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Abstract 

 
 A polydimethylsiloxane (PDMS) peristaltic micropump was designed, fabricated, 

and characterized, for intended use within rodent brain direct-sampling neuroscience 

experiments, with capillary electrophoresis - laser-induced fluorescence (CE-LIF) 

chemical analysis. 

 The micropump was fabricated in-part using replica molding (REM) and injection 

molding.  The micropump channel was formed by bonding an open PDMS Gaussian-

shaped micromolded channel, to a featureless slab of PDMS.  Two pieces of capillary 

tube interconnects were sealed within the closed-off microchannel, and used to make 

connections with the outside world.  The micropump was actuated using piezoelectric 

cantilevers, with a precision machined microvalve attached to the tip of each cantilever 

actuator.  Registration of the cantilevers and microvalves over the PDMS microchannel, 

was accomplished with the aid of in-house machined micropositioners. 

 The micropump was thoroughly characterized, for use and application as a       

bio-analytical add-on attachment device, to an already existing CE-LIF instrument.  The 

micropump was characterized for: various microchannel geometries; different microvalve 

sizes, tilt, positioning, and shutoff performance; micropositioner design and performance; 

and, flow rate, backpressure, and peristaltic signal analysis. 

 A P-Q (or H-Q) plot was formed, to represent the performance of the micropump 

for maximum attainable backpressure (P), versus flow rate (Q).  The linear plot was 

formed by experimentally collecting fourteen individual data points, each corresponding 
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to a unique micropump, “state.”  The P-Q plot as discussed within Chapter VIII, is very 

potent, in providing a 5-for-1 benefit ratio.  The P-Q plot allows an experimentalist to 

obtain: 1) a means to understand how the micropump output performance for both flow 

rate and backpressure, can be optimized for any particular microfluidic application, 2) an 

experimentally characterized micropump performance curve/s, 3) an experimentally 

characterized system curve, 4) the maximum power output of the micropump, and 5) a 

means to acquire a quantitative measure of the suction lift requirements associated with 

rodent brain direct-sampling neuroscience experiments.  A control volume analysis is 

provided, to additionally articulate and facilitate discussion of the direct-sampling 

methodology.  Preliminary pilot study direct-sampling data is also provided, as a means 

to justify and prove viability of the direct-sampling technique, for future characterization 

and optimization direct-sampling CE-LIF neuroscience studies.  
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Figure I-27:  Microlaboratory structure: (a) microfluidic system, the black squares are 
the detection chambers; (b) optical filtering system; (c) detection and readout system;   
(d) cross-section of the structure for a single optical-channel.  (Figure I-27 from Minas   
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Figure I-28:  Schematic of a micro electroporation device for cell lysis.  Only one set of 
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Figure I-29:  Elastomeric components for autonomously controlled microfluidic devices.  
a, A three-layer composite of the check-valve and switch-valve.  b, Cross-section 
schematic of the check-valve and switch-valve in both the open and closed state based on 
differential pressure.  c, Corresponding component state symbol of the check-valve and 
switch-valve.  Conducting current/flow is shown as solid lines and non-conducting 
current/flow is shown as dotted lines.  d, The diode and p-channel JFET transistor shown 
as analogous electronic components to the check-valve and switch-valve, respectively.  
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deep.  Volume of valve seats: gate, ~100 nL; diaphragm, ~200 nL.  (B) Valve actuation 
sequence used to generate forward fluid pumping.  Pressure injections presented as the 
number of cycles with the appropriate gate/diaphragm actuation times.  (C) Assembled 
chip and pressure actuation manifold.  (Figure I-31 from Karlinsey et al., 2005)976........ 61 
 
Figure I-32:  Schematic of the high-sensitivity on-chip CE system showing argon ion 
laser illumination, light filter, shutter, color filters, detectors, and data acquisition PC.  
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device (ICCD) camera to a custom-built confocal system with a photomultiplier tube 
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Figure I-33:  A schematic exploded view of a sensor cartridge above an alignment 
platform, exposing 4 permanently bonded layers of the cartridge: the optical chip, the 
microfluidic layer, the adhesive film, and the hard plastic shell.  Cutouts in the hard 
plastic shell free the edge of the precision cut silicon optical chip for accurate alignment 
against 3 pins protruding from the alignment platform of the read-out instrument.  Light 
is coupled in from the top via a surface grating coupler, and collected at the long edge of 
the optical chip by imaging the output facets on a one-dimensional indium gallium 
arsenide (1D InGaAs) photodiode array.  Fluidic ports for sample injection are formed by 
steel tubes glued into the hard plastic shell.  (Figure I-33 from Carlborg et al., 2010)105664 
 
Figure I-34:  Sketch of machined holders used to connect three electrochemical-sensing 
electrodes to a microfluidic chip.  (Figure I-34 from Illa et al., 2010)1057........................ 65 
 
Figure I-35:  Principal setup of a generic microtechnology matrix-assisted laser 
desorption time-of-flight mass spectrometry (MALDI TOF-MS) interface.  (Figure I-35 
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Figure I-36:  (Top) Schematic of an integrated device with two liquid samples and an 
electrophoresis gel present.  The only electronic component not fabricated on the silicon 
substrate, except for control and data processing electronics, is an excitation light source 
placed above the electrophoresis channel.  Color code: blue, liquid sample (ready for 
metering); green, hydrophobic surfaces; purple, polyacrylamide gel.  (Bottom) Optical 
micrograph of the device from above.  Wire bonds to the printed circuit board can be 
seen along the top edge of the device.  The blue tint is due to the interference filter 
reflecting the short-wavelength light.  The pressure manifold and buffer wells that fit over 
the entry holes at each end of the device are not shown.  (Figure I-36 from Burns et al., 
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Figure I-37:  Images of a microfluidic genetic analyzer (MGA) device.  (a) Dyes are 
placed in the channels for visualization (Scale bar, 10 mm.).  Domains for 
deoxyribonucleic acid (DNA) extraction (yellow), polymerase chain reaction (PCR) 
amplification (red), injection (green), and separation (blue) are connected through a 
network of channels and vias.  Solid-phase extraction (SPE) reservoirs are labeled for 
sample inlet (SI), sidearm (SA), and extraction waste (EW).  Injection reservoirs are 
labeled for PCR reservoir (PR), marker reservoir (MR), and sample waste (SW).  
Electrophoresis reservoirs are labeled for buffer reservoir (BR) and buffer waste (BW).  
Additional domains patterned onto the device include the temperature reference (TR) 
chamber and fluorescence alignment (FA) channel.  The flow control region is outlined 
by a dashed box.  Device dimensions are 30.0 x 63.5 mm, with a total solution volume 
<10 µL.   (Scale bar, 10 mm.)  (b) Schematic of flow control region.  Valves are shown as 
open rectangles.  V1 separates the SPE and PCR domains.  V2 and V5 are inlet valves for 
the pumping injection, V3 is the diaphragm valve, and V4 is an outlet valve.  (c) Device 
loaded into the manifold.  (d) Intersection between SI and SA inlet channels, with the EW 
channel tapering to increase flow resistance.  (Scale bar, 1 mm.)  (e) Image of PCR 
chamber with exit channel tapering before intersecting with the MR inlet channel.  (Scale 
bar, 1 mm.)  (f) Image of cross-tee intersection.  (Scale bar, 1 mm.)  The relative sizes of 
the BR, SW, and BW channels create the difference in volume displacement during the 
pumping injection and affect how the resistance is dropped under an applied separation 
voltage.  (Figure I-37 from Easley et al., 2006)1060 .......................................................... 67 
 
Figure I-38:  (A) Schematic of a plastic fluidic chip.  Pumps 1-3 are electrochemical 
pumps, and pump 4 is a thermopneumatic pump.  (B) Photograph of the integrated device 
that consists of a plastic fluidic chip, a printed circuit board (PCB), and a Motorola 
eSensor microarray chip.  (Figure I-38 from Liu et al., 2004)1061 .................................... 68 
 
Figure I-39:  (A) Photograph of a lab-on-a-disc.  Detection wells on the clinical 
chemistry side are preloaded with lyophilized reagents.  Other chambers for liquid type 
reagents are loaded with food dye solution for demonstration.  In the right hand side, the 
disc design shows the detailed microfluidic layout.  The number indicates the order of a 
laser irradiated ferrowax microvalve (LIFM) operation.  The top half of the disc for the 
immunoassay part is rotated for easier demonstration.  The blue circles with numbers are 
normally opened-LIFM (NO-LIFM).  The other half of the disc for the clinical chemistry 
analysis part is shown in the bottom.  (B) A photo image of the Samsung Blood Analyzer 
(25(W) x 35(D) x 25(H) cm).  (Figure I-39 from Lee et al., 2011)470 .............................. 69 
 
Figure I-40:  The inner workings of a neuron.  (Figure I-40 from Pearce and Williams, 
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Figure I-41:  Schematic of a typical microdialysis probe.  Two fused silica capillary 
tubes are placed adjacent to one another, and further surrounded by a semipermeable 
molecular weight cutoff membrane.  Typical dimensions for microdialysis probes 
measure 3-4 mm (L) x 1 mm (W).  (Figure I-41 from M.T. Bowser, 2011) .................... 73 
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Figure I-42:  Illustration of a sampling system showing (A) a detailed view of sample 
mixing with quenchant/diluent for a push-pull perfusion sampling probe, (B) an overview 
for flow injection analysis (FIA) monitoring, and (C) an overview for high performance 
liquid chromatography (HPLC) monitoring.  (Figure I-42 from Chisolm et al., 2010)1103
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Figure I-43:  Schematic illustration of a Pt/PEA/PPD/BSA/GluOx sensor fabricated by: 
dip coating the lipid phosphatidylethanolamine (PEA) from a chloroform solution onto 
bare platinum (Pt); adsorption and dip coating of l-glutamate oxidase (GluOx) from an 
aqueous buffer onto the PEA layer; and electrosynthesis of the non-conducting form of 
polyphenylenediamine (PPD) in a phosphate buffered saline (PBS) solution (pH 7.4) 
containing monomer and bovine serum albumin (BSA).  The small H2O2 molecules can 
diffuse easily to the Pt surface to be electro-oxidized with a characteristic fast response 
time.  Access to the metal by larger electroactive species, such as ascorbic acid (AA), is 
severely restricted by the PPD, PEA and proteins, with a correspondingly small and slow 
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Figure I-44:  Scanning electron microscope image of a cylindrical carbon-fiber 
microelectrode under x1200 magnification.  The diameter of the fiber is ~5 µm.  The 
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(Figure I-46 from Johnson et al., 2007)1148....................................................................... 79 
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Figure I-48:  Representation of whiskers in the somatosensory cortex of the rat.           
(A) Photomicrograph of a horizontal section through layer IV of the somatosensory 
cortex of a juvenile rat that has been stained with serotonin.  The dark immunoreactive 
patches correspond to the cortical representations of specific parts of the body.  The 
largest part of the cortical map is devoted to the face representation (whiskers, nose, and 
lower jaw).  (B) Enlarged view of the whisker representation.  Neurons that receive 
projections from the whisker fields are arranged in discrete circular units called barrels.  
Each barrel is most responsive to a single whisker.  (C) Coronal section through the rat 
somatosensory cortex.  The barrels form dense patches localized to layer IV of the cortex.  
(D) The topographic arrangement of the barrels in the cortex corresponds to the spatial 
arrangement of the whiskers in discrete rows and columns on the face.  (Figure  I-48 from 
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Figure I-49:  Working principle of an in vitro neuronal active pixel sensor array 
platform, for high spatio-temporal resolution electrophysiological recordings.  Neurons 
grow and develop chronically on the high-resolution microelectrode array.  Fast 
acquisition of extracellular electrophysiological signals is performed as a sequence of 
frames by encoding extracellular voltage signals as pixels data.  By using a false color 
map, this enables the video observation of the overall network activity as well as local 
activity on the basis of single pixel data.  Single microelectrode raw data is reconstructed 
by combining single pixel data from sequential frames.  (Figure I-49 from Berdondini    
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Figure I-50:  Operational scheme of off-line capillary electrophoresis (CE)-based in vivo 
sensing using plugs as fraction collector.  (A) In vivo dialysate is derivatized on-line and 
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Figure I-52:  Generalized micropump cartoon.  The micropump cartoon illustrates the 
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Figure II-6:  Micropump valve shutoff/leakage curve.  The micropump was allowed to 
fully pressurize the outlet line connected to a pressure sensor.  Actuation was then 
stopped in a position with a single valve in the fully closed position.  Pressure 
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Figure III-6:  Images of valve closure for SU-8 and wire-template molded 
microchannels.  Images taken with micropump in an inverted position under an 
epifluorescent microscope, with fluorescein trapped within the microchannels.  Image of 
fully closed SU-8 molded channel indicates channel not fully closed under microvalve 
contact/compression region, as indicated between the arrows at the bottom right edge of 
the channel.  Image of wire-molded channel indicates valve successfully fully closed off 
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Figure IV-3:  Plot of Backpressure (Pa) vs. Time (min).  All experiments performed 
using a 120º square wave signal.  The micropump was allowed to actuate and fully 
pressurize the outlet line connected to a pressure sensor.  After reaching a fully 
pressurized state, the micropump was stopped, where only one valve was left in the fully 
closed state.  After 15 minutes, the valve was opened, where subsequent measurements 
were taken until the pressure within the system had fully dissipated.  For each of the 
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Figure V-3:  Generation II micropositioners, with image A) providing a detailed head-on 
view of the wishbone tilt arms, and used to alter the lateral tilt of each microvalve.  Image 
B) is a cartoon representation for a head-on view of microvalve tips, for a cross-sectional 
plane taken parallel to the longitudinal direction of the microchannel, and transverse to 
the PDMS membrane surface.  The effect of increasing lateral tilt is shown with 
procession from left to right.  This adjustment feature is provided by the wishbone tilt 
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Figure VI-3:  Flow rate ratio for microvalve tilts vs. frequency.  Plot analogizes 
centrifugal pump Affinity Laws, to that of a peristaltic micropump, for the relationship 
taken as, (Q1 / Q2) = (Tilt1 / Tilt2).  This relationship is predictable in relating flow rate 
(Q) changes to corresponding changes in microvalve tilt, for the frequency ranges of;   
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errors using error bars.  The top curve for A) is representative of (n = 4) experiments, 
with the remaining curve for A), and the solo curve of B), being representative of (n = 3) 
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Microfluidics, a Brief Overview 

1) Microfluidics, Defined 

Microfluidics is, “…the science and technology of systems that process or 

manipulate small (10-9 to 10-18 liters) amounts of fluids, using channels with dimensions 

of tens to hundreds of micrometers.” 1  The field of microfluidics is highly 

interdisciplinary, with research and development efforts found within nearly every 

subdiscipline of chemistry, physics, engineering, biology, and medicine.2-6  Microfluidics 

is uniquely sandwiched between millifluidic,7 and nanofluidic technology,8, 9  with both 

channel geometries and fluidic quantities being regarded as, larger vs. smaller, for 

millifluidic vs. nanofluidic devices, respectively.  As a reference in terms of length, a 

meter stick contains 1000 millimeters (mm), or, 1,000,000 micrometers (micron or µm), 

or, 1,000,000,000 nanometers (nm).  

The field of microfluidics is often associated with, and interchangeably referenced 

as, lab-on-a-chip (LOC) device technology, and/or, micro total analysis systems (µTAS).  

The emphasis of LOC technology, is to integrate multiple fluidic, chemical, mechanical, 

and electrical processes onto a single chip, with the chip ideally having dimensions 

similar to that of a camera memory card (e.g. CompactFlash (CF) or Secure Digital (SD) 

card).  Therefore, the LOC concept is best summarized as, the goal or process of scaling 

down macroscopic fluidic, chemical, mechanical, and electrical processes, into analogous 

microscopic formats.  This concept is clearly understood with reference to Figure I-1, 

where it can be visualized the processes and instrumentation employed within a modern 

laboratory, are ideally placed onto a single microfluidic substrate chip.10  
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A)

B)

 

Figure I-1:  A) Microfluidic chip fabricated in glass; B) Miniaturizing and integrating laboratory processes 
onto a microchip device. (Figure I-1 adapted from Chow, 2002)10 
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A realistic perspective of a modern lab-on-a-chip device, can be seen within Figure I-2.  

It can be observed within this Figure, that the chip dimensions are on the order of 2-3 cm 

per side, and less than 1 mm in thickness.11 

 

 

Figure I-2:  (a) Microfluidic cytological tool, for cell counting and separation, consisting of an integrated 
microfabricated chip with a PDMS cover and molded fluidic connections.  (b) Latest design iteration of 
chip.  (Figure I-2 adapted from Erickson and Li, 2004)11 
 
 

2) Origins of Microfluidic Device Technology 

“On the west end of the 4th floor of Building 1 of Bell Labs at Murray Hill, hangs 

a small plaque with a picture of the first point contact transistor and the following 

inscription: “The transistor, a solid-state electronic amplifier which revolutionized world 

communications, was invented in this laboratory on December 23rd, 1947.” ” 12  A trio of 

scientists; 1) Walter Brattain, Ph.D. graduate of the University of Minnesota, under 



 

 5 

Professor John Tate, 2) William Shockley, Ph.D. graduate of MIT, under Professor John 

Slater, and 3) John Bardeen, Ph.D. graduate of Princeton University, under Professor 

Eugene Wigner, and later a Professor at the University of Minnesota, jointly were 

awarded the 1956 Nobel Prize in Physics “for their researches on semiconductors and 

their discovery of the transistor effect.” 13  Brattain and Bardeen’s point-contact transistor 

was first invented, with the commercial success of the transistor being solidified with 

Shockley’s invention of the bipolar junction transistor, one month later.13 

“Miniaturization of electronic circuits was a frequent topic of discussion in the 

late 1950’s, especially in the U.S. armed forces because of their needs for compact, 

lightweight electrical equipment.  But it took the inventive genius of electrical engineer 

Jack Kilby to come up with a practical way to achieve this goal.  On July 24, 1958, he 

penned a prophetic entry into his Texas Instruments logbook: “Extreme miniaturization 

of many electrical circuits could be achieved by making resistors, capacitors and 

transistors & diodes on a single slice of silicon.” 13  The integrated circuit (IC), is an 

electronic chip fabricated with millions/billions of transistors, by which nearly all 

electronic equipment relies upon, to process and output information.  In 2000, Jack Kilby 

won the Nobel Prize in Physics, “for his part in the invention of the integrated circuit.” 13 

Arguably, the most famous integrated circuit is associated with, the Intel Pentium 

Processor.  In 1965, Intel co-founder, Gordon Moore wrote a paper in the April issue of 

Electronics, where he envisioned the explosive growth and demand for integrated circuit 

device technology, where he also predicted within this same article, that the number of 

transistors on an integrated circuit would double approximately every year.13, 14  This 
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prediction was slightly modified in 1975, where Moore refined his prediction in stating 

that the number of transistors on an IC chip would double approximately every two years.  

Moore’s transistor density growth prediction on an IC chip, has long since been coined, 

“Moore’s Law.”  Figure I-3 is a plot of Moore’s Law, representing the increased 

transistor density, as a function of time.14 

 

 

Figure I-3:  Moore’s Law, with inset, Gordon Moore.  (Figure I-3 from Warren, 2002)14 
 
 
Eventually, Moore’s Law will hit a physical limit, slowing or stopping the continued 

growth of increased transistor density on IC chips.  This physical limit is expected to 

occur some time around the year 2020, where alternative computing architectures will 

need to be invented, if computing power is to continue increasing past the limits as 

predicted by Moore’s Law.15 
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It is not the intent of this dissertation to provide a history lesson in electronics, 

however the origins and growth of electrical device technology, parallels that of the same 

for microfluidic device technology.  The two seemingly disparate fields are actually, and 

maybe surprisingly so to the non-specialist, inextricably connected on many levels.  

