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The fabrication and effective operation of very large-scale integrated (VLSI) microfluidic arrays and 

networks is an essential requirement for the effective advancement of several Center multi-nozzle 

process technologies as well as in new chem-bio combinatorial chemistry/diagnostics applications.  The 

Center is addressing the miniaturization and increasing the complexity of micro/nano fluidic networks to 

enable the delivery of precisely “scheduled” and metered fluid packets or plugs to a specific addressable 

location within a micro/nano scale fluidic network.  A system envisioned for moving discrete plugs of 

different fluids to addressable nozzle locations within a controlled network such as might be used in an 

E-jet or Direct Write system being developed in the Center is shown below: 

 

 

 

 

A key part of such complex systems is the integration of embedded sensors capable of monitoring and 

identification of compounds at specific points in a fluidic network or a combinatorial well network.  The 

Center is using its expertise to develop economically scalable microfluidic network fabrication 

technologies integrating electrical, photonic, and optical sensing elements with microvalves and 

micropumps into multiplexed controlled systems.  This technology has application in the design of 

microfluidic chips with sub-nanoliter volumes for chemical and biological synthesis and/or diagnostic 

procedures requiring the integration of several different operations on a single chip and where 

massively parallel operations are desirable.  In addition, the Center is addressing how such chips with 

integrated pumps, valves and sensing elements can be made smaller and smaller in keeping with the 

reduction of the overall network size thereby allowing use of extremely small sample volumes.   

Of critical importance in our work is the ability to fabricate the necessary pneumatic lines to operate the 

multitude of pumps and valves and provide an external air source line to each pump/valve line as well as 



providing for the sensing element electrical connections all within the limited space of the chip.  Some of 

these issues have been addressed through novel multiplexing schemes. 

 The following are examples of the microfluidic network fabrication and design expertise being 

developed in the Center. 

1. Multiplexed Peristaltic Pumps for High-Density Networks  

The Center has developed a novel approach for fabricating 2-layer multiplexed pneumatic 

valved microfluidic networks that allow for a large number of peristaltic pumps to be controlled 

with a limited number of external pneumatic connections.  A microfluidic chip so designed can 

integrate droplet generation and routing capabilities to generate precisely sized fluid plugs from 

larger continuous streams and inject them into a carrier stream using on-chip pneumatic 

actuation.  The individual plugs can then be directed to any intersection in an m x n array having 

m x n pneumatic valves and electrical sensors using only m + n pneumatic and m + n + 1 

electrical connections. 

Benefits of this approach: 

• Use of peristaltic pumps in a microfluidic network allows for much greater control of flow 

rates and precision in dispensing than syringe pumps. 

• A multiplexing approach greatly reduces the number of external pneumatic connections 

required for the operation of sets of peristaltic pumps and can permit microfluidic 

networks of greater density and complexity in the same space. 

• Chips can be fabricated from just two microfluidic molds. 

• Two-layer fabrication facilitates assembly of chips by minimizing alignment issues 

compared to three or more layer designs. 

 

2. Multiplexed Electrical Sensor Array Microfluidic Networks  

The Center has developed multiplexed sensing architecture capable of monitoring the 

movement of discrete fluid droplets in a microfluidic network containing m x n electronic 

sensors with only m + n + 1 electrical contacts compared with 2 x m x n contacts traditionally 

used.  Sensors can be small electrical components, e.g. resistors, capacitors or conduction gaps.  

Selection of the sensor type is influenced by the properties of liquids present, the microchannel 

flow rate (sensor contact time) and the response time required.  Electrical sensors have the 

advantage over optical sensors of not requiring an external light source and detector, being 

relatively easy to fabricate and monitor, and being easily incorporated into microfluidic 

channels.  

A typical electrical sensor array network layout is shown below: 

 

   



Schematic above illustrates how a 4 X 4 sensing element configuration can be wired so that a sensing 

event (change in fluid composition) at any sensing point can be specifically identified since each sensing 

element is connected to 2 separate input leads and a common output lead. 

 Sensor section criteria and comments: 

• Resistive sensing: is based on applying a constant potential across a resistive 

element which causes the element to heat to a constant temperature.  When liquids 

of differing thermal conductivities flow over the sensor, the temperature of the 

resistor fluctuates, resulting in the overall resistance of the resistor to change and 

hence the output current.  Since this sensing process relies on differences in thermal 

conductivity between the surrounding fluids, to be effective the thermal 

conductivity of the fluid droplet(s) to be sensed must be significantly different than 

the carrier fluid.  The weakness of this detection method is its relatively slow 

response time, so resistor sensors are not suitable for detecting rapidly moving 

droplet trains. 

• Capacitive sensing: is effected by having two electrodes separated by a small gap 

and having a small constant potential applied between the electrodes, so that when 

the liquid composition (dielectric constant) changes between the electrodes, an 

induced current is produced.   It is difficult distinguish varying liquid species from 

the signals without a high sampling rate and droplets of the same size; however, if 

the objective is just to determine the presence/position of the droplet(s) within the 

network, this is a quick and effective method.  Also, the droplet(s) need not contact 

the electrodes to be detected. 

• Conductive sensing:  is based on having a having a potential across a small gap.  

When a nonconductive liquid fills the gap, it acts like an open circuit; however, 

when a conductive liquid fills the gap, the drop in potential is proportional to the 

conductivity of the fluid.  While this sensing method depends on the material to be 

sensed to be conductive and in contact the conductive sensor, it can detect very 

subtle differences and differentiate between conductive species. In addition, it has a 

rapid response time. 

 

3. Fabrication of microfluidic chips with integrated mixing and sensing capabilities 

The Center has developed an innovative microfluidic platform design with combinatorial mixing 

and an on-chip photonic crystal sensing capability of detecting biomolecular binding events.  

