streaming-

based detection of Salmonella bacteria using microbeads. 
First, fluid samples and microbeads coated with Salmonella 
antibodies are injected through the port located on the mother 
tube with a certain distance away from the bifurcation, as 
shown in Figure 1C.  A low intensity oscillation is then 
imposed. Mixing takes place near sample import. No flow 
streaming occurs at this time and at this location, since this 
location is out of the streaming zone (which is centered at the 
bifurcation). Most, if not all, Salmonella in the samples are 
captured by the labeled microbeads.  Then, a high intensity 
flow oscillation is imposed (presumably by increasing 
amplitude).  Now, the streaming zone shown in Figure 1A 
expands and encloses the location of microbeads.  Microbeads 
are then routed into the daughter tubes with the streaming flow 
and collected there for biological detections.  The detailed 
detection processes is omitted here. Compared with the direct 
fluid pumping, the streaming flow will significantly enhance 
the efficiencies of various bindings between Salmonella and 
microbeads as well as other surfaces associated with the 
detection process through

es during oscillating. 
The more specified detections and/or massive parallel 

processing can be achieved by stream-based micro array 
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technique. A multi-generation and multi-channel microfluidic 
structure can be designed. The number of bifurcating 
generations as well as number of channels per generation can 
vary accordingly in a wide range. HFV application in human 
lungs offers a perfect exa reaming-based micro array 
technique: millions of 22 / COO  gas exchange processes 
occur simultaneously at the alveolar level with all 

mple of st

the gases 
entilated through the mouth at different directions. 

PRE

needle, respectively. Each injection took 
nds.  

   

v
 

LIMINARY STUDY 
We are conducting experiments in mini-channels 

bifurcation network to investigate the interactions between the 
tidal and reserved fluid. Flow was generated by an oscillating 
syringe, which was in turn driven by an electromagnetic 
device as shown in Figure 2A. An electrical signal generator 
with variable voltage and frequency output controlled the 
electromagnetic device. Open mini-channel networks, with 
square cross-sectional channel geometries of 0.8 x 0.8 mm 
(1/32 inch x 1/32 inch) were milled into a palm-size 
transparent Plexiglas panel. Two transparent panels were then 
clamped together to form the closed fluid channels.  Sample 
ports of diameter 0.4 mm were drilled into the panel and were 
sealed by Scotch tape during the experiments. To facilitate the 
viewing of flow patterns, a mixture of four-part food coloring 
(red and green) (McCormick & Co. Inc., relative density = 1) 
and one-part liquid soap (Softsoap, Inc, relative density = 
1.25) by volume was used. The adding of liquid soap to food 
coloring was to reduce its diffusion in water. The experiment 
started with the water filling. Air bubbles trapped in the 
channels were removed. One drop of red dye and one drop of 
green dye were injected through the sample port by a PS-26 
(Pepper & Sons) 
about 3 seco

                    
                                             (A) 
 

                    
  

                    
                                             (C) 
 
Figure 2: Preliminary Experiments on Flow Streaming in 
Mini Bifurcation Networks.  
(A)  Experimental Setup; (B) Dyes Injected into the Array 
Inlet, T = 6 sec; and (C) Two way flow in Mini-channel 
Networks, T = 16 sec. 
 

Figure 2B was photographed at the time interval of T = 6s 
right after injection. It was found that diffusion front of the 
dye mixture moved fast initially, but became stationary when 
the distance was approximately one channel diameters away 
from the injection port.  The injection of green dye pushed the 
injected red dye further away from the sample port.  

Flow mixing and oscillation (frequency = 1 Hz, 
Amplitude = 4d) started after the sample injection. Although 
oscillating tide volume was only 10% of the mother tube (1st 
generation) volume, fluid coloring was propelled quickly into 
branching networks.  Figures 2C shows the pattern of color 
distribution at T = 16 sec. The red and green dyes, initially 
located near sample port, are mixed and then distributed 
almost uniformly in entire generation III channels as well as 
backflow to fluid reservoirs, demonstrating the highly efficient 
two-way fluid mixing and propulsion. 

We had conducted preliminary computer simulations of 
two-dimensional streaming flow in a micro bifurcation 
channel using Fluent v.6.2 CFD software (ANSYS, Inc.). 
Computer simulations provide distribution patterns of mass 
concentration, which are essential in understanding the 
phenomena of flow streaming but not yet possible to obtain 
experimentally with current technology.  

The fluid is treated as viscous, homogeneous, and 
incompressible. Its motion is governed by the Navier-Stokes 
equations and the continuity equation. The flows were 
considered to be strictly laminar.  Convective mass 
concentration equations are simulated, in which the mass 
diffusivity coefficient is set to be zero, so that the resultant 
mass concentration patterns are purely created by the 
convection. A grid size of 20 x 120, time step of 0.01 sec were 
used as a compromise between computational accuracy and 
the CPU time. A time dependent parabolic inlet velocity 
profile, in which the center velocity is defined as cU

( )tUUc π20sinmax= , was applied at the inlet of mother 
tube. Zero-gradient velocity boundary conditions were applied 
at the outlet of two daughter tubes.  Zero-flux boundary 
conditions are applied on the wall.                                           (B) 
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Figure 3: Mass Concentration Profile in a 2-D Bifurcation. 
Blue and Red Represent Two Different Fluids, 
respectively. ( = 7, Oscillation Frequency = 10 Hz). maxRe

 
(A)  T = 0.1 Sec. (end of t e first ch ycle) 
(B)  

ical w n
m

T = 2 Sec. (end of 20th cycle) 
 
The mother channel aspect ratio L/d (length/height) of 

used in simulation was 10. Oscillation frequency of 10 Hz and 
amplitude of 4d was simulated.  The Reynolds number, based 
on fluid maximum velocity at the center and channel height, is 
equal to 7.  Figure 3A and 3B display the mass concentration 
profiles at end of the 1st cycle (t = 0.1 Sec) and the 20th cycle (t 
= 2 Sec), respectively. Results show that although the 
oscillation amplitude is only 4d, the streaming front quickly 
moves past the bifurcation point of the mother/daughter 
channels in less than 2 second.  It is noted that this is achieved 
without any mass diffusion.. 

Using the scaling analysis, we also predict the magnitude 
of streaming velocity in micro channels.  Please refer to [18] 
for details. Scaling analysis shows that the relative strength of 
streaming flow will increase. For a typ ater experime t 
of Re = 10, L = 10 m , υ  = 1 x 610− sm2 , r = 0.5 mm, Φ  

= 0.005 and f = 10 is esti  to be  5 mm/s. 
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SUMMARY 
A concept of streaming-based LOC technology is 

proposed. The streaming-based microfluidic platform has the 
potentials to perform various LOC functions including fluid 
propulsion, mixing, separation, microarray, control and 
integrate those functions into a small chip. The advantages of 
this technology include simple, reliable, low cost and portable. 

Preliminary results 
si
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