Comparisons between IC and LOC technologies, are not uncommon to come across.  

Figure I-4 is a representation of one such comparison, where it can be seen the stages of  

growth and development for microfluidic device technology, are compared one-for-one 

with microelectronic device technology.16 

 

 

Figure I-4:  A pictorial history of the development of microelectronics and microfluidics.  On the left: the 
path leading to today’s digital computers, from the ENIAC, to the transistor and thereafter modern day 
laptop computer.  On the right: the biochemist’s laboratory.  Will microfabricated fluidic devices lead to a 
similar expansion in experimental power?  (Figure I-4 from Ramsey, 1999)16 
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If a transistor is taken as the basic fundamental unit operation device on an 

integrated circuit, perhaps, it might be stated the analogous equivalent on a microfluidic 

chip, is a microvalve, or micropump.  Microvalves are unit operation devices that 

direct/route fluid flows on microfluidic chips, with micropumps the unit operation 

devices that drive fluids throughout the internal conduits of a microfluidic chip.  

Micropumps are quite often composed of one or more microvalves, where actuation of 

the microvalve/s in turn creates a micropump.  A literature search would reveal that one 

of the very first documented reports of using a micropump to pumps fluids, is found in 

1975,17, 18 with the first patent for a micropump created from IC technology being 

discovered in, 1984.19   

The analogous equivalent of an IC chip format, for microfluidic device 

technology, is better known as LOC or µTAS chip technology.  Other related and 

sometimes interchangeable terms used to reference LOC technology are; MEMS,       

Bio-MEMS, and MEMS-Fluidics.2, 20-22  If Jack Kilby is the pioneer of the integrated 

circuit, Andreas Manz is regarded by many as, the pioneer of LOC, or µTAS chip 

technology.  The µTAS concept was introduced by Manz in 1990,23 with an experimental 

presentation of a capillary electrophoresis microfluidic chip presented by Manz and 

Team, in 1992.24  Since the early 1990’s, microfluidic device technology has been 

growing at an exponential pace, both in terms of research activity, as well as integrated 

unit operation densities.  Figure I-5 is a comparison of Moore’s Law for the growth rate 

of transistor density on a semiconductor chip, to that of valve densities on a polymeric 

fluidic chip.25   
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Figure I-5:  The analog of Moore’s Law for nanofluidic systems.  Valve densities in fluidic chips 
fabricated with soft lithography have increased exponentially with time.  The current rate of growth is four 
times faster than the rate of growth of transistor densities in the semiconductor industry – it remains to be 
seen how long this can be maintained.  MPSP, massively partitioning sniper processor; µp, microprocessor; 
MUX, multiplexer.  (Figure I-5 from Hong and Quake, 2003).25 
 
 
It can be seen the growth rate on microfluidic chips is four times faster than that on 

semiconductor chips.  High density integrated microfluidic device technology has most 

notably been explored by Steve Quake, a second pioneer in the field of microfluidic 

device technology.  A modern high-density-microvalve integrated microfluidic chip 

developed within the Quake Lab, is shown in Figure I-6.  This Figure shows a polymeric 

microfluidic chip containing 256 compartments, with 2056 microvalves, for both chip 

length and width dimensions of approximately 5.5 cm. 
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Figure I-6:  Optical micrograph of a nanofluidic system that can be used for parallelized high-throughput 
screening of fluorescence-based single cell assays.  The various inputs have been loaded with food dyes to 
show the channels and subelements of the fluidic logic.  This chip has 2056 valves, which are used to 
manipulate 256 compartments containing bacterial cells expressing an enzyme of interest (or a library of 
mutants of that enzyme) that are combined on a pairwise basis with 256 other compartments containing a 
fluorogenic substrate used to assay for a desired activity.  Cells that display a particularly interesting 
activity can be selected and recovered from the chip using valve-based addressing of the compartments.  
(Figure I-6 from Hong and Quake, 2003)25 
 
 

It is not an exaggeration to state that the invention of the transistor, and 

subsequent proliferation of the integrated circuit, has been anything less than 

revolutionary.  Modern civilization was radically transformed as a result of these two 

electronic inventions.  While many comparisons have been made between microfluidics 

and microelectronics, it remains to be seen whether or not microfluidic device 

technology, will have the same revolutionary effect on modern human civilization, as did 
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that of the microelectronics revolution.  Various assessments have been provided by 

experts in the microfluidics field, as to why the impact and commercial success has been 

slower than expected.1, 26-33  The current state of microfluidic device technology, and 

foreseen future, will be explored more deeply in the sections that follow. 

 

3) Why Microfluidic Device Technology? 

The proposed and realized benefits of microfluidic device technology are 

numerous, and growing.  Unlike bulk solution chemistry, microfluidic devices have a 

very high surface area to volume ratio, where this high surface area to volume ratio 

creates many unique and interesting properties, which can be exploited and used to a 

scientist or engineer’s advantage.  Many advantages associated with microfluidic systems 

can be understood and predicted based upon scaling laws.  These laws can be used to 

compare the expected performance of a macroscopic instrument, to the same instrument 

when scaled down into a microscopic format.23, 24, 34-40  A list of some of the advantages 

and performance improvements associated with microfluidic devices would include: 

decreased reagent and labor cost savings; increased sensitivity and response times; 

improved analytical performance; increased yield and selectivity of chemical reactions; 

integration of on-chip functions and parallel operations; improved automation and 

decreased need/dependence of robotic laboratory apparatus equipment; small sample size 

requirements; lightweight and portability; increased throughput; low power consumption; 

increased efficiency with heat dissipation in CE separations, and therefore in turn 

allowing use of higher electric field strengths, to produce faster separations; short 

reaction times; low cost and rapid prototyping options; economy of scale; possibility for 
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plug and play connectivity; shorter fluid transport times and controlled mixing; 

exploitable physical phenomena at the micro-scale, with the ability to strictly control and 

manipulate variables such as temperature, pressure, chemical concentrations, chemical 

gradients, chemical interactions, and liquid interfaces; decreased sample handling and 

contamination; decreased dead volume; potential to create devices with novel 

functionalities not currently available; length scales comparable to prokaryotic and 

eukaryotic cell studies; ability to spatially and temporally control cell growth by 

mimicking extracellular environments in terms of geometry and biochemistry; and 

disposibility.1, 16, 23, 24, 34, 41-61  With such and array of benefits, it is not surprising it has 

been stated that as a technology, microfluidics seems too good to be true, since there are 

so many advantages associated with the miniaturization of microfluidic devices, yet at the 

same time, so few disadvantages.1   

 

4) Microfluidics, Present and Beyond 

Since the beginning of modern microfluidic device technology in the early 

1990’s, the field of microfluidics as a whole has been exponentially growing in a number 

of areas, and shows no signs of slowing down any time soon.  Key indicators of this rapid 

growth activity can be found by examining: 1) the steady increase in the number of 

scholarly publications reported each year since the early 1990’s,62-69 with nearly 10,000 

papers being published between 2000 - 2010;70 2) the growing number of scholarly 

conferences71, 72 and journals73-75 devoted exclusively to the field of microfluidics, and;  

3) the steady increase in microfluidics commercialization activities.31, 68   

While it is true there has been a steady increase in commercialized microfluidic 
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device technology, the growth experienced to-date has not been as rapid as initially 

hoped, and expected.  Many expert assessments have been provided, to account for this 

slower-than-expected growth activity of microfluidics within industry, with these expert 

opinions most clearly articulated, by grouping these assessments into one of three 

categories, for: 1) academic-related reasons, 2) industry-related reasons, or 3) a hybrid of 

both academic and industry-related reasons. 

Microfluidics originated within academia, and therefore it should come as no 

surprise that the evolution of microfluidic technology has more closely mirrored 

academic initiatives, as opposed to industrial-related goals and activities.  It has been 

suggested by many, that academic research is too highly focused on fanciful prototypes 

and proof-of-concept device platforms, as a result of a tenure system that does not overly 

reward those that conceive and develop practical technology, in actually solving a      

real-world problem or satisfying a user’s end-need.27, 32  Criticisms of this                 

mind-set/approach, have been that not enough academic researchers are aware of       

end-user needs, with technology being developed that is too specialized or too finicky for 

most non-specialist users of the technology.27, 32  As one expert notes, “When you go to 

the commercial landscape, technology doesn’t make money, applications make money.” 

32  Other experts have noted that academic laboratories are working on fundamental 

development, and therefore tend to be random and poorly focused on technology 

innovation.30  One last reason attributed to academia, for its role in contributing to the 

slower-than-expected microfluidic commercialization activities, relates to the academic 

structure in which researchers perform their research activities.  Microfluidics is a highly 
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interdisciplinary field, requiring the knowledge and skills of many to fully develop a 

complicated microfluidic device/platform, where many academic disciplines are 

structured in such a way so as to operate in isolation, and therefore remain disconnected 

from many other science and engineering communities.27, 30, 32  In a response to such 

structures and impediments, collaborative centers focused on microfluidic device 

technology development have been formed, to bring together many diverse academic 

groups to share ideas, expertise, and tools.30 

The barriers to entry are high, for microfluidic device acceptance within an 

industrial setting, as is the case with any new form of technology.  Modern microfluidic 

devices are relatively new, and therefore greeted with much caution and skepticism, in 

making big investment decisions to research and develop microfluidic chip technology, to 

solve real-world problems.  A so-called “first-user premium” has been associated with 

microfluidics device technology, and therefore in-turn cited as a barrier to entry, for 

wide-spread acceptance and adoption of microfluidic device technology, into the 

marketplace.1  It is said, the “first-user premium” burdens the first commercial user of 

the/a newly-developed technology, where this forerunner pays a disproportionate share of 

the costs tied to the development of the new technology, and also accepts a 

disproportionate share of the risk associated with introduction of the new technology.1  

Many have stated, until a killer application (a.k.a. “killer app”) is found or discovered, it 

will be difficult to see high investment activity, in developing mature microfluidic 

technologies.1, 26, 30, 32  A “killer app” would justify, or mitigate investor concerns, on 

seeing a return on their investment.  Some however, have changed their focus from 
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finding the elusive microfluidics “killer app,” to making use of microfluidics technology 

as an enabling technology platform, for integration into other mature technologies already 

in existence within the marketplace.30, 32   

A final force cited as working against widespread uptake and acceptance of 

commercial microfluidic technologies within industry, has been associated with the 

response of the established industry, to such an external threat.33  A plot known as, “The 

Dueck Hubris Curve” explains this fascinating link between technology development, 

and that of individual, social, and institutional psychology.  It is noted, hubris is defined 

as, “…extreme haughtiness, pride or arrogance.  Hubris often indicates being out of touch 

with reality and overestimating one’s own competence or capabilities, especially for 

people in positions of power” 76  Figure I-7 is a plot of The Dueck Hubris Curve.  As 

Gunter Dueck, an IBM Distinguished Engineer and innovation researcher notes in-part, 

“The technology trigger is often overlooked or ignored during the “plateau of 

ignorance.”  At one point however, the hype of the new technology draws a response, 

first in the “dip of alarmed unamusedness” a more irritated behavior in the sense of 

“what the hell is this?,” often in combination with an air of supremacy (“we have been 

working in this field for so long, we know all the tricks”) and disgust about the hype 

about the new technology.  The reaction to the disillusionment is labeled as “the peak of 

false pride” usually accompanied by a feeling of relief that one can stay in the 

establishment comfort zone.  While the new technology is making its comeback and 

eventually becomes a significant force in the market, the conventional industry faces a 

bifurcation point which is strongly related to the onset of one or more killer apps.  If the 
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new technology can come up with these killer apps and the established players do not 

react, they can in the worst case disappear from the scene rather quickly (remember 

Polaroid instant cameras?).  The normal course of events however is a frantic struggle to 

adopt the innovation or more frequently, depending on the size of the war-chest, the 

simple take-over of the innovating company which correlates in many cases with the 

desired exit-route for the start-up founders and investors.” 33 

 
 

 

Figure I-7:  The Dueck Hubris Curve.   Solid line representative of the Dueck Hubris Curve, with dotted 
line representative of the Gardner Hype Cycle Model.  (Figure I-7 from Becker, 2009)33 
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A final force working against the widespread commercialization of microfluidic 

device technology can be attributed to both, academia, as well as industry.  It has been 

stated that many newly created, as well as some long-time established technologies, have 

not been clearly distinguished or recognized as, microfluidics technology.32  Some    

long-time well known successful microfluidics technologies not typically associated with 

microfluidics are the ink-jet printer, and home pregnancy tests.32  It has been estimated 

the annual market for inkjet printer heads is around $2.5 billion (USD), just for the 

microfabricated component in the inkjet cartridge alone.33  Other newer microfluidics 

corporate success stories such as Fluidigm, Raindance, and Caliper, are choosing not to 

recognize their true roots or market their products as “microfluidics,” and rather opting to 

market their products more directly to their target audiences needs and applications.32  

Therefore, microfluidics adoption into the marketplace faces challenges associated with 

mind-set, as well as recognition, where one prominent analytical chemist notes, “none of 

these technologies (successfully commercialized microfluidic devices) comes to mind 

when analytical chemists think of the word “microfluidics.” ” 32 

In spite of all the concern and skepticism as to whether or not microfluidics will 

remain relevant and continue to grow, some experts see the slow growth of microfluidic 

commercial activities as nothing less than, normal.  The Gartner Hype Cycle, developed 

in 1995, has been applied and used to explain the growth activities witnessed within the 

microfluidics device industry.32, 33  Figure I-8 is a plot of the Gartner Hype Cycle, 

displaying the various phases associated with the birth of a new technology, with the 

dotted line of Figure I-7 also displaying the Gartner Hype Cycle curve, overlaid upon the 
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Dueck Hubris Curve.  As noted by Gartner, an information technology research and 

advisory company, “The Gartner Hype Cycle Model explains five key phases of a 

technology’s life cycle.  The first step is the technology trigger that occurs when a 

breakthrough takes place.  Stories in the media set off publicity, but the commercial 

viability of the technology is unproven.  During the peak of inflated expectations, the 

early publicity produces some success stories but lots of failures.  Some companies may 

jump on the bandwagon, but many don’t.  The trough of disillusionment creeps in as the 

technology fails to be implemented.  During the slope of enlightenment, people better 

understand how the technology can benefit the scientific enterprise and society.  At the 

plateau of productivity, the technology becomes mainstream and the criteria for 

assessing its viability become clearly defined.” 32    

 

 

Figure I-8:  The Gartner Hype Cycle Model for microfluidics.  (Figure I-8 from Becker, 2009)33 
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 Figure I-9 is a final assessment concerning the growth and progression of 

microfluidics technology within the marketplace.33  This Figure is a classical technology 

adoption life cycle curve, as applied specifically to the field of microfluidics. 

 

 

Figure I-9:  The technology adoption life cycle.  (Figure I-9 from Becker, 2009)33 
 
 
It can be seen within this Figure, that microfluidics is believed to be within the very 

earliest growth stages of development.  It has been stated, this curve can be used as a 

gauge to assess the likelihood and timing for the discovery of, “microfluidic killer app/s.” 

33  In spite of the sought after microfluidic “killer app” not turning up as of yet, the search 

still continues.26, 29  Recent forecasts have cited the microfluidics market to grow to    

$1.9 billion (USD) by 2012,31 and in other cases to $6.2 billion (USD) by 2011,77, 78 with 

many of worlds most revered corporations such as 3M, GE, IBM, Abbott, Agilent, 
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Beckman Coulter, St. Jude Medical, and Medtronic, taking notice of microfluidics 

technology, as evidenced by their technology portfolios.  Regardless of the current state 

of commercial activity, microfluidics must turn out commercial products, if the field is to 

be sustained over time.28  Some of the future opportunities that may exist, for 

microfluidics to play a key role in, are: nanofluidics, digital microfluidics, cell biology, 

stackable systems, development of new fluids/fluidics/materials, interface technology and 

standards, biomedical analysis for disease biomarkers, organic synthesis, medicine,        

5-dimensional analytical devices, and other new and early-stage technologies for 

emerging or unknown markets.27, 28, 79  The highly interdisciplinary, beautiful, and 

nascent field of microfluidics is well poised to play a significant role in shaping the future 

of chemistry, education, and society.80, 81  The evolution of the field as a whole in the 

years to come, will most certainly be exciting to observe and follow, for those scientists 

and engineers actively engaged with the research and development of new and exciting 

microfluidic device technologies. 

 

Fabrication and Analysis of Microfluidic Devices 

5) Fabrication Materials  

At the very core of any prototype microfluidic device, is an idea, and materials.  

Once an idea is conceived, a technologist must determine proper choice of materials and 

associated fabrication methodologies.  With microfluidic device technology originating 

within the microelectronics field, it is not surprising that most of the pre-1990 

microfluidic devices were fabricated primarily from microelectronic materials such as 



 

 21 

silicon and glass, along with other supporting inorganic materials such as silicon dioxide, 

silicon nitride, aluminum, and stainless steel.  These microelectronic materials have many 

favorable characteristics when fabricating mechanical and electronic devices, but are not 

necessarily the best choice of materials for use within microfluidic device platforms.  

Since the early 1990’s, microfluidic devices have increasingly become fabricated from 

polymeric materials, as opposed to other hard microelectronic materials such as silicon 

and glass.  The transition in materials usage has been driven in part by cost, where it has 

been reported that soft polymer materials such as polydimethylsiloxane (PDMS), are 

around 50 times cheaper than silicon on a per volume basis.82-85  Polymeric materials also 

possess a wide array of unique and different physical properties, in comparison to other 

common inorganic microelectronic materials.  It has been said, polymeric materials 

exhibit a “Jekyll and Hide” character, where polymers possess a very broad range of 

chemical, mechanical, electrical, and optical properties, that allow a technologist to select 

the optimal material for nearly any intended application.86  In spite of polymeric 

fabrication materials having inherent versatility and numerous advantages over traditional 

microelectronic materials, many microfluidic devices are fabricated from both 

microelectronic and common polymeric microfluidic materials.  Use of both materials 

has many advantages, in allowing a technologist to leverage the strength of both materials 

within the same device.  Integration of both materials within a single microfluidic device 

however, does create certain challenges, where many of the common solvents and 

processing technologies of either class of materials, are incompatible with one another.  

Table I-1 is a general comparison between glass and polymers, and can be used as a 
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baseline reference for comparing the properties of these two disparate fabrication 

materials.  Comparisons between other discrete microfluidic polymer compounds, can be 

found elsewhere.69, 86-92 

 

 

Table I-1:  A comparison between polymers and glass properties with respect to their use for microfluidic 
applications.  (Table I-1 from Attia et al., 2009)88 
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 Polymers are a class of chemical compounds with high molecular mass, and 

composed of multiple repeating subunits called monomers.  One classification scheme for 

polymers is based upon thermophysical behavior, with a polymer being classified as 

either a thermoplastic, elastomer, or thermoset chemical compound.87  Thermoplastics are 

those polymers that soften and flow upon heating, with this class of polymers consisting 

of unlinked or weakly linked chain molecules.87  Elastomeric polymers also have very 

weakly cross-linked polymer chains, however this class of polymers can be mechanically 

deformed and stretched with application of external forces, where after a force is 

removed, the elastomer can return to its original state.87  And finally, thermosets are 

heavily cross-linked polymers that are normally rigid, brittle, and intractable, where this 

class of polymers is thermally stable and will not melt or reflow upon heating.87  Of the 

many polymeric materials available for device fabrication, PDMS and SU-8 are two of 

the most popular polymers utilized for microfluidic device fabrication purposes.   