This chip is designed around vacuum-actuated Actuate-to-Open (AtO) valves.  These Actuate-to-

Open valves (shown in the Examples section following) are closed at rest thereby sealing the 

array and facilitating its transported to filling stations, to detection ancillaries or be stored 

without any possible movement of the contained fluids.  This feature also eliminates the need 

for a continuous connection to an external pressure source. 

  

As a demonstration of this platform design, AtO valves were incorporated into a 4 X 4 

microfluidic well array with each well comprised of two 200-picoliter compartments each with 

its own photonic crystal biosensor (also produced with Center technology).  Three separate sets 

of AtO valves controlled the bi-directional filling and mixing of the 16 wells.  Separate protein 

and antibody reagents were fed into the inlets of each of the four rows and columns thus filling 



the two compartments of each well.  To distinguish nonspecific binding of antibodies to a sensor 

surface from antibody binding to a surface-immobilized protein, experimental and control 

compartments were incorporated in each well. When the AtO valves separating the well 

compartments were actuated and relaxed 8-15 times, the two reagents from the two separate 

compartments that comprise each well were mixed.  Subsequent analysis of the peak 

wavelength value (PWV) shifts confirmed previously published results as to the binding affinities 

expected, thus verifying the mixing and on-chip sensing capability of our microfluidic array 

design and the fact that the AtO valve/seal design does not leak. 

 

This Center work provides a basis microfluidic arrays capable of employing much smaller 

reagent volumes in very large combinatorial systems for chemical synthesis and screening than 

present traditional micro-liter plate systems.  In the above experiment, 3 microliters of reagent 

were needed to fill 4-200 picoliter compartments.  In addition, use of the AtO-valve chips allows 

the array to be decoupled from external pressure sources and thus the reagents are locked in 

isolated compartments during transport or storage.  This permits the decoupled array to be 

moved to a remote location for sensing analysis or stored without impacting the chip 

chemistries. 

 

4. Multiplexed Detection of Nucleic Acids on Combinatorial Screening Chip 

The Center has extended the integrated mixing and sensing microfluidic chip development for 

the screening of nucleic acids with sensing being provided by molecular beacons and total 

internal reflection fluorescence microscopy (TRIF).  The Center demonstrated the proof-of-

concept of this technology using a 4 X 4 microfluidic chip to successfully detect and discriminate 

four oligonucleotides as markers of the infectious diseases HIV, HPV, Hep A, and Hep B.  With 

TIRF microscopy, this technology has the potential for rapid, effective simultaneous screening, 

detecting and monitoring of a wide range of disease markers using very small sample volumes 

without compromising detection sensitivity. 

  



5. Examples and applications of the Center’s expertise in microfluidic component and chip 

fabrication: 

 

a. Actuate-to-Open valve design: 

 

 

 

 

 

 

b. Layout and fabrication details for multiplexed peristaltic pump 

 

 

Schematic illustration of the integration of push-down and push-up valves into a single two-layer chip.  

The lower fluid layer contains the fluid channels, as well as the multiplexing channels that operate push-

up valves to select which pumps are to be actuated.  The upper layer contains the control channels 

(pumping channels) that operate the push-down valves of the pumps.  This approach enables the 

multiplexing approach introduced here, which involves selective actuation of different peristaltic pumps. 

     M.C. Cole, et al, Sens. & Act., 2011, 151, 384-393. 

  

Schematic of an Actuate-to-Open (AtO) valve comprised of a pneumatic control layer and a 

fluid layer, placed on a PC biosensor patterned on a glass substrate.  Actuation is by 

applying a negative pressure (right) lifts the barrier between adjacent compartments, 

allowing for fluid flow.  After release of the negative pressure, the valve collapses to the 

closed rest state (left). 



c. Microfluidic platform 

 

Optical micrograph of the PDMS-based microfluidic chip to generate and route droplets. The red fluid 

channels and the blue multiplexing channels with push-up valves were molded in the thinner lower PDMS 

layer. The multiplexed peristaltic pumping channels with push-down valves (purple) and the droplet-

generation pumping channels with push-down valves (yellow) were molded in the thicker upper PDMS 

layer.  

     M.C. Cole, et al, Sens. & Act., 2011, 151, 384-393. 
 

d. Microfluidics with integrated photonics: 

 
Above a vertical-cavity surface-emitting laser (VCSEL) has been incorporated into a microfluidic network.  

VSCEL’s at two wavelengths, 780 and 850 nm have been integrated onto a Si platform.  The planar 

integration process that has been developed creates a flat polymer surface of PDMS that seals the VSCELs 

from the surrounding fluid environment.  PDMS channel networks can be easily attached and removed, 

allowing for reuse of the active photonic platform and enabling easy cleaning of the fluidic network. 

 

e. 4 X 4 Microfluidic array and arrangement for nucleic acid screening demonstration 

     Lab Chip, 2011, 11, 1916    

            

  

Optical micrograph of the microfluidic screening chip, filled 

with dye solutions indicating its combinatorial capabilities. The 
4 X 4 array is comprised of 16 sets of two-200 picoliter sized 

half-wells. Fluid access to the wells is controlled by two sets of 

individually addressable valves in the horizontal (blue boxes) 

and vertical (green boxes) direction. Mixing between the 

adjacent half wells is initiated by a separate set of valves 

(yellow boxes). Molecular beacons and complementary target 

oligonucleotides are introduced via the rows and columns, 

respectively. The inset shows a schematic view of a pair of half-

wells with the corresponding valves. Fluorescence images are 

acquired in the half well initially containing the molecular 

beacons. The regions of interest for background and signal 

detection are shown in light and dark gray, respectively. 