 Polydimethylsiloxane (PDMS) is an elastomeric polymer, and belongs to a group 

of polyorganosiloxane compounds.  Polyorganosiloxanes are also commonly referenced 

as either silicones, or silicone rubbers.93  PDMS contains repeating monomer units of      

– OSi(CH3)2 – , where the PDMS backbone molecule can be seen within Figure I-10. 
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Figure I-10:  Polydimethylsiloxane (PDMS) polymer. 
 
 
PDMS is commercially supplied as a two-part kit containing: 1) a liquid silicon rubber 

base (i.e. a vinyl-terminated PDMS), and 2) a catalyst or curing agent (i.e. a mixture of a 

platinum complex and copolymers of methylhydrosiloxane and dimethylsiloxane).94  

When these two components are mixed, a solid elastomer is formed via a hydrosilylation 

reaction between vinyl (SiCH=CH2) groups and hydrosilane (SiH) groups.94    

PDMS like that of any material, has advantages and disadvantages, for use within 

microfluidic systems.  The particular application is the most important variable in 

determining whether the physical properties of PDMS are positive, or negative.  Many 

studies have characterized the physical95-100 and processing101-103 characteristics of 

PDMS, with this information useful when evaluating PDMS for its strengths and 

weaknesses as a microfluidic device working material.  Some of the positive properties 

associated with PDMS are: 1) a significant body of literature exists for use of PDMS 

within microfluidic systems; 2) PDMS can be cured and molded to planar, as well as 

nonplanar surfaces; 3) PDMS is relatively inexpensive, and therefore can be readily 

employed as a cheap rapid-prototyping material; 4) PDMS is relatively simple and easy 
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to use, requiring minimal capital investment for equipment and fabrication facilities;      

5) PDMS is chemically inert and thermally stable up to about 186 °C in air, and is not 

hygroscopic (and therefore will not swell with humidity);94 6) nonpolar gasses such as 

O2, N2, and CO2 readily pass through bulk-cured PDMS slabs;104 7) PDMS is extremely 

durable, where a PDMS diaphragm valving system was tested continuously for             

105 opening and closings, where the valves did not show any marked deterioration;105           

8) PDMS is very flexible, allowing for elongation up to ~160%;106 9) by controlling the 

amount of cross linking between monomer backbones, the Young’s modulus of PDMS 

can be tuned over two orders of magnitude;82 10) PDMS can be irreversibly sealed to 

itself, and additionally to a wide range of other materials including silicon, glass, SiO2, 

quartz, silicon nitride, polyethylene, polystyrene, and glassy carbon, with the bond 

strength being reported as 30-50 psi;107 11) PDMS can seal to other surfaces by simple 

van der Waals interactions, and form a water-tight seal with seal pressures up to ~5 psi;108 

12) PDMS has a low surface energy that facilitates release from templates and other 

structures; 13) PDMS is optically transparent from 240 – 1100 nm;109 14) cross linking of 

PDMS can be performed either thermally or optically, and; 15) PDMS surfaces can be 

modified for specific chemical reactivities, or altered to convert the hydrophobic surface 

into a hydrophilic surface.49, 82, 86, 94, 104, 106-109  Likewise, a list of some of the reported 

drawbacks associated with PDMS, when used as a microfluidic device fabrication 

material includes: 1) upon curing, PDMS can shrink by as much as 1-3%;94 2) PDMS is 

hydrophobic, and therefore results in poor wettability with aqueous solvents, rendering 

the channels susceptible to air bubble trapping, and also rendering the surfaces 
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susceptible to nonspecific adsorption of proteins and cells;49 3) evaporation of water can 

occur through PDMS membranes, in turn causing osmolarity changes within a 

microfluidic device, and therefore possibly having a negative effect on cell culture 

conditions within a microfluidic device;109 4) PDMS shows autofluorescence 

characteristics, with intensity levels in excess of the intrinsic values reported for glass;109, 

110 5) PDMS has been classified as a clean-room contaminant;111 6) PDMS swells and 

readily absorbs many nonpolar solvents;112-114 7) PDMS has been shown to exhibit 

leaching of uncured oligomers from bulk PDMS microchannel networks, and in turn 

affecting cell functions on a microfluidic chip,115 and; 8) due to the elasticity and thermal 

expansion of PDMS, distortion and registration of PDMS molds can be a problem, 

especially for larger molds and multilayer device designs.49, 94, 109-116  

As a result of the popularity and widespread use of PDMS for fabrication of 

microfluidic devices, many chemical derivatization studies have been reported, to either 

augment PDMS as a working material, or to work around its disadvantages for a 

particular application.  Some of the chemical modifications reported for PDMS include 

altering or embedding PDMS with other materials to change the antimicrobial,117, 118 

optical,119, 120 electrical,121-125 magnetic,126 and mechanical127-130 properties of PDMS.  

PDMS has also been chemically modified, for the purpose of transforming the polymer 

into a photodefinable material.123, 127, 131-133  And finally, due to the high surface area to 

volume ratio that exists for microfluidic devices, PDMS surface chemistry is an 

important variable to consider for any microfluidic application.  PDMS surface 

modifications134-140 have been reported for both patterned and surface coated 
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microchannel inorganic materials,141-155 organic materials,156-176 biological materials,177-

182 and plasma treatements.183-188  To a  slightly lesser extent, PDMS surface structural 

modifications have been reported within the literature.189, 190  

While PDMS remains the microfluidics workhorse fabrication and prototyping 

material, other alternative materials are also being explored for their use in fabrication 

and processing protocols.  Outside of other common polymeric fabrication           

materials  such as polymethylmethacrylate (PMMA),191-193 polymers such as 

polymethylhydrosiloxane,194 thermoset polyester,195-197 thiolene resins,198, 199 epoxies,200 

polyurethanes,201, 202 perfluoropolymers,203-206 photocurable liquid Teflon,207 liquid 

crystal polymers,208 various copolymer materials,93, 209-215 and other elastomeric 

adhesives,216 have been reported as promising alternatives to PDMS, for their use within 

microfluidic systems.  Additional materials under investigation have included          

paper-based materials,217-221 ceramics,222-224 and composite ceramic materials.225, 226  In 

the years to come, newly developed materials will surely play a significant role in 

advancing microfluidic device platforms, for use as relevant and practical technology. 

If PDMS is the most widely reported polymer in-use as a microfluidic fabrication 

material, many would say SU-8 is the second most widely employed polymeric 

fabrication material.  SU-8 was developed by IBM in the 1980’s, for use as a 

photolithography photoresist.227, 228  The SU-8 monomer can be seen within Figure I-11. 
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Figure I-11:  Chemical structure of the monomer SU-8 with eight epoxy-groups.  (Figure I-11 from Liu    
et al., 2010)229 
 
 
SU-8 is a negative tone photoresist, based upon the EPON SU-8 epoxy resin.228  The 

resin is made photosensitive by mixing the SU-8 monomer with an onium salt photo-acid 

generator.  Upon exposure to UV radiation or an electron beam, the onium salt 

decomposes and in turn generates a strong acid which initiates cationic polymerization by 

ring opening and subsequent cross-linking of the epoxy groups.228  An SU-8 monomer 

contains eight reactive epoxy functional groups, and therefore is known for its high 

reactivity, good sensitivity, and low molecular weight, where these properties in turn 

provide for a negative tone photoresist with both high contrast and high solubility.228  

SU-8 is also known for its good UV transparency, high refractive index, excellent 

chemical resistance, and low Young’s modulus.228, 230   

One of the first reported applications of SU-8 was to use the photoresist as a 

fabrication material for production of high aspect ratio microstructures (HARMS).  It has 
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been suggested, that SU-8 can be used as a “Poor man’s LIGA,” to replace the expensive 

high aspect ratio synchrotron x-ray LIGA (Lithographie, Galvano-formung, Abformung) 

fabrication process.227, 231  Thin films of SU-8 readily produce HARMS with aspect ratios 

(a structures [height / width] ratio) in excess of 20,232-234 and in some cases producing 

HARMS with aspect ratios in excess of 190.235  SU-8 is often processed as a thick film, 

with film thicknesses commonly reported within the range of 1-2 mm.232, 236-238   

As a result of the widespread use of SU-8, many reports exist for characterization 

of SU-8’s adhesion and removal,231, 233, 239 exposure dose,232, 240, 241 soft and                

post-exposure bake steps,228, 242, 243 sidewall morphologies,235, 244 chemical 

swelling/resistance properties,245 and zeta-potential surface properties.246  These and 

other processing protocols have been used to create SU-8 structures such as 

microlens’,247, 248 waveguides,249, 250 microimpellers,251 pins,238, 252 membranes,253 

nanochannels,254  microchannels,255, 256 and microfluidic device structures.230, 236, 257-260 

 

6) Fundamental Microfluidic Process and Fabrication Technologies 

The origins of microfluidic microfabrication technologies, are deeply rooted 

within the microelectronics and MEMS industries.  The field of microfabrication as a 

whole, is ever evolving and constantly reinventing itself, frequently churning out new and 

creative fabrication strategies, that allow for fabrication of increasingly complex 

microstructures with typical dimensions < 500 µm.  Microfabrication is a beautiful, rich, 

diverse, eclectic, and highly interdisciplinary field, encompassing many disciplines 

within both science and engineering.  This sentiment is reflected in the preface of the 

most highly regarded microelectronics fabrication text in existence, “The Science and 
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Engineering of Microelectronic Fabrication” by Stephen A. Campbell, which states in 

part; “Magic.  That is the word that I often hear used to describe the process of 

fabricating integrated circuits.  Society regards the electronics industry, and 

microelectronics in particular, as a pinnacle of “high-tech.”  Even engineers, sometimes 

the very ones who design the circuits being built, consider the fabrication process to be 

something mysterious.  There are a variety of reasons for this phenomenon.  The rate of 

technology evolution is so rapid that narrow specialization is required in order to stay 

current.  The fabrication line further requires a number of subspecialties, each of which 

is rooted in some combination of physics, chemistry, statistics, chemical engineering, 

electrical engineering, and mechanical engineering.  Jargon develops among specialists 

that reduces information flow outside the discipline.” 261   

 As one might expect with reference to Campbell’s preface quote, the field of 

microfabrication is immense, and dense with regards to published scientific information.  

A comprehensive microfabrication discussion, is well beyond the scope of this 

dissertation.  Therefore, should there be a need to take in a deeper and more 

comprehensive microfabrication perspective, readers are directed to Campbell’s second 

edition text.262  Campbell’s second edition continues to serve as the definitive 

microfabrication reference text, where a United States Patent and Trademark Office 

EAST database search reveals, nearly all inventors cite this text as the definitive 

microelectronics fabrication resource, since its debut in 1996.  Other great texts are also 

in existence, to serve as microfabrication reference resources.21, 263-267   

 Microfluidic device fabrication prior to 1990, was predominantly performed using 
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glass and silicon, with associated microelectronic processing protocols and clean-room 

instrumentation.  Since the early 1990’s however, microfluidic device fabrication 

strategies have evolved rapidly.  As opposed to once relying upon glass and silicon, 

microfluidic devices are now predominantly fabricated from polymeric compounds.  

Fabrication of these polymeric devices still relies upon traditional microelectronic 

processing technologies, however microfluidic device fabrication protocols have also 

integrated newer fabrication approaches, which are more suitable for polymeric materials 

processing.  The two techniques most widely employed for fabrication of modern 

microfluidic devices includes photolithography and soft lithography, with Figure I-12 

highlighting other available microstructure fabrication options.268 

 

 

Figure I-12:  Patterning on various length scales.  The scale bar indicates the range of dimensions for a 
specific object (above the ruler), and the range of feature sizes that have been demonstrated for each type of 
patterning technique (below the ruler).  (Figure I-12 from Geissler and Xia, 2004)268 
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Photolithography is a microfabrication process used to transfer geometric patterns 

from a photomask, onto a thin film applied across a substrate surface.  In 

photolithography, a substrate such as silicon or glass is spin-coated with a photo-sensitive 

polymer called a photoresist, or just resist for short.  A photomask plate is typically 

composed of quartz, with an opaque thin film such as chromium coated across the quartz 

surface.  A photomask pattern is created by patterning two-dimensional structures across 

the chromium thin film.  Radiation transmission occurs through the substrate where 

patterned areas exist, with blockage of radiation transfer for all other opaque areas.  The 

process of transferring the geometric pattern/s of a photomask onto a separate substrate 

begins by spin-coating a photoresist onto a separate substrate, such as a silicon wafer.  

When the photomask is placed in contact with the photoresist-coated silicon wafer, the 

transparent regions of the photomask allow radiation to expose the underlying regions of 

the photoresist-coated silicon surface.  If the photoresist is a positive tone substance, the 

exposed regions will be eroded away in a developing solution.  If the photoresist is a 

negative tone compound, the underlying unexposed portions of the photoresist-coated 

silicon substrate will be removed by the developing solution.  These patterned photoresist 

surfaces can then be used to build functional devices through deposition of thin films, 

and/or removal of bulk substrate regions.  The removal of materials in microfabrication is 

called etching.  Etching can be achieved with many techniques, but is usually 

accomplished with either wet or dry etching.  Plasmas are used for dry etching, where 

wet etching in contrast relies upon liquid solutions.  This photolithography discussion can 

be referenced with respect to Figure I-13.21 
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Figure I-13:  Positive and negative photoresist: exposure, development, and pattern transfer.  Positive 
resists develop and remove in the exposed region.  Negative resists remain in the exposed region.  (Figure 
I-13 from Madou, 2002)21 
 
 
Figure I-14 is a realistic perspective, of the types of microstructures that can be created 

using photolithography.269  This Figure shows a three-level SU-8 micropatterned surface, 

to be used as a tissue engineering scaffold. 

 

 

Figure I-14:  Scanning electron microscope image showing a three-level SU-8 microstructure similar to 
that used to create tissue engineering scaffolds with an overall height of ~260 µm.  The cross section (inset) 
shows the 300 µm diameter, 100 µm high columns and 200 µm diameter, 150 µm deep holes as well as    
10 µm diameter and 10 µm deep holes.  (Figure I-14 from Mata el al., 2006)269 
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Soft lithography is a general term used to reference a suite of                        

non-photolithographic microstructure fabrication techniques.  More specifically, soft 

lithography has been characterized as “a collection of novel patterning techniques based 

on printing, molding, and embossing with a transparent elastomeric stamp – representing 

a new conceptual approach to the fabrication and manufacturing of new types of 

structures and devices on planar, curved, or flexible substrates at low cost.” 270       

Figure I-15 is a schematic reference of some of the most commonly employed soft 

lithography fabrication techniques.106  

 

 

Figure I-15:  Schematic diagrams of four soft lithography approaches: (A) step-and-flash lithography,    
(B) replica molding (RM), (C) microtransfer molding (µTM), and (D) micromolding in capillaries 
(MIMIC).  (Figure I-15 from Gates et al., 2004)106 
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Soft lithography was developed by George Whitesides, one of the greatest 

pioneers in the field of microfluidics.94, 107, 271-276  The term soft lithography was coined in 

1998, with this fabrication approach being developed as a non-photolithographic 

fabrication alternative, that could compliment traditional and more well established 

photolithography fabrication practices.270, 271  Soft lithography typically begins with 

creation of a photolithographic-generated template, which is used in turn as a soft 

lithography molding template.  Soft lithography techniques share a common feature of 

using a patterned elastomer as a stamp, mold, or mask (rather than a rigid photomask) to 

generate micropatterns and microstructures.94  While photolithography is the dominant 

lithographic technique used for microtechnology, it may not always be the best option for 

some applications.94, 277  Soft lithography has become very popular among both scientists 

and engineers for a variety of reasons, with this fabrication approach having inherent 

advantages over photolithography such as, soft lithography: 1) is a cheap and affordable 

fabrication process;94, 104, 271 2) does not have a diffraction limit;271 3) is capable of 

conforming to nonplanar surfaces;107, 278-280 4) makes use of many optically transparent 

materials;271, 281, 282 5) can generate three-dimensional topologies;105, 283 6) has good 

control over surface chemistry;163, 164, 180 and 7) uses technology that is very accessible to 

biologists and the medical community.11, 41, 271, 284-287  Soft lithography does however 

have disadvantages as well.  They include: 1) distortion of the mold or stamp due to the 

elastomeric nature of the materials used;271, 288 2) difficulty in achieving accurate 

registration;105, 271, 289-296 and 3) limited compatibility with current photolithography 

fabrication processing protocols.114, 271 
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Soft lithography has been used extensively to create a wide range of soft 

polymeric microstructures.297-307  Figure I-16 illustrates the incredible versatility of this 

lithographic fabrication process, in producing a wide array of unique microstructures with 

replica molding, microtransfer molding (µTM), and micromolding in capillaries 

(MIMIC).273  It has recently been reported that soft lithography has been established as an 

atomic-level replication process, where a replica mold with elementary steps of                

3 – 5 angstroms (0.3 – 0.5 nm - a distance that defines the minimum separation between 

molecular layers in a crystal lattice) in height has been produced.130 

 

 

Figure I-16:  Scanning electron microscope images of microstructures fabricated using: A, B – MIMIC; C, 
D, E, F - µTM; and G, H replica molding.  (Figure I-16 from Qin et al., 1998)273 
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The polymeric structures illustrated within Figure I-16, demonstrates the fidelity 

with which polymeric structures can be produced, using soft lithography.  Upon 

implementation into microfluidic and other device platforms, these soft structures can 

deform in deleterious ways, and in turn affect the performance of the device.  Figure I-17 

illustrates the sagging and collapse characteristics sometimes associated with soft 

lithography molded microstructures.275  Optimal aspect ratios are shown within this 

Figure, and can be used as a general guideline, for optimal design and implementation of 

soft lithography fabricated microstructures.275  Formulation of hardened PDMS has been 

one route taken in an attempt to improve upon, or eliminate these sagging and collapse 

limitations of soft lithography.127, 129, 130  Improving upon these limitations also improves 

upon the registration challenges associated with multilayered soft lithography 

microstructures.105, 271, 289-296 

 

 

Figure I-17:  Schematic illustrations of a PDMS stamp (a) and two possible problems that may arise from 
the softness of an elastomer: (b) lateral collapse of relief structures (or commonly known as “pairing”) with 
aspect ratios H/L > 5; and (c) sagging of recessed structures with aspect ratios H/L < 0.5.  (Figure I-17 from 
Qin et al., 2010)275 



 

 38 

A wide array of structures and device designs has been reported within the 

academic literature, with three-dimensional (3D) micro devices regarded as some of the 

most challenging devices to fabricate.308-324  Many 3D designs have been reported using 

soft lithography, with Figure I-18 illustrating one possible 3D soft lithography fabrication 

scheme.325  Bonding of the replica molded PDMS layers is accomplished with an oxygen 

plasma,104, 107, 108, 274 where bonding is also possible, if two PDMS layers containing 

different ratios of base to curing agent are brought into contact with one another.283, 326, 327  

 

 

Figure I-18:  Schematic view of a three-dimensional soft lithography fabrication process, using replica 
molded PDMS layers and oxygen plasma bonding.  (Figure I-18 from Zhang et al., 2010)325 
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While there is no question photolithography and soft lithography are the two 

predominant microfluidic fabrication methods currently being employed, other 

techniques and methods are also available for consideration as potential microfabrication 

options.69, 86, 87, 89-91, 328  Some of the other microfabrication methods available for 

technologists to consider include solid object printing,329 embossing/imprinting,212, 214, 215, 

330-336 electrical discharge machining (EDM),337-342 laser machining,288, 343-354 

microstereolithography,355-362 lamination,347, 363-368 powder blasting,369, 370 computer 

numerically controlled (CNC) machining,371, 372 and injection molding,88, 373-384 along 

with an assortment of other promising, yet less utilized fabrication methodologies.385-394  

One of the most widely employed methods from this long list of fabrication methods, is 

that of injection molding.  Injection molding is a commercial process of injecting a 

thermoplastic polymer into a cavity containing a template structure.  This fabrication 

process is widely employed within industry, due to the high volume quantity of parts that 

can be produced within a short period of time, and additionally at a very low cost per 

plastic part.395-397 

 

7) Packaging and Interconnect Technology 

Microfluidic device packaging refers to fabrication processes such as bonding, 

surface modifications, physical isolation and encapsulation, providing mechanical 

support, controlling heat dissipation, and making connections to the outside world.282, 398-

403  The primary goals of packaging are device protection, as well as connection with the 

outside world.  In the ideal case, the device would behave in a harsh environment, 
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identically as it would in a well defined and controlled laboratory environment.  One of 

the most widely studied packaging fabrication processes is that of microfluidic 

interconnects, or also known as world-to-chip interface connections.404, 405  These device 

connections to the macro world should ideally contain the following characteristics:       

1) reversibility; 2) reliability; 3) low cost; 4) chemical compatibility; 5) ease of use and 

fabrication; 6) minimal dead volume; 7) ability to operate over a wide range of flow rates 

and pressure drops; 8) suitability for automation and high density integration; 9) provide 

minimal pressure drop; 10) allow for easy integration with other micro and macro 

instruments; and 11) not be susceptible to contamination.  World-to-chip interfaces are 

anything but trivial, and oftentimes their importance placed secondary to other design 

aspects of the microdevice.  This is especially true in academic research labs where the 

focus is not as heavily geared towards commercialization of the device, as it is in 

industrial laboratories.  World-to-chip interfaces, and other packaging-related processes 

are of critical importance in taking devices from prototypes to products, where it has been 

stated that 50-90% of the total cost of a microdevice comes from packaging.406, 407  While 

interconnects are only one aspect of packaging, their importance clearly cannot be 

overlooked in the business world.  World-to-chip interfaces are one of the remaining 

technical challenges responsible for the slow integration of microfluidic devices as 

mainstream technology over some of their macro counterparts.405, 408  Fused silica 

capillary tubing,355, 384, 404, 409-413 as well as other types of tubing materials,281, 414-418 have 

been successfully implemented as interconnects within microfluidic devices, where both 

interconnects have been shown to satisfy most of the ideal interconnect requirements.  
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Other successful interconnect technologies have made use of plug-in modular designs,408, 

419-427 as well as screw-connector unions.428-430 

 

8) Microfluidic Device Transport Analysis 

Once a microfluidic device has been successfully fabricated, it is oftentimes 

necessary or advantageous to characterize the microflow transport characteristics through 

the device.5, 6, 431-445  Detailed flow visualizations can help characterize system 

performance, identify non-ideal flow characteristics, and validate simulation efforts.446  

Flow characterizations can be categorized into two categories, pointwise methods and 

full-field methods.2  Pointwise methods yield information about a single point in a fluid 

flow, where full-field methods provide information about a two-dimensional flow field, 

with a minimum of two velocity vectors.  Molecular tagging velocimetry (MTV) and 

particle image velocimetry (PIV), are two full-field methods commonly employed to 

characterize the transport characteristics through a microfluidic device.   

MTV has shown great promise as a microfluidic device characterization 

technique.447-450  MTV is able to characterize transport characteristics through a device, 

by making use of flow-tracing fluorescent molecules called tracers.  An evenly dispersed 

solution containing tracers is pumped through the microfluidic device, where a light 

source excites these molecules.  The source is pulsed with a line or grid, to excite the 

flowing fluid.  At this point the excited line or grid is said to be “tagged.”  The tagged 

regions are then imaged at two successive time intervals within the lifetime of the tracers, 

where the image is sectioned into many smaller domains called interrogation regions.  

The displacement information provided by the moving line or grid can then be used to 
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obtain estimates of the velocity vector field.  Computer algorithms have been written to 

aid in estimating the flow-fields Lagrangian displacement vectors.451  One distinct 

advantage of this technique is the fact that molecular tracers will not become trapped in 

even the smallest of conduits within a microfluidic device.  One disadvantage of MTV, is 

the fact that tracers have larger diffusion coefficients, in comparison to other techniques 

that use seed particles to trace out streamlines within a microfluidic device.  This 

disadvantage has a tendency to lower spatial resolution and velocity resolution 

measurements.2 

PIV is a technique that has been around for over 20 years,452, 453 with the 

introduction of  μPIV in 1998.454, 455  While traditional macroscopic PIV is similar to 

μPIV, there are differences.  μPIV differs for illumination and recording optics,         

flow-tracing particles, and image-processing algorithms.456  μPIV has been referred to as 

analogous to MTV, since the two techniques are very similar in some regards.447  μPIV 

resembles MTV in the sense that an optical pattern is written into the flowing fluid, 

where the evolution of the pattern is recorded by comparing two digital images captured 

in succession, with a short time delay placed between the two image acquisition 

events.454, 457-459  Unlike MTV where a controlled and predetermined pattern is created in 

the flowing fluid, μPIV relies upon the random evolution of fluorescently labeled 

particles.  These particles are used to trace out streamlines within a microfluidic device, 

and are referenced as, “seed” particles.  With the aid of computer algorithms, the two 

digital images closely spaced in time, are used to estimate the velocity field profile.460-463  

Knowledge of the velocity field aids in identifying flow patterns and dead volume areas 
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within the conduits of a microfluidic device.  The advantages of using μPIV over MTV is 

that μPIV provides better spatial and velocity resolution.  MTV has a spatial resolution of 

around 20 μm, where typical μPIV values are reported as 7 μm, and even in some cases 

being reported as low as 1 μm.2, 458  The biggest disadvantage of using μPIV is that the 

particles oftentimes become trapped within small passages, and therefore in turn can 

inhibit proper device function.2, 464   

 

Microfluidic Platforms and Unit Operation Devices 

9) Platforms and Unit Operations on a Microfluidic Chip 

Microfluidic unit operations are a set of basic fluidic operations such as fluid 

transport, fluid metering, fluid valving, fluid mixing, analyte/compound separation, 

pre/concentration and/or amplification, detection and readout, reagent storage, and 

incubation.465  Unit operations are performed with use of a reduced set of validated 

microfluidic elements such as microvalves, micropumps, micromixers, and flow meters, 

for example.  When a set of microfluidic elements is combined onto a microfluidic chip, 

the chip can further be classified according to the particular platform.  “A microfluidic 

platform provides a set of fluidic unit operations, which are designed for easy 

combination within a well-defined fabrication technology.  A microfluidic platform paves 

a generic and consistent way for miniaturization, integration, automation and 

parallelization of (bio-)chemical processes.” 70  The major microfluidic platforms can 

classified according to the main liquid propulsion principle, which include capillary,        

pressure-driven, centrifugal, electrokinetic, and acoustic modes of propulsion.70 
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A microfluidic platform can also be defined in other ways as well.  The concept of 

“lab-on-a-chip” 70 has been derivatized to incorporate unit operations into different 

platforms defined as, “lab-on-a-robot,” 466 “lab-on-a-tube,” 467 “lab-on-a-compact disc 

(CD),” 468-470 “lab-on-a-droplet,” 471, 472 and “lab-in-a-cell.” 473 

In the sections that follow, a very brief and cursory introduction will be provided, 

to introduce microfluidic unit operation device technology.  In some cases, thousands of 

designs have been reported for a single unit operation device, and therefore it is well 

beyond the scope of this dissertation to provide a thorough and detailed discussion of the 

many designs that have been reported within the literature.  The focus instead will be 

placed on themes and concepts, with relevant discussion and salient examples provided 

for each of the respective unit operation device technologies. 

 

10) Microvalves 

Fluid control is one of the most fundamental and important operations on a 

microfluidic chip.  Microvalves are unit operation actuator devices that are used to route 

and regulate fluid flows on a microchip, and in many instances, used as integral 

components within micropumps.474-476  A microvalve can be characterized as a 

transduction element, where transducing elements convert one form of energy into 

another.  Table I-2 illustrates many of the common transduction mechanisms exploited, 

for actuation of microvalves and other MEMS/microfluidic unit operation devices.477, 478   
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Table I-2:  Table of common transduction mechanisms used in microelectromechanical systems (MEMS).  
(Table I-2 from Judy, 2001)477 
 
 

Microvalves are typically categorized as either active or passive, where actuation 

in both cases is accomplished using mechanical or nonmechanical mechanisms.  Active 

valves are actuated irrespective of fluid flow direction, where passive valves typically 

respond to displaced fluids and only open in one direction, with flow control analogous to 

current flow through an electrical diode.  Examples of common active          

mechanically-actuated microvalves would include pneumatic,283, 479-492 piezoelectric,326, 

493-505 magnetic,506-515 electrostatic,516-520 thermopneumatic,521-523 shape memory alloy,524-

528 and mechanical transduction,529-535 with common examples of active             

nonmechanically-actuated microvalves using electrochemical,536-540 hydrogel,541-552 

rheological,553-556 and optical/electrical/thermal/phase change actuation557-571 

mechanisms.  For passive microvalves, common mechanical designs incorporate ball or 

check valves,572-584 with passive nonmechanical valves typically making use of 

capillary/surface mechanisms,585-596 or geometrically-designed valving structures.597-606 
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Of the many microvalving mechanisms reported within the microfluidics 

literature, pneumatic microvalves are the most widely utilized valving structures 

incorporated into microchip platforms.  Pneumatic microvalves are actuated using 

compressed gas canisters, with external mechanical switching mechanisms controlling 

the delivery and timing of pressure pulses.  A common pneumatic microvalve design can 

be seen within Figure I-19.283  This Figure illustrates three microvalves aligned in series, 

where the air in/out lines compress the microchannel below these gas conduits, in effect 

collapsing the microchannel below these gas lines, and therefore preventing fluid flow in 

either direction along the microchannel.  This Figure is also representative of a peristaltic 

micropump, where three pneumatic gas conduits aligned in series over a fluidic 

microchannel, can be actuated over time to produce a peristaltic wave motion, and 

therefore produce a net fluid flow through the microchannel. 

 
 

 
 
Figure I-19:  A 3D scale diagram of an elastomeric peristaltic pump. The channels are 100 μm wide and  
10 μm high. Peristalsis is typically actuated by the pattern 101, 100, 110, 010, 011, 001, where 0 and 1 
indicate “valve open” and “valve closed,” respectively. This pattern is named the “120°” pattern, referring 
to the phase angle of actuation between the three valves. Other patterns are possible, including 90° and 60° 
patterns. The differences in pumping rate at a given frequency of pattern cycling is minimal.  (Figure I-19 
from Unger et al., 2000)283 
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11) Micropumps 

Micropumps perform fluidic propulsion unit operations on microchips.  Fluidic 

transport can be performed either internally or externally across predetermined fluidic 

pathways.  Micropumps are one of the very core elements integrated into any 

microfluidic chip format, and as such, many great reviews have been written to report the 

latest trends and advances in micropump technology.607-620  Micropumps are actuated 

with many of the same microvalve actuation mechanisms, but are classified slightly 

different in comparison to microvalves.  Micropumps have been classified as either:       

1) mechanical or nonmechanical, or in other cases as; 2) displacement or dynamic.  In 

both cases, a micropump is classified according to the physical pumping mechanism.  

Displacement pumps exert pressure forces on the working fluid through one or more 

moving boundaries, where dynamic pumps continuously add energy to the working fluid 

in a matter that increases either its momentum or its pressure directly.609  Commonly 

reported displacement micropumps use pneumatic,283, 621-635 piezoelectric,326, 597, 636-654   

magnetic,655-668 thermopneumatic,669-678 shape-memory alloy,679, 680 electrostatic,681-692 

bio-powered,693-697 electrochemical,698-700 and mechanical701-709 actuation mechanisms, 

with common dynamic micropumps using centrifugal,468-470, 710, 711 optical,712-718 

electroosmotic,719-738 electrohydrodynamic,739-747 magnetohydrodynamic,748-754 

acoustic/ultrasonic,755-760 bubble,761-764 or surface tension765-769 driving mechanisms.  

Considering all displacement micropumps, pneumatic and piezoelectric-actuated 

micropumps are the most widely employed within microfluidic device platforms.  

Piezoelectricity is a physical phenomena, where a piezoelectric material produces an 

electric charge on the surface of the material when stressed mechanically, or produces a 
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dimensional change when stressed electrically with a voltage.770-780  Therefore, 

piezoelectric microvalves and micropumps are actuated when a voltage is applied to the 

piezoelectric structure.781-791 

A pneumatic micropump design can be seen within Figure I-19, with a clever 

piezoelectric micropump design shown within Figure I-20.654  The piezoelectric 

micropump in Figure I-20 employs Braille display pins as microvalves.  When the Braille 

pins are actuated in series using a peristaltic wave, a net flow of fluid is propelled through 

the microchannel beneath the Braille pins. 

 

 
 
Figure I-20:  Schematic representation of Braille display-based microfluidics.  (A) A typical two-layer 
design for use with Braille displays.  Both layers were composed of PDMS.  Channels were face down and 
separated from the Braille display surface by a thin (140 µm) sheet of PDMS.  Holes were punched with a 
14-gauge blunt needle.  (B) Segmented flow generated by integrating pumps and valves.  The three inlets 
on the left, from top to bottom, contain red food dye, perfluorodecalin, and green food dye.  The three 
components alternatively move toward the outlet on the right.  (C) Overview of the typical experimental 
setup.  The multilayer assembly is positioned on top of the Braille display so that channels are aligned 
above Braille pins, facing down.  Three potential valves are on the left, and one pump is on the right.  
Retracted pins are situated directly below channels, and actuated pins are displayed upward against the 
PDMS sheet, closing channels directly above it.  The dotted box refers to what is shown in B.  (Figure I-20 
from Gu et al., 2004)654 
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12) Micromixers 

Fluid mixing is an important process on both micro and macro scale technology 

platforms.  In microfluidics however, mixing is of great concern and continues to remain 

a serious challenge.  Flows in microchannels are generally laminar, and therefore reagent 

mixing is primarily a result of molecular diffusion, which is an inherently slow process.  

As a result of the serious challenges that remain in mixing, many microfluidic mixing 

devices have been developed.309, 792-804   

Micromixers are defined as either passive or active.805, 806  Passive micromixers 

require no external energy, where the mixing process relies entirely upon diffusion or 

chaotic advection.  Active micromixers in contrast use external fields to generate 

disturbances within a fluid.  The performance of a micromixer can be characterized using 

the Reynolds number (Re), the Peclet number (Pe), or the Strouhal number (St).  The 

Reynolds number is the ratio of inertial to viscous forces; the Peclet number representing 

the ratio between mass transport due to convection to diffusion; and the Strouhal number 

representing the ratio between the residence time of a species and the time period of its 

disturbance, where the Strouhal number is used to characterize active micromixer 

performance.   

One design example of a microfluidic mixer is shown within Figure I-21.807  This 

micromixer design employs the strategy of using mechanical grooves fabricated into the 

microchannel floor to rearrange and combine the component microfluidic streams.  When 

a change in pneumatic pressure is applied to a pneumatic line, the microchannel groove 

depth changes on the microchannel floor.  These depth-tunable channel floor grooves 

allow for stream mixing and tunable gradient concentration profile generation. 
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Figure I-21:  Operation of a microfluidic “stirrer” (µFS).  (a) Flow in the microchannel is not stirred when 
the PDMS membranes are not pressurized; flow is from left to right.  (b) Flow is stirred when suction is 
applied to the pneumatic line, deflecting the membrane downwards (deflection depending on P), which 
forms grooves.  (c) Schematic diagram of the µFS (with stripes at 45º angle, 100 µm wide, 50 µm deep and 
100 µm separation).  (d)–(f) Optical micrographs illustrating temporal sequences of concentration gradients 
of yellow dye, water, and blue dye generated by the µFS (the microchannel is 200 µm wide and 80 µm tall; 
the outlet channels are 10 µm wide and 20 µm tall) when P=0 kPa (d), 55 kPa (e), and 95 kPa (f) is applied 
to the pneumatic channel; flow is from top to bottom.  Scale bar = 50 µm.  (Figure I-21 from Hsu and 
Folch, 2006)807 
 
 

13) Gradient Generators 

Microfluidic gradient generators are unit operation devices that create 

spatiotemporal fluidic concentration gradients.808-817  Gradient generators offer greater 

levels of precision, control, and quantification over traditional macroscopic methods, and 

are often used to enhance a scientist’s ability to understand many biological 

phenomena.818  One gradient generator design example can be seen within Figure I-22, 

where it is shown the gradient generator network repeatedly combines, mixes, and splits 

flow streams to yield distinct mixtures with distinct chemical compositions.818 
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Figure I-22:  (a) Scheme of a PDMS microfluidic gradient generator.  (b) Schematic design of a 
representative gradient-generating microfluidic network.  Solutions containing different chemicals are 
introduced from the top inlets and allowed to flow through the network.  The gradient generator repeatedly 
combines, mixes, and splits the fluid streams to yield distinct mixtures with distinct compositions in each of 
the branch channels.  When all the branches are combined, a concentration gradient is established across 
the outlet channel.  The width of this channel and the total number of the branches determines the width of 
the gradient and the resolution of the steps making up the gradient, respectively.  (c) Equivalent electronic 
circuit model of the pyramidal microfluidic network.  (Figure I-22 from Jeon et al., 2000)818 
 
 

14) Droplet / Emulsion Generators 

Droplet generators, or also known as emulsion generators, generate a mixture of 

two or more immiscible (unblendable) microdroplets.819-830  Microdroplets are typically 

defined as droplets that have micron-regime length scales, with volumes of less than        

1 nL. 819, 828  Droplet generators have become widely utilized within microfluidic devices, 

and as a result have been widely studied for their ability to control and manipulate 

microdroplets.  Emulsified droplets are commonly used as discrete chemical and 

biological microreactors, and in other contexts used for their ability to increase the rate of 

fluidic mixing.  When droplet generators create emulsions for the purpose of limiting 

diffusion and dispersion, as shown within Figure I-23,831 the individual droplets 

effectively form a train of digitally-saved chemical information packets.  As a result of 
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this ability to “save” chemical information analogous to that of a solid state electronic 

device, the process of using microdroplets to retain chemical information is commonly 

referred to as, digital microfluidics.832 

 

 
 
Figure I-23:  Schematic comparison of a reaction A + B conducted in a standard pressure-driven 
microfluidic system device (a) and in an alternative microfluidic device format (b).  a) Reaction time t≠d/U.  
b) Reaction time t=d/U.  Two aqueous reagents (red, A and blue, B) can form laminar streams separated by 
a gray “divider” aqueous stream in a microchannel.  When the three streams enter the channel with a 
flowing immiscible fluid, they form droplets (plugs).  The reagents come into contact as the contents of the 
droplets are rapidly mixed.  Internal recirculation within plugs flowing through channels of different 
geometries is shown schematically by arrows.  (Figure I-23 from Song et al., 2003)831 
 
 

15) Microfluidic Separators / Focusers 

Microfluidic separators and focusers, are used to either separate or focus 

microdroplets or microparticles flowing through a microfluidic device.833-840  Common 

microparticles introduced into a microfluidic device include cells, cell organelles, and 

micro and/or nanoparticles.  Significant resources have been devoted to particle separator 

/ focuser research, and as such, many unique microfluidic chip designs have been 

reported.841-854  One such design can be seen in Figure I-24, where the separation and 
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aggregation characteristics of magnetic nanoparticles is controlled by manipulating 

experimental variables such as magnetic field strength, laminar flow conditions, and pH 

of the running buffers.855 

 
 

 
 
Figure I-24:  Target analyte separation in a microfluidic channel facilitated by pH-responsive magnetic 
nanoparticles (mNPs) under isothermal conditions.  The channel contains two flow streams.  The left 
stream (green) is the sample that has been pre-incubated with mNPs.  mNP aggregation is induced by using 
a lower pH buffer in this sample flowstream.  The pH of the right stream (pink) is chosen to reverse mNP 
aggregation.  A rare-earth magnet provides sufficient magnetic field to attract the aggregates laterally into 
the higher pH flowstream.  The conjugate aggregates move out of the sample flowstream and in to the 
higher pH stream, where they return to a dispersed state, carrying the bound target analyte with them.  
Movement of other molecules across this interface is limited by diffusion due to low Reynolds number 
(laminar) fluid flow.  (Figure I-24 from Lai et al., 2009)855 



 

 54 

16) Microreactors 

Microfluidic reactors are unit operation microfluidic devices that contain     

micro-structured features, with a sub-millimeter dimension, in which chemical reactions 

are performed in a continuous manner.856  Microreactors are useful for prototyping, 

studying, and optimizing chemical reactions, and are devices of keen interest to the 

chemical, pharmaceutical, and biotechnology industries for commercial applications such 

as fine chemical synthesis, disease diagnosis, chemical crystallization, combinatorial 

synthesis, rapid chemical analyses, and high-throughput screening.857  Microreactors have 

many advantages over batch reactor designs such as the enhancement of mass and heat 

transfer, reproducibility, high throughput, mass production process scale-up, potential for 

feedback control of temperature and feed streams, rapid screening of reaction conditions, 

low reagent consumption, the ability to cease reactions quickly after a product is formed, 

and the ability to perform reactions under more aggressive conditions with higher 

yields.857-859  A safer operational environment is also provided with use of microreactors, 

where if a reaction were to fail, the safety and health issues could be minimized through 

easier containment of the miniaturized device and potentially toxic chemicals.857-859  A 

wide array of microreactor designs have been reported within the literature,856, 860-871 with 

one well designed microreactor shown within Figure I-25.872  This microreactor design 

was used to coat colloidial silica core particles with titania layers of tunable thickness in a 

one-step, continuous flow process through controlled hydrolysis of titanium tetraethoxide 

(TEOT).872  Titania-silica core shell particles in the sub-micron size range are of 

particular interest for applications such as catalysis, pigments (as whiteners), and imaging 

materials.872 
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Figure I-25:  a) Design concept for continuous-flow coating microreactor.  b) Photograph of fabricated 
reactor.  c) Stereomicroscope image of flow visualization experiment: ethanol dyed with black ink was 
introduced into a primary air—ethanol feed.  The first three manifold branches (B1, B2, and B3) are seen 
feeding ethanol (dyed with black ink) into the gas-liquid flow (air-ethanol) in the main channel.  d) Circuit 
model for microfluidic coating reactor showing hydraulic resistances R, flows Q and pressures P.             
RSi (i=1-3) and RC are the hydraulic resistances for the various manifold branches and the main reaction 
channel, respectively.  QS represents the titanium tetraethoxide (TEOT) flow rate, with Qin representing the 
flow rate for the silica particle suspension.  (Figure I-25 from Khan and Jensen, 2007)872 
 
 

17) Analytical Microfluidic Devices 

Analytical microfluidic devices were among some of the very earliest reported 

microfluidic devices, since the beginning of modern microfluidic device technology.23, 24, 

873  Capillary electrophoresis (CE) microchips874-881 are the most widely employed 

microfluidic separation devices, with common CE modes reported for isoelectric 

focusing,882-886 capillary gel electrophoresis,191, 887-889 isotachophoresis,890-893 micellar 



 

 56 

electrokinetic chromatography,894-896 and immunoaffinity CE.897-899  Other widely 

reported microchip separation devices would include micro free flow electrophoresis,900-

906 micro high performance liquid chromatography,907-911 micro gas chromatography,912-

914 and micro solid phase extraction.915-919  Two-dimensional microchip separation 

methods are also under active investigation.920-923  A typical micro-CE chip design can be 

seen within Figure I-26, where this device was used to separate blood lactate and 

glucose.924 

 
 

 
 
Figure I-26:  Schematic of a capillary electrophoresis – electrochemical detector (CE-EC) microchip, with 
post-column enzymatic reaction, for the simultaneous measurement of glucose (G) and lactate (L).  The 
individual analytical steps (injection, separation, reaction) are shown from left to right.  Also shown (insert) 
is the post-column channel with the two hydrogen-peroxide zones.  Reservoirs: (R) running buffer,         
(W) waste, (S) sample mixture, (E) “reagent” (enzyme) solution containing glucose oxidase (GOx) and 
lactate oxidase (LOx); (D) the amperometric detector.  (Figure I-26 from Wang et al., 2007)924 
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 Microchip separation devices remain the most widely reported microfluidic 

analytical devices, however other spectroscopic microfluidic devices are increasingly 

being reported.  Such devices include micro spectrophotemeters925-929 and micro nuclear 

magnetic resonance (NMR) chips.930-933  One recent micro spectrophotometer design can 

be seen within Figure I-27, where an SU-8 microchannel module was integrated with a 

complementary metal-oxide-semiconductor (CMOS) microchip.926  This integrated 

device was used to analyze human physiological fluids within a clinical setting. 

 

 
 
Figure I-27:  Microlaboratory structure: (a) microfluidic system, the black squares are the detection 
chambers; (b) optical filtering system; (c) detection and readout system; (d) cross-section of the structure 
for a single optical-channel.  (Figure I-27 from Minas et al., 2010)926 
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18) Miscellaneous Microfluidic Devices 

A wide array of niche microfluidic devices have also been reported for their 

potential abilities to augment other microfluidic processes, or even in some cases enable 

completely new fluidic platforms for unique applications.  Many electrically-equivalent 

microfluidic devices have been reported,586, 603, 605, 934-950 along with other microfluidic 

device platforms that perform information processing operations, similar to that of 

computer microprocessors.951-956  A recent report on microfluidic biological video games 

similar to PAC-man, Breakout, and Tic-Tac-Toe have also been reported.957  One unique 

microfluidic device can be seen within Figure I-28,958 where this schematic represents a 

micro electroporation device.  This device was used to lyse cells being transported 

through a flow stream, with this device design having the capability to lyse cell 

membranes selectively, while leaving organelle membranes undamaged.958 

 
 

 
 
Figure I-28:  Schematic of a micro electroporation device for cell lysis.  Only one set of electrodes is 
shown for simplicity.  (Figure I-28 from Lu et al., 2005)958 
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 A second microfluidic device can be seen within Figure I-29, for the pair of 

electrically-equivalent fluidic devices.959  These three-layer PDMS devices were formed 

using soft lithography replication techniques.  The check valve device as illustrated for 

the top two rows, behaves in an analogous manner as an electrical diode, where fluid 

flow is allowed in only one direction.  In the case of the switch-valve device shown for 

the bottom two rows, this device behaves analogous to a p-channel junction gate field-

effect transistor (JFET), where a positive gate voltage would turn the JFET switch off.959 

 
 
a b c d

 
 
Figure I-29:  Elastomeric components for autonomously controlled microfluidic devices.  a, A three-layer 
composite of the check-valve and switch-valve.  b, Cross-section schematic of the check-valve and   
switch-valve in both the open and closed state based on differential pressure.  c, Corresponding component 
state symbol of the check-valve and switch-valve.  Conducting current/flow is shown as solid lines and         
non-conducting current/flow is shown as dotted lines.  d, The diode and p-channel JFET transistor shown 
as analogous electronic components to the check-valve and switch-valve, respectively.  (Figure I-29 from 
Mosadegh et al., 2010)959 
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A third unique microfluidic device can be seen within Figure I-30.960  This 

schematic image represents a microfluidic electronic wafer-probing tool, with similarities 

to a typical electrical wafer probe tool.  The “microfluidic probe” was reported to allow 

for rapid and repeatable fluidic and electronic addressing of small die sites on a variety of 

substrate types, without the need for permanent modification or dicing of the device 

wafers.960  The probe was also used to demonstrate locally patterned chemical 

modifications on a substrate surface, where it was shown the device could be used to 

acquire nanowire field-effect transistor (FET) sensor measurements.960 

 
 

 
 
Figure I-30:  (a) Microfluidic probe integrated with electronic probe card in automated wafer prober;      
(b) schematic cross-section and (c) die photo showing pad-frame and fluidic probe contact area.  (Figure    
I-30 from Routenberg and Reed, 2010)960 
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19) Sample Injectors 

Sample injection onto a microfluidic chip is a critical unit operation.  When 

sample plugs are loaded onto a capillary electrophoresis separation column, the quantity 

and shape of the sample plug can negatively affect the efficiency and resolution of the 

separation, if the injection process is not optimized.  Therefore, various sample injector 

designs have been studied for their ability to tightly control the length and reproducibility 

of an injected sample.961-975  Sample injectors use either electrokinetic or hydrostatic 

actuation forces, with hydrostatic injections introduced using suction, pressure, or 

gravity.976  One sample injection design can be seen in Figure I-31, where this design 

integrates both electrokinetic and pressure injection microfluidic options.976 

 

 
 
Figure I-31:  Device schematics.  (A) Channel design and dimensions.  Distance from cross-T intersection 
to reservoirs: buffer reservoir (BR), 0.6 cm; buffer waste (BW), 7.9 cm; sample reservoir (SR) and sample 
waste (SW), 0.9 cm.  Fluid channels (blue) etched 50 µm deep (50 µm original mask width).  Valve 
channels (red) etched 60 µm deep.  Volume of valve seats: gate, ~100 nL; diaphragm, ~200 nL.  (B) Valve 
actuation sequence used to generate forward fluid pumping.  Pressure injections presented as the number of 
cycles with the appropriate gate/diaphragm actuation times.  (C) Assembled chip and pressure actuation 
manifold.  (Figure I-31 from Karlinsey et al., 2005)976 
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20) Sensors and Detectors 

Sensors and detectors are widely investigated for their use within microfluidic 

formats.  A survey of the literature would turn up microfluidic sensor devices used to 

transduce physical variables such as temperature,977-982 pressure,983-988 fluid transport,989-

993 bio/chemical characteristics,994-1003 mechanical forces,1004-1007 and electrical 

properties.1008-1014  Many of these microfluidic sensors can be integrated directly into a 

microchip, however this is oftentimes not the case with microfluidic detection systems.  

One remaining serious limitation for many microfluidic device formats, is the physical 

size of detection modules.  One detection setup facing such challenges can be seen within 

Figure I-32, with this detection apparatus making use of multiple macro-sized electronic 

and optical components.893 

 

 
 
Figure I-32:  Schematic of the high-sensitivity on-chip CE system showing argon ion laser illumination, 
light filter, shutter, color filters, detectors, and data acquisition PC.  Actuation of a mirror switch provides 
switching from an intensified charge-coupled device (ICCD) camera to a custom-built confocal system 
with a photomultiplier tube (PMT).  (Figure I-32 from Jung et al., 2007)893 
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The three primary detection systems employed within microfluidic systems 

include laser-induced fluorescence (LIF),45, 1015-1025 electrochemical,1026-1032 and mass 

spectrometric techniques,881, 1033-1039 with other techniques such as infrared (IR), Raman, 

nuclear magnetic resonance (NMR), surface plasmon resonance (SPR), absorbance, 

thermal lens, chemiluminescence and electrochemiluminescence, refractive index (RI), 

and microplasma-optical emission detection (OED) schemes also being reported, albeit to 

a much lesser extent.1040  In an attempt to decrease the size of microfluidic chip detection 

systems, various design strategies have been reported.  In some cases new materials, 

detection schemes, and readouts are being investigated for their downsized lab-on-a-chip 

potential,1041-1045 where in other instances cellular phones and common drugstore and/or 

household electrical devices are being explored for their possibilities as point-of-care 

detection systems.1046-1055  These strategies are quite useful for field use and developing 

nation healthcare applications, but currently however, do not possess the same analyte 

detection capabilities as instrumentation employed within modern analytical laboratories.  

As a result, many scaled-down optical, electrochemical, and mass spectrometric detection 

systems have been reported for their applicability within microfluidic systems.  One such 

scaled-down optical detection system is shown within Figure I-33.1056  This microchip 

design employs four permanently bonded layers to form a sensor cartridge.  The design 

does not eliminate the need for an external laser source, but does however integrate a 

miniaturized one-dimensional indium gallium arsenide (InGaAs) photodiode array for 

use as a collection device, and therefore eliminates the need for other commonly used 

macroscopic collection devices such as photomultiplier tubes (PMT).1056 
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Figure I-33:  A schematic exploded view of a sensor cartridge above an alignment platform, exposing 4 
permanently bonded layers of the cartridge: the optical chip, the microfluidic layer, the adhesive film, and 
the hard plastic shell.  Cutouts in the hard plastic shell free the edge of the precision cut silicon optical chip 
for accurate alignment against 3 pins protruding from the alignment platform of the read-out instrument.  
Light is coupled in from the top via a surface grating coupler, and collected at the long edge of the optical 
chip by imaging the output facets on a one-dimensional indium gallium arsenide (1D InGaAs) photodiode 
array.  Fluidic ports for sample injection are formed by steel tubes glued into the hard plastic shell.  (Figure 
I-33 from Carlborg et al., 2010)1056 
 
 

Figure I-34 is an example of a scaled-down microfluidic electrochemical 

detection system.1057  This design is an entirely polymeric microfluidic system, fabricated 

from the highly chemical resistant material cyclo olefin polymer (COP), where integrated 

gold micro electrodes were used for electrochemical detection in organic media.1057  

Another attempt to scale down parts of a microfluidic detection system can be observed 

within Figure I-35.1058  This detection system illustrates a mass spectrometric setup, 

where a microreactor, a piezoelectric microdispenser, and nanovial target plates were 

employed to create the partial microtechnology-based detection platform.1058 
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Figure I-34:  Sketch of machined holders used to connect three electrochemical-sensing electrodes to a 
microfluidic chip.  (Figure I-34 from Illa et al., 2010)1057 
 
 
------------------------------------------------------------------------------------------------------------ 
 
 

 
 
Figure I-35:  Principal setup of a generic microtechnology matrix-assisted laser desorption time-of-flight 
mass spectrometry (MALDI TOF-MS) interface.  (Figure I-35 from Laurell et al., 2001)1058 
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21) Micro-Total-Analysis-System (µTAS) Devices 

When unit operation devices are combined onto a single microfluidic chip, the 

end-result is a micro-total-analysis-system (µTAS).  An early µTAS design can be seen 

within Figure I-36.1059  This device was fabricated entirely from silicon and glass, using 

conventional photolithographic micromachining techniques.1059 

 
 

 
 
Figure I-36:  (Top) Schematic of an integrated device with two liquid samples and an electrophoresis gel 
present.  The only electronic component not fabricated on the silicon substrate, except for control and data 
processing electronics, is an excitation light source placed above the electrophoresis channel.  Color code: 
blue, liquid sample (ready for metering); green, hydrophobic surfaces; purple, polyacrylamide gel.  
(Bottom) Optical micrograph of the device from above.  Wire bonds to the printed circuit board can be seen 
along the top edge of the device.  The blue tint is due to the interference filter reflecting the                  
short-wavelength light.  The pressure manifold and buffer wells that fit over the entry holes at each end of 
the device are not shown.  (Figure I-36 from Burns et al., 1998)1059 



 

 67 

A second more recent µTAS design can be seen within Figure I-37.1060  This 

µTAS design was pneumatically actuated and fabricated from glass and PDMS. 

 

 
 
Figure I-37:  Images of a microfluidic genetic analyzer (MGA) device.  (a) Dyes are placed in the channels 
for visualization (Scale bar, 10 mm.).  Domains for deoxyribonucleic acid (DNA) extraction (yellow), 
polymerase chain reaction (PCR) amplification (red), injection (green), and separation (blue) are connected 
through a network of channels and vias.  Solid-phase extraction (SPE) reservoirs are labeled for sample 
inlet (SI), sidearm (SA), and extraction waste (EW).  Injection reservoirs are labeled for PCR reservoir 
(PR), marker reservoir (MR), and sample waste (SW).  Electrophoresis reservoirs are labeled for buffer 
reservoir (BR) and buffer waste (BW).  Additional domains patterned onto the device include the 
temperature reference (TR) chamber and fluorescence alignment (FA) channel.  The flow control region is 
outlined by a dashed box.  Device dimensions are 30.0 x 63.5 mm, with a total solution volume <10 µL.   
(Scale bar, 10 mm.)  (b) Schematic of flow control region.  Valves are shown as open rectangles.  V1 
separates the SPE and PCR domains.  V2 and V5 are inlet valves for the pumping injection, V3 is the 
diaphragm valve, and V4 is an outlet valve.  (c) Device loaded into the manifold.  (d) Intersection between 
SI and SA inlet channels, with the EW channel tapering to increase flow resistance.  (Scale bar, 1 mm.)    
(e) Image of PCR chamber with exit channel tapering before intersecting with the MR inlet channel.  (Scale 
bar, 1 mm.)  (f) Image of cross-tee intersection.  (Scale bar, 1 mm.)  The relative sizes of the BR, SW, and 
BW channels create the difference in volume displacement during the pumping injection and affect how the 
resistance is dropped under an applied separation voltage.  (Figure I-37 from Easley et al., 2006)1060 
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A third example of a modern µTAS design can be seen within Figure I-38.1061  

This particular design was fabricated from a plastic chip, a printed circuit board (PCB), 

and a Motorola eSensor microarray chip.  This design in contrast to the µTAS design as 

shown within Figure I-37, employs thermopneumatic and electrochemical pumping 

mechanisms.  The µTAS design as shown within Figure I-38 was also reportedly fully 

self-contained, where no external pressure sources, fluid storage, mechanical pumps, or 

valves were necessary for fluid manipulation, and thus eliminating possible sample 

contamination and simplifying device operation. 

 
 

 
 
Figure I-38:  (A) Schematic of a plastic fluidic chip.  Pumps 1-3 are electrochemical pumps, and pump 4 is 
a thermopneumatic pump.  (B) Photograph of the integrated device that consists of a plastic fluidic chip, a 
printed circuit board (PCB), and a Motorola eSensor microarray chip.  (Figure I-38 from Liu et al., 
2004)1061 
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 A fourth and final µTAS example can be seen within Figure I-39.470  This design 

leverages the capabilities of a compact disc microfluidic platform, employing laser 

irradiated ferrowax phase transition microvalve technology.470  This particular design, 

like that of the previous three µTAS designs, was used to perform assay and genetic 

operations.  The µTAS platform of Figure I-39 was designed to perform                  

sample in-sample out analysis of whole blood samples, with both multiple biochemical 

analysis and sandwich type immunoassay analysis being performed simultaneously. 

 

 
 
Figure I-39:  (A) Photograph of a lab-on-a-disc.  Detection wells on the clinical chemistry side are 
preloaded with lyophilized reagents.  Other chambers for liquid type reagents are loaded with food dye 
solution for demonstration.  In the right hand side, the disc design shows the detailed microfluidic layout.  
The number indicates the order of a laser irradiated ferrowax microvalve (LIFM) operation.  The top half of 
the disc for the immunoassay part is rotated for easier demonstration.  The blue circles with numbers are 
normally opened-LIFM (NO-LIFM).  The other half of the disc for the clinical chemistry analysis part is 
shown in the bottom.  (B) A photo image of the Samsung Blood Analyzer (25(W) x 35(D) x 25(H) cm).  
(Figure I-39 from Lee et al., 2011)470 
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The Study of Neuroscience using Microfluidic Device Technology 

22) Neuroscience, a Cursory Introduction 

The nervous system is one of the most intricately organized aggregate of matter 

on earth, where just 1 cm3 of human brain tissue may contain several million nerve cells, 

each of which communicates with thousands of other neurons for data processing and 

communication purposes.1062  The biological mechanisms at work within an individual 

neuron is shown within Figure I-40.1063 

 
 
Figure I-40:  The inner workings of a neuron.  (Figure I-40 from Pearce and Williams, 2007)1063 
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The nervous system plays a critical role in complex functions such as perception, 

movement, learning, memory, and reasoning.  When disease, accidents, or illness 

adversely affect the nervous system, it is often necessary to understand the neurochemical 

basis behind such problems.  In today’s research laboratories, neurochemists are 

primarily utilizing four techniques to elucidate neurochemical pathways.  These 

techniques are microdialysis, push-pull perfusion, glutamate enzyme sensors, and fast 

scanning cyclic voltammetry (FSCV) / neural electrodes. 

 

A) Microdialysis Probes 
 

It is widely accepted, the most popular in vivo neuroscience probe monitoring 

technique is microdialysis.1064-1077  This technique is commonly used in many branches of 

science and medicine including bioinorganic chemistry,1078 renal analysis,1079 

cardiovascular experiments,1080 and studies on neurological diseases such as 

schizophrenia.1081  A typical microdialysis probe can be seen within Figure I-41.  

Microdialysis probes make use of the selective permeability of a membrane that allows 

small analytes to pass through, while excluding larger substances such as cells and 

proteins.1082-1088  The permeability is based on pore size, where a molecular weight range 

is specified by the manufacturer. This technique has the advantages of having excellent 

chemical sensitivity, and being fairly selective in sampling for a specific analyte.  These 

advantages are a result of the partially selective membrane and the fact that microdialysis 

sampling can be combined with powerful separation techniques like high performance 

liquid chromatography or capillary electrophoresis.  With the selectivity and excellent 
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chemical sensitivity microdialysis possesses, this technique allows scientists to study 

signaling pathways from complex samples that oftentimes contain small quantities of the 

analyte under investigation.1089   

Microdialysis is widely utilized for the attractive benefits associated with this 

technique, however this sampling technique does have shortcomings such as relatively 

poor temporal and spatial resolution.  The sampling region of a microdialysis probe is 

usually 1-4 mm long, and 200 μm in diameter, with these dimensions being far too large 

to sample smaller brain regions of rats, and especially mice.1090  The best temporal 

resolution to date has been reported as 3 to 10 seconds.1082, 1091  Another shortcoming of 

microdialysis is that it cannot provide information on absolute analyte concentrations 

within the sampling region.1092  This information cannot be obtained for two reasons.  

First, the detected analyte concentration represents a convolution of the total quantity of 

analyte crossing the microdialysis membrane.  This is to say, analyte is continuously 

sampled across the microdialysis membrane for the entire flow path length of the 

microdialysis probe, and therefore the detected analyte concentration lacks specificity for 

any particular spatial brain region in contact with the microdialysis probe.  The second 

reason microdialysis does not provide data on absolute analyte concentration, is because 

bulk fluid is not extracted from the sampling region.  Microdialysis probes develop 

diffusive gradients in the vicinity of the probe sampling region, where this diffusive 

gradient does not allow for quantitation of absolute analyte concentration values, for 

surrounding brain areas in contact with the microdialysis probe membrane. 
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Figure I-41:  Schematic of a typical microdialysis probe.  Two fused silica capillary tubes are placed 
adjacent to one another, and further surrounded by a semipermeable molecular weight cutoff membrane.  
Typical dimensions for microdialysis probes measure 3-4 mm (L) x 1 mm (W).  (Figure I-41 from        
M.T. Bowser, 2011) 
 
 

B) Push-Pull Perfusion Probes 
 

Push-pull perfusion is a second sampling technique used to study in vivo 

neurochemistry.1093-1102  Push-pull perfusion probes straddle two pieces of capillary 

tubing side by side, or alternately placing one capillary tube within a second larger 

capillary tube.  The later probe design can be observed within Figure I-42A.1103  These 

probe designs sample in vivo analytes when buffer is perfused through one piece of 

capillary tubing, and pulled through the other capillary tube.  Unlike microdialysis which 

utilizes a membrane to exclude larger analytes such as cells and proteins, push-pull 

perfusion is an open system where both adjacent capillary tube tips are exposed to the    
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in vivo microenvironment.  Substances in the surrounding microenvironment are sampled 

when they diffuse into the perfusate making contact with the external microenvironment.  

The procedures name is self-explanatory in the sense that perfusate is “pushed” through 

one capillary tube into an open microenvironment, with the adjacent capillary tube 

“pulling” the solution near its tip back into the system for further chemical analysis.  

Figures I-42B and I-42C are schematics representing the overall push-pull perfusion 

sampling process, with flow injection sample analysis (FIA) represented in Figure I-42B, 

and high performance liquid chromatography (HPLC) sample analysis represented in 

Figure         I-42C.1103 

While this technique was abandoned for nearly 20 years due to the large amount 

of tissue damage created at the sampling site, it has seen a rebirth with the development 

of improved probes and sampling methodologies that allow for much lower flow rates.  

The spatial resolution for this techniques sampling region is equivalent to the surface area 

of two tips (e.g. 50/150 μm ID/OD) of capillary tubing placed adjacent to one other, or 

the surface area for one larger capillary tube tip (e.g. 100/250 μm ID/OD).1093, 1099, 1103  

Temporal resolution results have been reported to be 12-25 minutes to collect a 0.5-1 μL 

sample for offline capillary electrophoresis separation,1093, 1095 and 111-317 seconds for 

online analysis.1103 
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Figure I-42:  Illustration of a sampling system showing (A) a detailed view of sample mixing with 
quenchant/diluent for a push-pull perfusion sampling probe, (B) an overview for flow injection analysis 
(FIA) monitoring, and (C) an overview for high performance liquid chromatography (HPLC) monitoring.  
(Figure I-42 from Chisolm et al., 2010)1103 
 
 

C) Glutamate Enzyme Sensors 
 

Glutamate enzyme sensors represent a third class of in vivo sampling probes.1104-

1115  These sensors have been specifically developed for in vivo glutamate detection.  This 

technique immobilizes glutamate oxidase onto a substrate, where an enzymatic reaction 

with glutamate can be detected either optically or electrochemically.  Glutamate oxidase 

has been linked to two types of substrates in past studies, including a fiber optic cable1116 

and a carbon-fiber electrode.1116, 1117  One glutamate enzyme sensor design can be seen 

within Figure I-43, with this design representing an electrochemical sensing platform.1118  

The biggest drawback of glutamate enzyme sensors, is that only one neuroanalyte can be 

examined.  The temporal and spatial resolutions reported for these electrodes however, 

position this sampling technique as a competitive in vivo brain science probe technology.  

Fiber optic probes are reported to have micrometer to submicrometer diameters, with 
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temporal resolutions reported as ~50 ms.1116  Spatial resolutions of 2-10 μm have been 

reported using carbon-fiber microelectrodes, with temporal resolutions reported from  

300 ms to 1 s.1117, 1119 

 

 

Figure I-43:  Schematic illustration of a Pt/PEA/PPD/BSA/GluOx sensor fabricated by: dip coating the 
lipid phosphatidylethanolamine (PEA) from a chloroform solution onto bare platinum (Pt); adsorption and 
dip coating of l-glutamate oxidase (GluOx) from an aqueous buffer onto the PEA layer; and 
electrosynthesis of the non-conducting form of polyphenylenediamine (PPD) in a phosphate buffered saline 
(PBS) solution (pH 7.4) containing monomer and bovine serum albumin (BSA).  The small H2O2 
molecules can diffuse easily to the Pt surface to be electro-oxidized with a characteristic fast response time.  
Access to the metal by larger electroactive species, such as ascorbic acid (AA), is severely restricted by the 
PPD, PEA and proteins, with a correspondingly small and slow response.  (Figure I-43 from Ryan et al., 
1997)1118 
 
 

D) Fast Scanning Cyclic Voltammetry (FSCV) Electrodes / Neural Electrodes 
 

Fast scanning cyclic voltammetry (FSCV) is a fourth in vivo neurochemical 

sampling technique.1120-1131  This technique is used to detect electroactive analytes in the 

brain, where these analytes are detected using a fine tip electrode.  A FSCV probe can be 

seen within Figure I-44.1065  Considering only in vivo electrochemical monitoring 
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methods, FSCV has emerged as the dominant technique.1131  When it is desired that an   

in vivo electroactive analyte be characterized with very high spatial and temporal 

resolution, FSCV will likely be the neuroscientist’s technique of choice.  FSCV 

electrodes are typically made from carbon fibers with tip diameters in the range of          

5-30 μm.1064, 1132  Temporal resolution is usually around 100 ms.1064, 1065, 1133  One 

downside of this technique is that only a few neurotransmitters can be monitored within 

the brain.  Chemical selectivity can also be a problem, as there are many molecules 

within the brain that are easily oxidized and reduced, such as ascorbic acid and 

oxygen.1065 

 

 

Figure I-44:  Scanning electron microscope image of a cylindrical carbon-fiber microelectrode under 
x1200 magnification.  The diameter of the fiber is ~5 µm.  The length of the exposed carbon fiber 
extending from the glass seal is the electroactive area of the electrode.  (Figure I-44 from Robinson et al., 
2003)1065 
 
 

An in vivo sampling technique closely related to FSCV, is that of neural 

electrodes.1134-1146  Neural electrodes make use of modern micromachining techniques, 

and oftentimes incorporate on-board signal processing circuitry.1147  These electrodes 

perform very similar to FSCV electrodes, however unlike FSCV electrodes, neural 
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electrodes are designed as multichannel probes.  This multichannel capability allows for 

simultaneous stimulation and signal recording, from different spatial regions of the brain.  

One such neural electrode design providing such capabilities is shown within Figure       

I-45.1147 

 

 
 
Figure I-45:  Basic structure of a micromachined multielectrode probe for recording or stimulation in the 
central nervous system.  (Figure I-45 from Wise et al., 2008)1147 
 
 

Neural electrodes can be used to study in vivo brain chemistry, but have also been 

implemented as implantable prosthetic devices, to function as deep brain stimulators for 

treatment of diseases such as Parkinson’s Disease.1147  One experimental setup using 

neural electrodes can be seen within Figure I-46.1147  This setup was used to study 

surgical implant trauma, by monitoring extracellular pH changes, as a function of surgical 

implant speed.  It is also possible to implement a similar in vivo setup, by replacing the 

neural electrode with a microdialysis or push-pull perfusion probe, for example. 
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Figure I-46:  Potentiometric extracellular pH (pHe) responses are monitored with a potentiometric neural 
microelectrode array during insertion into the brain of an anesthetized rat.  (A) Silicon-substrate probes 
with 16 hydrous iridium oxide (700 µm2) contact sites spaced 100 µm apart transduce spatiotemporal pHe 
dynamics through (B) a custom 16 channel electrometer circuit.  (C) Microelectrode array insertion 
involves computer-controlled manipulations of a piezoelectric actuator, which adjusts the height of the 
electrometer and neural probe.  A stereotaxic frame attachment secures the actuator base in place.            
(D) Probes are inserted through a cortical cup filled with 0.1M phosphate buffered saline (PBS) (pH 7.4) 
and into brain tissue.  The cup solution provides single-point offset calibration prior to insertion and after 
explanting the microelectrode array.  Measured potentials are referenced to an Ag/AgCl wire placed in the 
cortical cup.  (Figure I-46 from Johnson et al., 2007)1148 
 
 

E) Direct-Sampling Probes 
 

Direct-sampling probes serve as a fifth in vivo sampling technique.1090, 1149-1153  

This technology is not as widely employed, in comparison to that of the above four 

techniques.  Direct-sampling probes extract extracellular fluid from an in vivo brain using 

a single filament of capillary tubing.  A direct-sampling probe would look similar to the 

FSCV electrode as shown within Figure I-44, however the central region would be 
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hollow, with the outer diameter of a direct-sampling probe measuring approximately   

105 μm, in contrast to 5 μm as shown for the FSCV electrode.  One report employed 

direct-sampling probe technology to study in vivo rodent brain chemistry, using a vacuum 

system with off-line capillary electrophoresis analysis.1090  The Author’s reported a 

spatial resolution of 18-40 μm ID and 90 μm OD, with a cited temporal resolution of 

better than 90 s. 

 

F) Rodent Somatosensory Barrel Cortex 
 

In the nervous system, various neurological functions such as motor control and 

sensation of the outside world, reside within specific regions of the brain and spinal cord.  

Of particular interest to many neuroscience experiments, are rodent bodily senses.  The 

label for this division in the nervous system is the somatic (bodily) sensory system, or 

commonly also referenced as the somatosensory system.  The somatosensory system 

receives sensory information from sight, sound, smell, taste, touch, pain, visceral, and 

body movement.  These forms of stimuli can arise in the skin, joints, muscles, face, 

mouth, teeth, and jaw.1154  When receptors in or on the body are stimulated in these 

regions, the stimulus is transduced into an electrical signal where the information 

contained in this signal is sent along neurons to specific regions of the brain and spinal 

cord, where the signal is processed.  Somatosensory signals pass through bundles of cell 

bodies in the brain stem called nuclei.  These nuclei are more specifically coined as, 

cranial nerve nuclei.  There are a total of twelve cranial nerves, with cranial nerve V, the 

trigeminal nerve, of major importance for this dissertation.  After the signal leaves the 
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brainstem, it passes through a central relay station in the brain called the thalamus.  Once 

the signal has been routed by the thalamus, it is directed to the higher brain centers of the 

primary somatosensory cortex, often denoted as SI.  This entire neurological pathway 

discussion can be referenced with respect to Figure I-47,1155 with the stimulus originating 

on the face.   

 

 

Figure I-47:  The trigeminal nerve tract portion of the mechanosensory system.  Action potential signal 
sent from receptors on face, to primary somatosensory cortex within the brain.  (Figure I-47 from Purves   
et al., 1997)1155 
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The trigeminal pathway plays a key role in the survival of all mammals, but this is 

especially true for rodents.  A region known as the barrel cortex,1156-1164 occupies 

approximately 35% of a rodent’s SI area.1165  The name, “barrel cortex,” was derived 

from the fact that reconstruction of three dimensional tangential slices through layer IV 

of the SI region in rodents, produces distinct elliptical-looking columns that resemble 

whisky barrels.1164-1167  The most distinct and preserved anatomy from rodent to rodent 

within the barrel field, are the barrels located in the posteriomedial barrel subfield 

(PMBSF).  These barrels range in size from 50-400 μm in diameter.  The PMBSF region 

can be seen in images A and B of Figure I-48.1154  This section of the barrel field has 

been shown to have a one-to-one correlation of individual barrels, to that of individual 

vibrissa on the contralateral vibrissa pad.1168, 1169  That is, information from the opposite 

side of the whisker pad is processed in a specific barrel of the PMBSF region.  The 

anatomical resemblance between patterns of the PMBSF and vibrissa pad, can be seen 

when comparing images A and B of Figure I-48, to image D of the same Figure.1154  The 

term mystacial vibrissa is used as opposed to simply, whisker, to clearly separate bulk 

sinus hairs from the very large upper lip whiskers.  Rodents mechanically deflect their 

upper lip whiskers to perform, “whisking.” 1165, 1170, 1171  Whisking is the primary means 

by which rodents obtain tactile information from their surroundings, even over their 

paws.1154  The frequency of whisking is also known to be in the 7-12 Hz range.1165, 1170  

The fact that a rodent’s whiskers are so important to their survival presents many 

opportunities for neuroscientists to exploit this neurological/behavioral phenomena.1167, 

1172-1174  For example, whisking is known to be sensitive to mechanical properties such as 
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frequency, angular direction, velocity, amplitude, duration, and spatial and temporal 

patterns.1175-1185  These characteristics elicit different neurological responses, and 

therefore produce different signals that can be studied in the PMBSF.1186, 1187 

 
 

A B

C D

 
 
Figure I-48:  Representation of whiskers in the somatosensory cortex of the rat.  (A) Photomicrograph of a 
horizontal section through layer IV of the somatosensory cortex of a juvenile rat that has been stained with 
serotonin.  The dark immunoreactive patches correspond to the cortical representations of specific parts of 
the body.  The largest part of the cortical map is devoted to the face representation (whiskers, nose, and 
lower jaw).  (B) Enlarged view of the whisker representation.  Neurons that receive projections from the 
whisker fields are arranged in discrete circular units called barrels.  Each barrel is most responsive to a 
single whisker.  (C) Coronal section through the rat somatosensory cortex.  The barrels form dense patches 
localized to layer IV of the cortex.  (D) The topographic arrangement of the barrels in the cortex 
corresponds to the spatial arrangement of the whiskers in discrete rows and columns on the face.  (Figure  
I-48 from Kandel et al., 2000)1154 
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23) Microfluidics Meets Neuroscience, and Beyond 

The broad array of microfluidic unit operations in existence, provides many 

unique opportunities to study scientific phenomena in a microchip format.  Microfluidic 

devices have been used to examine scientific phenomena in fields as far ranging as         

agriculture / food science,1188-1192 to cancer research,1193-1200 to infectious disease,1201-1207 

to point-of-care diagnostic devices for developing nations,1208-1212 and even interplanetary 

space travel studies.874, 916, 1213-1215  One area of particular interest for this body of 

research, is the study of neuroscience using microfluidic device technology.1063, 1216-1218  

Microfluidic devices have been used within the field of neuroscience to study scientific 

phenomena such as axon guidance,1219-1223 ion transport in neuronal cells,1224-1228 axon 

termination for spinal cord injuries,1229-1233 neuron physiology using brain slices,308, 1234-

1237 and cell response to neurotoxins.1238-1242  Figure I-49 illustrates one example of a 

microfluidic device applied within a neuroscience context.1243  This microfluidic device 

was designed to incorporate a chip-based pixel sensor array, for high spatio-temporal 

resolution electrophysiological recordings from single, and large scale neuronal 

networks.1243 
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Figure I-49:  Working principle of an in vitro neuronal active pixel sensor array platform, for high    
spatio-temporal resolution electrophysiological recordings.  Neurons grow and develop chronically on the      
high-resolution microelectrode array.  Fast acquisition of extracellular electrophysiological signals is 
performed as a sequence of frames by encoding extracellular voltage signals as pixels data.  By using a 
false color map, this enables the video observation of the overall network activity as well as local activity 
on the basis of single pixel data.  Single microelectrode raw data is reconstructed by combining single pixel 
data from sequential frames.  (Figure I-49 from Berdondini et al., 2009)1243 
 
 

Figure I-50 illustrates a second example of a microfluidic device, designed 

specifically for neuroscience applications.1244  This device was used to sample in vivo 

rodent brain neurochemistry using a microdialysis probe.  The design also incorporated a 

microfluidic droplet generator, a sample injector, and a capillary electrophoresis 

separation channel.  The immiscible plugs generated by the droplet generator eliminated 

axial dispersion of analytes between plugs, where a temporal resolution of 2 s was 

reported for this particular microfluidic chip design.1244 
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Figure I-50:  Operational scheme of off-line capillary electrophoresis (CE)-based in vivo sensing using 
plugs as fraction collector.  (A) In vivo dialysate is derivatized on-line and stored in collection tubing.     
(B) Plugs in the tubing are pumped to the microfluidic chip for electrophoretic analysis. The inset shows a 
brightfield picture of sample plugs stored in 150 µm inner diameter (ID) high-purity perfluoroalkoxy 
(HPFA) tubing. The volume of each plug is about 2 nL. (Figure I-50 from Wang et al., 2010)1244 
 
 

Microfluidics has the potential to impact the future direction of both science and 

engineering.  Very few disciplines in science and engineering can match the 

comprehensive interdisciplinary nature of microfluidics, where a technologist could be 

doing chemical engineering, electrical engineering, mechanical engineering, physics, 

chemistry, biology, and medicine, all at the same time, on a single palm-sized chip.  

Anywhere small quantities of fluids are of interest, microfluidic platforms should be 

considered seriously for their potential to solve or augment these scientific initiatives.  
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Scope of Dissertation 

In a very broad and general sense, analytical chemistry could be characterized as 

the science of identification, and quantification, of small chemical quantities.  Analytical 

chemists rely heavily upon instrumentation and device technology, in their endeavors to 

contribute to the advancement of fields as far ranging as materials science, archeology, 

forensics, food science, infectious disease, and neuroscience, just to name a few.  The 

advancement of analytical chemistry typically takes one of two paths.  One path is to 

advance the, “chemistry” side, of analytical chemistry, with the other path advancing the 

“instrumental” or “device” side, of analytical chemistry.  This body of research was 

primarily devoted towards, the advancement of the latter.   

This dissertation will present a body of research data for the design, fabrication, 

and characterization of a microfluidic device, for use in direct-sampling neuroscience 

experiments.  To date, microdialysis remains the primary sampling technique, for 

research endeavors focused on advancing humanities basic science understanding of      

in vivo brain neurochemical dynamics.  Other secondary techniques such as fast scanning 

cyclic voltammetry, are also widely reported within the neuroscience research literature.  

Very few research labs around the world utilize direct-sampling probe technology, to 

study in vivo brain science.  Therefore, this technique is not well characterized.  Very 

little precedence is available for researchers to rely upon, in considering this technique as 

an option, to study the chemical dynamics within a living, and fully functional brain. 

One likely reason direct-sampling is not widely employed within neuroscience 

laboratories around the world, is due to the very specialized instrumentation required of 
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the technique, in addition to the very stringent performance demands placed upon the 

highly specialized instruments.  Direct-sampling probes must extract cerebral spinal fluid 

(CSF) from a rodent’s brain, where it is noted a rat’s brain measures at most 1.5 cm in 

length, for any direction taken across the brain.  The small volume rodent brain is 

primarily composed of tissue mass, in turn leaving very small quantities of CSF that are 

available for extraction, and subsequent chemical analysis.  Therefore, the most obvious 

constraint of direct-sampling probe technology, is the requirement of a device to perform 

with very low flow rates, when extracting CSF from a rodent’s brain.  Direct-sampling 

device technology is expected to perform with flow rates on the order of sub-50 nL/min.  

To put this flow rate into perspective, it would take 69.4 days to create a 1 mL droplet of 

water, using a flow rate of 10 nL/min.  The same 1 mL droplet of water could be created 

in a total of 13.8 days, using a flow rate corresponding to 50 nL/min.  

A second major requirement expected of the direct-sampling fluidic extraction 

device, is the ability to work against very large backpressures.  The tortuosity existing 

throughout a mammal’s brain creates many small flow paths/channels (i.e. extracellular 

gaps between brain cells), where CSF is available for extraction.1245-1254  A very high 

resistance is associated with transport of fluids throughout very small conduits, where as 

a baseline reference, the hydraulic resistance for laminar flow through a rigid straight 

pipe with circular cross-sectional geometry, scales as one over the fourth power of the 

pipes radius, and further, it is generally estimated the extracellular gap distance between 

brain cells, is approximately 20 nm.1245  Therefore, the brains tortuosity leaves a very 

high inherent resistive threshold that must be surmounted, if the fluidic extraction device 
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is to be successful in transporting CSF from a rodent’s brain, to a chemical analysis 

instrument.  A physical representation of a brains inherent tortuosity can be referenced 

within Figure I-51.1255  The top image illustrates the small flow channels that exist 

between brain cells of a healthy brain, and therefore represents normal tortuosity.  The 

bottom image represents a proposed hypothesis, where an increase in tortuosity is 

proposed when the brain is affected by a pathological condition such as ischemia.  An 

increase in tortuosity is produced when a decrease in gap distance between adjacent brain 

cells occurs, with this effect also producing an increase in flow resistance through these 

brain cell gap regions.  

 

 

Figure I-51:  Background macromolecules exclude dead-space diffusion: a hypothesis.  Brain tissue is 
composed of cells surrounded by a thin layer of extracellular space (ECS).  Because the interstitial spaces 
are interconnected, they form a system of channels where signaling molecules and substances diffuse     
(top image).  During ischemia and other pathological conditions, cellular elements expand their volume as 
water moves from the extracellular to the cellular compartment, and blockages are formed in some 
interstitial planes.  Diffusing molecules that enter these pocket-like regions are delayed and tortuosity 
increases (bottom left image).  When background macromolecules, such as dex70, are added to this tissue, 
they become trapped in the dead spaces.  By excluding the dead-space volume, dex70 prevents marker 
molecules from being delayed there, and tortuosity decreases (bottom right image).  (Figure I-51 from 
Hrabetova et al., 2003)1255 
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Other critical requirements demanded of the fluidic extraction device are; very 

low dead volumes, biocompatibility, highly inert activity towards CSF, capability of 

being integrated in-line with modern analytical instrumentation, and a device with 

operational performance that is adjustable, highly stable, and reproducible.  A device that 

meets all of the above requirements, would ideally allow a neuroscientist to obtain and 

analyze neurochemical information with both high spatial and temporal resolution.  The 

device in every regard, must, perform as an analytical instrument, for the direct-sampling 

methodology to be considered a viable, and competitive brain sampling technique. 

A microfluidic pump was chosen as the analytical device, to perform direct CSF 

sample extraction from the brain of an anesthetized rodent.  The general design concept 

of the micropump can be seen within Figure I-52.  This micropump was formed in-part 

by molding prepolymer polydimethylsiloxane (PDMS) against a template.  This mold 

produced the micropump microchannel.  Two capillary tube interconnects were placed 

partially within the microchannel, with subsequent bonding of a featureless layer of 

PDMS to seal the inlaid capillary tubes and microchannel, from exposure to the 

atmosphere.  Piezoelectric cantilevers with precision machined external valves were 

employed as actuators.  The cantilevers were driven with external electronic hardware, 

such that a peristaltic wave motion was created across the microchannel, in driving 

fluidic contents through the micropump, in the forward bias direction. 
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Figure I-52:  Generalized micropump cartoon.  The micropump cartoon illustrates the primary components 
of: two bonded PDMS layers, an inlet and outlet capillary tube, and piezoelectric cantilevers with precision 
machined external microvalves attached to each cantilever tip. (Figure I-52 adapted from M.T. Bowser, 
2007). 
 

 

The direct-sampling methodology is depicted within Figure I-53.  The          

direct-sampling probe corresponds to the micropump inlet capillary tube interconnect.  It 

is possible to chemically analyze neurotransmitter concentrations within CSF, when the 

micropump is connected in-line with a CE-LIF instrument.  The electropherogram as 

shown, allows an analytical chemist/neuroscientist to correlate neurotransmitter release 

events within the rodent’s brain, to various experimental stimuli induced over a specified 

period of time. 
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Figure I-53:  Direct-sampling methodology.  Schematic illustrates the process of directly extracting 
cerebral spinal fluid (CSF) from the brain of an anesthetized rodent, for subsequent CE-LIF neurochemical 
analysis.   

 
 

The micropump as presented within the forthcoming Chapters, employed 

capillary tube interconnects with sizes of 105 / 40 µm (outer diameter / inner diameter).  

A reasonable estimate, of the average diameter for a single filament of human hair, is 

taken as 100 µm.  Therefore the 40 µm inner diameter sampling area of the inlet capillary 

tube interconnect, is less than one half the average diameter of a single filament of human 

hair.  In contrast, microdialysis probes have typical sampling area dimensions of,             

4 mm x 1 mm (L x W).  Contrasting the difference in sampling area of a direct-sampling 

probe, to that of a microdialysis probe, it is recognized the spatial resolution of a     

direct-sampling probe is improved over 5000-fold, compared to that of a microdialysis 

probe.  The difference in sampling areas, when considered for a 2D diagram, can be seen 

within Figure I-54.1256  The small dot would correspond to the 2D sampling area of a 
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direct-sampling probe with dimensions of 105 / 40 µm (outer diameter / inner diameter), 

with the large rectangular box corresponding to the 2D sampling area of a microdialysis 

probe with dimensions of 4 mm x 1 mm (L x W).  The significant improvement in spatial 

resolution for a direct-sampling probe is clearly, indisputable. 
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Figure I-54:  Schematic to compare and contrast the difference in 2D spatial resolution of a microdialysis 
probe, to that of a direct-sampling probe.  (Figure I-54 adapted from Paxinos and Watson, 2005)1256 
 
 
 

The forthcoming Chapters, will present results as they pertain to the design, 

fabrication, and characterization of the micropump.  The micropump in every regard 

performs as an analytical instrument, and therefore was characterized as such.  The 

micropump metes and bounds were discovered through numerous detailed, and thorough 

characterization experiments.  This detailed assessment was necessary to ensure future 

micropump success, when integrated as an analytical microfluidic add-on attachment 
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device, to an already existing CE-LIF instrument.  The results that follow will allow an 

analytical chemist/neuroscientist to streamline and focus his/her efforts, towards the 

advancement of brain science studies.  Future directions, along with preliminary pilot 

study direct-sampling data will be provided within Chapter IX. 
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Chapter II :  A Soft-Polymer Piezoelectric Bimorph Cantilever-

Actuated Peristaltic Micropump 
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Synopsis 

A peristaltic micropump was fabricated and characterized.  The micropump was 

fabricated using soft lithography, and actuated using piezoelectric bimorph cantilevers.  

The micropump channel was formed by bonding two layers of PDMS, mixed at 5 : 1 and 

30 : 1 ratios.  The channel was fabricated in the 5 : 1 layer using replica molding (REM), 

where a very simple and inexpensive template was made by straddling a 75 µm wire over 

a glass substrate, followed by covering and smoothing over the wire with a piece of 

aluminum foil.  Not only was this template inexpensive and extremely simple to 

fabricate, it also created a rounded cross-sectional geometry which is favorable for 

complete valve shutoff.  The cantilevers were driven at Vp = ±90 V with amplified square 

wave signals generated by a virtual function generator created in LabVIEW.  

Connections to the micropump were made by placing capillary tubes in the channel, and 

then sealed between the two layers of PDMS.  Machined aluminum clamps were adhered 

to the tips of the cantilevers with general purpose adhesive.  These clamps allowed for 

aluminum valves, with finely machined tips of dimensions 3 mm by 200 µm, to be held 

firmly in place.  The variables characterized for this micropump were flow rate, 

maximum attainable backpressure, free cantilever deflection, valve shutoff, and valve 

leakage.  Three actuation patterns with phase differences of 60º, 90º, and 120º were 

compared for flow rate and maximum backpressure.  It was determined that the 120º 

signal outperformed the 60º and 90º signals for both maximum flow rate and maximum 

attainable backpressure.  The maximum and minimum flow rates demonstrated by the 

micropump were 289 nL/min and 53 nL/min, respectively.  The maximum backpressure 
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attained was 35,300 Pa.  It was also demonstrated that the valves fully closed the 

channels upon actuation, with minimal observed leakage. 

 

Introduction 

An important aspect in the design of any microfluidic device is the method used 

to transport fluids through the devices internal conduits.  Micropumps are commonly 

used for this purpose.  Micropumps in the literature have generally been classified 

according to one of two schemes.  The first is to classify a pump as either mechanical or 

non-mechanical (i.e. with or without moving parts).2, 619  The more recently suggested 

method is to classify pumps as either displacement or dynamic.609  Displacement pumps 

exert pressure forces on working fluids through one or more moving boundaries, where 

dynamic pumps continuously add energy to a working fluid in a manner that increases 

either its momentum or its pressure directly.609   The majority of micropumps in the 

literature fall into the displacement category, where the moving boundary is a 

reciprocating diaphragm.  Deflection of these pump diaphragms has been accomplished 

using many different types of actuators including pneumatic,283, 628 thermopneumatic,673, 

1257 electrostatic,684, 1258 electromagnetic,659, 660 shape-memory alloy,679 and 

piezoelectric.1259, 1260  The choice of which actuation method to use in displacement and 

dynamic pumps depends on many variables including the working solution, size, power 

consumption, flow rate, frequency, and backpressure needs.  The reader is referred to 

several excellent references that describe the pros and cons of each actuation principle for 

state-of-the-art micropump technology.2, 608, 609, 616, 617, 619  

One relatively unexplored actuation method for soft polymer-based micropumps 
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is the use of piezoelectric materials.  Piezoelectricity is a physical phenomena where a 

material will produce an electric charge when stressed mechanically, or produce a 

dimensional change when stressed electrically with a voltage.1261  These materials are 

widely used for many sensing and actuator applications.  The most common piezoelectric 

elements used for micropump applications are either rectangular bimorph (two-layers of 

piezoelectric material) cantilever beams or circular discs, both being made from a 

ceramic compound called PZT (lead zirconate titanate).  Dimensions for these actuators 

vary depending on performance requirements, but can be as large as several centimeters 

for microdevice applications.  One or more disks or cantilevers can be used to actuate a 

diaphragm.  A single cantilever or disc is often used with check valve pumps, where the 

valves are passive and respond to pressure changes within the pump chamber.  In other 

designs, piezoelectric elements can be combined in series to form peristaltic pumps.  The 

series configuration of actuators in effect creates a pump with multiple chambers.  By 

actuating the piezoelectric elements in series, a wavelike motion is created that propels 

solution with a net motion in one direction.  

For the work presented within this Chapter, a peristaltic micropump was 

fabricated from PDMS and glass using soft lithography.  A novel method was used to 

fabricate a simple, quick, and inexpensive template for prepolymer molding.  This 

method also produces a cross sectional geometry that is favorable for increased device 

performance.  Actuation of the micropump was performed using piezoelectric cantilevers.  

Aluminum clamps were adhered to the tips of the cantilevers, to hold precisely machined 

aluminum masses in place that served as valves for the micropump.  Strict control of 
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registration for the valves over the channel was made possible with the aid of in-house 

manufactured micropositioners.  The performance variables characterized for this 

micropump were flow rate, valve closure, valve leakage, and maximum backpressure. 

 

Experimental Methods 

1) Micropump Design 

The peristaltic micropump, valves, and valve clamps are shown in Figure           

II-1A–C.  The micropump is composed of a PDMS channel layer placed on a glass 

substrate, as shown in Figure II-1C.  Three piezoelectric cantilevers are mounted on 

anodized aluminum micropositioners that allow for individual control of the horizontal 

and vertical position as well as the tilt of the valve tips.  Adhered to the ends of the 

cantilevers are aluminum clamps that hold aluminum valve tips in place, with the valve 

tips used to control the open and closed states of the microchannel.  A close up view of 

the clamps and valves can be seen in Figure II-1B, and a cross sectional schematic of the 

valve tips can be seen in Figure II-1A. 
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Figure II-1:  Image of the micropump, micropositioners, and valves.  (A) The cross-sectional geometry of 
the valve.  The width of the microvalves was 200 µm, and the length was 3 mm.  (B) A close-up image of 
the valve clamps used to secure the valves in place.  (C) The full micropump design with the 
micropositioners, piezoelectric cantilevers, and PDMS channel structure on a glass substrate. 
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2) Micropump Fabrication 

A) PDMS Channel and Base Layers 
 

The micropump is composed of a single channel fabricated in PDMS.  Fabrication 

begins with the creation of the master template.  The template was formed by wrapping a 

75 µm wire over a clean glass substrate, where the ends of the wire were adhered to the 

underside using Scotch tape.  A thin layer of general purpose adhesive was then sprayed 

across the top of the glass surface.  Aluminum foil was placed over the glass surface, in 

effect sandwiching the metal wire between the glass and aluminum foil.  The aluminum 

was then gently smoothed over the wire using finger pressure to remove any air pockets.  

To complete the process, a square Teflon block with a carved out “C” was used to further 

smooth the aluminum foil.  The narrow edge of the Teflon block was used to press the 

foil tightly against the covered metal wire. 

After the template mask was fabricated, PDMS prepolymer (GE, RTV 615) was 

mixed in a 5 : 1 ratio and poured over the surface of the mask.  Rectangular plastic 

spacers (~203 µm in height) were placed at the edges of the template to control the 

PDMS layer thickness.  Next, a clean glass wafer was laid onto the mask surface with 

prepolymer and plastic spacers, to create a “sandwich” of PDMS.  Gentle pressure was 

applied to both mask and glass wafer to extrude excess PDMS.  Before heat curing, 

general laboratory tape was adhered to the top and bottom sandwich substrates to hold the 

two substrates in place.  The PDMS sandwich was cured in a convection oven at 80º C 

for one or more hours.  The 5 : 1 ratio yields a relatively firm PDMS layer that accurately 

reproduces the rounded shape of the template and is resistant to damage when 
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compressed by the metal tip of the actuator. 

Fabrication of the second PDMS layer was similar.  Prior to mixing the second 

layers prepolymer PDMS at a 30 : 1 ratio, two clean glass wafers were placed in a 

desiccator with tridecafluorooctyltrichlorosilane vapor (United Chemical Technologies, 

model T2492) for 1–2 h to reduce adhesion of the PDMS to the glass substrates.  After 

removing the wafers from the desiccator, plastic spacers measuring ~203 µm were placed 

on one of the glass substrates to control the PDMS layers thickness.  The 30 : 1 PDMS 

prepolymer was then poured over the glass surface, with subsequent addition of the 

second glass substrate to sandwich the 30 : 1 PDMS.  Gentle pressure was applied to the 

glass substrates to extrude excess PDMS, and tape adhered to top and bottom glass 

substrates to hold them in place while curing.  A partial cure of the 30 : 1 PDMS was 

performed in a convection oven for 45 min.  The 30 : 1 ratio gives a more flexible, tackier 

PDMS layer that ensures a good seal with the channel layer. 

Fused silica capillary tubing (Polymicro, 105 µm outer diameter/40 µm inner 

diameter) was used to make connections to the micropump.  After separating the fully 

cured 5 : 1 wire molded PDMS sandwich, two ~30 cm long pieces of capillary tubing 

were placed approximately 1.5 cm into the PDMS channel.  When the capillary tubes 

were properly aligned, a fresh 5 : 1 PDMS mixture was placed along the capillary tube in 

the channel to seal the void areas between the channel and tubing.  At this point the 

partially cured 30 : 1 sandwich was separated and placed over the 5 : 1 layer with the 

capillary tubes in place.  A heat cure was performed at 80º C for one or more hours to 

irreversibly bond the two layers.  After removal of the sealed PDMS channel from the 
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convection oven, another fresh mixture of 5 : 1 PDMS was applied to the outer regions 

where the capillary tubes exited the PDMS, and cured again at 80º C for one or more 

hours.  The 30 : 1 layer served as the base layer, where the 5 : 1 layer with the wire 

replica molded channel served as the membrane for the micropump.  The membrane at its 

thinnest point measured ~140–145 µm. 

 

B) Valves and Valve Clamps 
 

Aluminum valve clamps were adhered to the tips of the piezoelectric cantilevers 

(see Figure II-1B).  The valves for the piezoelectric cantilevers were fabricated from 

rectangular aluminum blocks using an electrical discharge machine (EDM).  At one end 

of the blocks was a finely machined protruding structure (see Figure II-1A), with a cross 

sectional geometry resembling that of an obelisk.  The protruding structures served as the 

valve tips that made contact with the PDMS membrane surface.  The PDMS contact area 

of the valve tips were machined with a length and width of 3 mm and 200 µm, 

respectively. 

 

C) Cantilevers, Stabilizer Blocks, and Micropositioners 
 

Piezoelectric cantilevers were purchased from Piezo Systems (Q220-A4–303YB).  

This model cantilever comes with the PZT actuator bonded to a general quick mount 

system, with prewired electrical connections.  In order to mount the cantilevers into the 

micropositioners and protect the cantilevers from being damaged, approximately 12 mm 

x 6 mm x 3.5 mm (L x W x H) acrylic blocks were hand machined and adhered to the top 
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of the quick mounts.  Printed circuit board (PCB) material was hand machined and 

bonded to the bottom of the quick mount cantilevers.  Both PCB and acrylic mounts were 

bonded to the quick mounts with a general purpose silicone adhesive (see Figure II-1C).  

Micropositioners that allowed for adjustment of the valve position were fabricated 

in the Electrical Engineering Machine Shop at the University of Minnesota.  Hand-turned 

adjustments were made possible with two manual micropositioning stages (Edmond 

Scientific, #56–416) and one metal hinge.  The design of the micropositioners allowed 

for adjustments to be made horizontally (in/out), vertically (up/down), and tilt (up/down).   

The bulk material of the micropositioners was aluminum, where the aluminum was 

anodized to prevent any potential arcing from the cantilevers to the micropositioners.  

Metal screws were used to hold the cantilevers in place, where plastic screws were used 

to hold the micropositioners to the glass substrate where the PDMS channel resided.  The 

micropositioners with the cantilevers and mounts can be seen in Figure II-1C. 

 

D) Software and Hardware 
 

A virtual function generator was created using National Instruments software and 

a data acquisition card (PCI-6259).  The function generator had controls for signal type, 

frequency, amplitude, and phase adjustments.  Three channels with individual phase 

adjustment were necessary to deliver signals to the cantilevers that would create a 

peristaltic motion.  Actuation signals with phase differences of 60º, 90º, and 120º were 

compared with respect to flow rate and maximum attainable backpressure.  Figure II-2 

illustrates the three valve sequences for the 60º, 90º, and 120º signals.  In-house 
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electronic hardware was fabricated to drive the piezoelectric cantilever actuators.  High 

voltage amplifiers (Apex Microtechnology, PA15A) were used to amplify square waves 

generated by the virtual function generator to Vp = ±90 V, which was the maximum 

allowable driving potential for the cantilevers. 
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Figure II-2:  Signal sequence for peristaltic micropump valves.  Three unique square wave signal 
sequences are possible by varying the phase of the signal sent to each of the cantilever actuators.  These 
three signal sequences can be referred to with respect to their phase variations of 120º, 90º, and 60º. 
 

3) Characterization Experiments 

E) Valve Alignment 
 

With the cantilevers connected to the micropositioners, and the micropositioners 

connected to the glass substrate containing the PDMS channel, the valves were aligned 

over the channel using a microscope.  The valves were aligned such that they were 

directly over the channel membrane, so that when actuated in the down position, the 
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channel was completely closed off from fluid flow in either direction.  Valves not 

completely closing off flow (i.e. not 100%) were easily spotted using either fluorescence 

detection under the valves, or by observing cavitation, where bubbles would form in the 

channel under or adjacent to the valve. 

 

F) Flow Rate 
 

Flow rates were characterized by tracking the linear flow velocities of a small 

bubble introduced into the outlet line of the micropump, using distilled water as the 

working solution.  Tracking the bubbles velocity over time allowed for a flow rate to be 

calculated using the formula Q = Av, where Q = flow rate, A = the cross sectional area of 

the flow, and v = linear flow velocity.  The flow rate was characterized for signals with 

phase differences of 60º, 90º, and 120º.  The standard errors were calculated and plotted 

as error bars for each set (n=4) of flow rate measurements taken at each frequency. 

 

G) Maximum Backpressure 
 

Backpressure measurements were taken by connecting the micropump outlet to an 

electronic pressure sensor (Honeywell, 40PC015G2A), that previously had its internal 

cavity completely filled with distilled water.  The micropump was actuated to flow 

solution towards the pressure transducer.  The pressure was monitored over time until a 

stable reading was obtained.  The maximum attainable backpressure was characterized 

for actuation sequences with phase differences of 60º, 90º, and 120º. 
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H) Valve Deflection and Valve Shutoff Cycle 
 

Valve deflection was measured by placing a micropositioner on its side and 

recording the no-load displacement of the valve at 30 V intervals from -90 V to 90 V.  

Displacement values were recorded using a microscope with an embedded optical reticle 

placed in the eyepiece of the microscope.  

Valve shutoff data was collected independently from the valve deflection 

measurements.  The collection of valve shutoff data began by placing the micropump in 

an inverted position, so that the PDMS channel under the valves was visible through an 

epifluorescence microscope.  A working solution was flowed through the micropump 

using a syringe pump.  After stopping the syringe pump, the solution was allowed to 

dissipate from the micropumps outlet for 30 s, where after this time, the outlet was 

capped off to prevent any further loss of solution.  Intensity values were recorded for both 

distilled water and a 1 mM fluorescein solution, where these data were collected at 30 V 

intervals from -90 V to 90 V using a CCD camera.  The background signal for the 

distilled water was subtracted from the fluorescein signal, where quantification of the 

signal intensities was performed using Metavue software. 

 

I) Valve Leakage 
 

Experiments to measure valve leakage began by filling the micropump with 

distilled water using a syringe pump.  After the microchannel was filled, the inlet of the 

micropump was disconnected from the syringe pump and placed into a water-filled 

reservoir.  The pump outlet was then connected to a pressure sensor that had been 
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previously filled with distilled water.  The pump was operated at 40 Hz with a 120º 

signal, until the pressure stabilized at its maximum attainable value.  After the 

backpressure stabilized, actuation of the cantilevers was stopped and the inlet of the 

micropump was removed from the reservoir, and laid on a flat surface.  The cantilevers 

were then individually actuated with dc signals, so that two valves were in the open 

position, while one remained closed.  Pressure measurements were recorded for 10 min 

with one valve closed, to examine pressure loss in the system.  After the 10 min 

observation period, the pressure drop was recorded as the closed valve was opened. 

 

Results and Discussion 

4) Micropump Design 

J) Peristaltic Design 
 

Peristaltic pumps have several inherent advantages over other pump designs.  

Unlike micropumps that utilize check valve designs, peristaltic pumps usually involve a 

simpler design and fabrication process.  For example, the micropump described for this 

work requires only one simple template, and no photolithography mask for fabrication of 

the PDMS channel, where other pumps made from PDMS require two or more templates 

and photolithographic masks.105, 283  Devices that require two or more masks for 

fabrication can also have a difficult and/or complicated registration process for aligning 

multiple layers of PDMS.105  Two other favorable design aspects for peristaltic pumps 

with designs similar to the one described within this Chapter are; (1) insensitivity to the 

working solution, and (2) little or no dead volume associated with the valving region. 



 

 108 

K) Piezoelectric Actuation and Cantilever Valves 
 

Piezoelectric actuation is a well-suited method for many micropump designs.  

This method of actuation has been widely utilized with glass and silicon-fabricated 

micropumps, but has remained a relatively unexplored actuation method for soft 

polymer-based micropumps.  Compared to other external micropump actuators, 

piezoelectric actuators made from PZT can generate some of the largest actuation forces.  

PZT actuators also have some of the fastest response times, and are not limited to 

external on/off switching equipment like many pneumatic designs.  Deflection 

displacement can be very large in comparison to other actuation methods, where less than 

100 µm of free deflection is typical.  Theoretical displacement values for the cantilevers 

used in this work is 630 µm.1261  Lastly, external actuators like piezoelectric cantilevers 

allow for a partially disposable device design, where the actuators can be used repeatedly 

for disposable PDMS fabricated microchannel structures.  

In spite of the many advantages piezoelectric actuators possess, this method of 

actuation, like that of all other methods, is not ideal in every way.  The biggest 

disadvantage of using external piezoelectric actuators is their physical size.  This property 

does not allow for an extremely high density of addressable valves like that of some 

pneumatic designs.628, 945  The up-front design work in using piezoelectric actuators is 

also likely more complex and costly than most pneumatic designs, when in-house 

micropositioners are utilized for valve alignment.  While it is possible to utilize primitive 

fixed-in-place clamping methods for valve alignment, it is highly advantageous to use 

micropositioning devices.  Once fabricated, micropositioner devices have the advantages 
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of being reusable, and highly reproducible.  Registration of valves over microchannels is 

also very quick and effortless.  This may not always be the case with pneumatic designs, 

where alignment of a second PDMS valving layer over PDMS flow channel is required.  

Both the micropositioners and the precision-machined valves for this pump can provide 

the user with flexible options to modify the flow and valving characteristics of the pump.  

Only one valve-tip dimension was used for this micropump, however it is possible to 

fabricate other valves with different dimensions to tailor a micropumps flow and valving 

conditions to any specific device. 

 

5) Fabrication 

L) Replica Molding (REM) Template 
 

The most common method for fabricating mask templates for the purpose of 

replica molding is to use soft lithography rapid prototyping methods.274  This process 

creates a mylar mask using computer-aided drafting (CAD) software and high resolution 

printers.  Typically, the mylar mask is used in a cleanroom, where photolithography is 

performed for creation of bas-relief structures.  The use of cleanroom equipment can be 

expensive, and also requires the user to develop photolithography processing protocols.  

However, creation of master templates using photolithography has the advantage of 

allowing for complex and dense structures to be patterned.   

In certain instances where simple structures such as long channels or flow crosses 

are needed for replica molding, it may not always be necessary to use clean-room 

equipment for template creation.365, 887, 1262  This was the case for this work.  Template 



 

 110 

creation required very inexpensive and accessible supplies such as aluminum foil, glass, 

general purpose adhesive, small-gauge wire, and a soft plastic material such as Teflon.  

The simple nature of the template design eliminated the need for use of CAD software.  

While the method used for template creation in this work is limited to fabrication of 

simpler structures, it still has the advantages of being considerably faster, easier, and 

cheaper than using photolithography equipment in a cleanroom.  It is conceivable this 

aluminum foil-wire template process could also be automated, as a result of the very 

simple template designs.  Machines could use CAD file designs to lay wire down onto an 

adhesive surface, where the aluminum foil could be vacuum sealed over the wire.  

Another possibility would be to use the aluminum foil-wire template process in          

mix-and-match lithography.  Complex design layers could be fabricated using templates 

created from traditional photolithography masks, where the simpler design layers could 

be created from templates fabricated using the aluminum foil-wire template process.  

One last advantage of the template fabrication process described for this work has 

to do with the cross-sectional geometry of the channel.  The rounded channel geometry 

produced for this work can be seen in Figure II-3.  It has been shown that a rounded 

channel geometry is favorable for valving processes on microfluidic chips.283  It is also 

common to find other applications that benefit from creation of microstructures with a 

rounded profile.303, 1099, 1263 
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~95 µm

 
 
Figure II-3:  Cross-sectional image illustrating the PDMS channel geometry.  A smoothly rounded channel 
is produced using the aluminum foil/wire molding process. 
 

6) Flow Rate 

The effect of actuation frequency on flow rate is shown in Figure II-4.  Actuation 

signals varying in phase by 60º, 90º, or 120º are also compared.  All three curves 

demonstrate an initial sharp increase in flow rate, followed by a frequency range where 

flow rates increase linearly, and then either start to drop off (120º & 60º) or continue to 

increase slowly (90º).  The overall trend in the magnitude of flow rates (120º > 90º > 60º) 

can be explained with a closer examination of Figure II-2.  For the 120º signal, there is no 

point throughout the actuation cycle where at least one valve is not completely closed.  

For the 90º signal, as pressure builds at the outlet, backflow can occur between steps 2 

and 3 when the outer valves change from open to closed, and closed to open, 

respectively.  The situation is even more extreme in the 60º pattern, where in step 3 all 

three valves are open, allowing for complete backflow from outlet to inlet as pressure 

builds on the outlet side of the pump.  
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Figure II-4:  Effect of actuation frequency on flow rate generated by the micropump.  Actuation signals 
with 120º, 90º, and 60º phases were compared.  Flow rate was measured by tracking the linear velocity of a 
small bubble introduced into the capillary attached to the micropump outlet.  Error bars are the standard 
error of the mean (n = 4). 
 

The largest range of flow rates was observed for the 120º signal, which varied 

from 53–289 nL/min (0.1–35 Hz).  The ranges for the 90º and 60º signals were            

53–224 nL/min (0.1–40 Hz) and 69–162 nL/min (0.1–15 Hz), respectively.  Regions of 

each flow curve yielded very linear data.  The 120º signal was linear from 2–20 Hz  

(178–268 nL/min), with an R2 value of 0.9913.  The 90º signal was linear from 5–30 Hz 

(182–220 nL/min) with R2 = 0.9943.  And lastly, the 60º signal was linear from          

0.7–10 Hz (113–150 nL/min) with R2 = 0.9962.  The stability and reproducibility of these 

flow rate data makes this pump an ideal candidate for applications that require 

microdosing or microinjecting functions.  The large range of frequency operation also 

allows users to more easily fine-tune desired flow rates, as opposed to other actuation 

methods such as thermopneumatic designs, where frequency of operation is limited to 

only a few Hertz.  While no data were collected for flow in the opposite direction, the 
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micropump was tested, and easily reverses flow simply by inverting the signal sequence 

delivered to the cantilevers.  

Flow rate data for each signal pattern were only collected up to 40 Hz.  Above   

40 Hz, the micropositioners had a tendency to vibrate out of place, moving the valves out 

of alignment over the channel.  At frequencies higher than 40 Hz, flow rates decreased.  

Using a microscope, cross-sectional examination of the micropump cantilevers with a 

PDMS channel under the valves, reveals a sharp decrease in amplitude from 50–52 Hz.  

These data suggest that there is a physical response time limitation of the cantilevers 

themselves to fully respond to the input signals.  However, this explanation cannot 

account for the flow rate data between 40 and 50 Hz, where flow rates start to decrease.  

A possible explanation would be that there is another response time limitation associated 

with the PDMS membrane, where above 40 Hz the membrane below the valve is not able 

to fully relax before the valve recloses the channel.  The observation of cantilever 

deflection with PDMS channels below the valves also indicates that possible resonant 

frequencies exist at 33, 36, and 49 Hz. 

 

7) Valve Deflection and Valve Shutoff Cycle 

Valve performance in any pump is very important.  Valves must reliably block 

backflow, as even the smallest amount of leakage could detrimentally affect device 

performance.  The deflection of the cantilever with zero load was measured, to serve as a 

comparison to the situation where the cantilever movement was subjected to a load     

(i.e. closing off the PDMS channel).  As shown in Figure II-5A, the cantilevers have an 

inherent hysteresis associated with their deflection.  The data for experiments where a 
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PDMS channel is placed below the valves are shown in Figure II-5B.  The fluorescent 

signal detected in the channel is nearly zero at voltages less than -30V, supporting the 

conclusion that the valve fully closes off the channel, impeding flow of channel contents 

in either direction. 

 

 
 
Figure II-5:  (A) The deflection of an unblocked cantilever was measured with an optical reticle, by 
recording its displacement horizontally under a microscope.  (B) The microvalve open/close cycle was 
recorded by filling the micropump with a fluorescein solution using a commercial syringe pump.  After 
filling the micropump, a plug was placed over the outlet line of the micropump, trapping the fluorescein 
solution inside the micropump channel.  Fluorescence intensity was then recorded using an epifluorescence 
microscope at various points throughout the actuation cycle.  The data shown here are from a single 
representative experiment. 
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8) Valve Leakage 

Another important performance metric for which pumps are evaluated is their 

valve leakage.  The leakage of a valve can be improved by three to four orders of 

magnitude through the use of soft materials such as PDMS, when compared to devices 

fabricated in hard materials such as silicon, glass or silicon nitride.2  The use of PDMS 

for the channel, combined with the high pressure resulting from the large force generated 

by the piezoelectric cantilevers, when applied to the small surface area of the valve tips, 

would be expected to minimize the potential for leakage through the valve when closed.  

Figure II-6 demonstrates the ability of a single closed valve to effectively seal the channel 

while under pressure.  One valve in the closed position was able to hold a pressure of 

36,700 Pa, where only a 2% pressure loss (827 Pa) was observed over ten minutes.  It is 

believed that much of this pressure loss occurred at connections between the outlet of the 

micropump and the pressure sensor, since no backflow was observed through the valve.  

After ten minutes the piezoelectric actuator was opened and the rate of pressure loss 

increased 41-fold as fluid flowed through the open valve. 
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Figure II-6:  Micropump valve shutoff/leakage curve.  The micropump was allowed to fully pressurize the 
outlet line connected to a pressure sensor.  Actuation was then stopped in a position with a single valve in 
the fully closed position.  Pressure measurements were monitored for ten minutes to monitor leakage 
through the closed valve.  After ten minutes the closed valve was opened and further pressure 
measurements were obtained for the depressurization of the outlet line.  The rate of pressure loss increased 
41-fold when the valve was opened.  The data shown here are from a single representative experiment. 
 

9) Maximum Attainable Backpressure 

As shown within Figure II-7, both the effect of frequency, and the actuation 

signals phase, were examined for their effect on the micropumps maximum attainable 

backpressure.  It can be observed the backpressure magnitudes followed the trend of; 

120º > 90º > 60º for all frequencies.  This trend can be explained by the potential for 

solution backflow when using the 60º and 90º signals, as discussed in the flow rate 

section above.  The overall trend for the 120º and 90º signals was to increase to their 

maximum values of 35,300 Pa and 28,000 Pa respectively.  For the 60º signal, maximum 

backpressure stabilized at 15 Hz, maintaining a pressure between 19,700 – 20,000 Pa    

up to 40 Hz.  The backpressures this micropump can work against are higher than most 

previously reported peristaltic micropumps.2, 609  The large actuation force generated 
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using external piezoelectric cantilevers, in conjunction with the small contact surface area 

of the valves with the PDMS membrane, make it possible for the valves to generate very 

large pressures that are able to fully close even when the valves are working against large 

backpressures.  Subsequent Chapters that follow, will also discuss the effect of the 

peristaltic signals frequency, amplitude, shape, wavelength, and phase, and the effect 

these variables have on a micropumps maximum attainable backpressure.  The high 

backpressures this pump can work against make it suitable for in vivo drug delivery 

applications, where it has been reported in vivo backpressures can be as high as       

25,000 Pa.609   

 

 
 
Figure II-7:  Effect of actuation frequency on maximum attainable backpressure.  Actuation patterns with 
phase differences of 120º, 90º, and 60º were compared.  Backpressure was measured by connecting an 
electronic pressure sensor to the outlet line of the micropump. The data shown here are from a single 
representative experiment. 
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Conclusions 

In conclusion, a piezoelectric bimorph cantilever-actuated peristaltic micropump 

was fabricated using soft lithography. The template fabrication method used for this work 

was extremely simple, cheap, and generated rounded cross-sectional geometries that are 

favorable for complete valve shutoff. The performance reported here suggests that this 

micropump is very robust and suitable for integration into many microfluidic device 

platforms. Flow rates are very reproducible, where measurements show little standard 

error at each frequency. Valve data indicate little if any backflow occurs across the 

valves, even when working against high back pressures. The alignment of the valves was 

also quick and effortless with the aid of machined micropositioners. The backpressures 

this micropump can work against show that it falls within the upper tier of what most 

micropumps are capable of generating. It was also demonstrated that the phase of the 

actuation signal was very important to overall performance of the micropumps flow rate 

and maximum attainable backpressure. 
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Chapter III :  Micropumps Fabricated from PDMS using:           

1) SU-8 Replica Molding; 2) a Handheld Micro Injection Molding 

Apparatus, with Performance Analysis for Rectangular vs. 

Rounded/Gaussian-Shaped Microchannel Geometries 
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Synopsis 

The instant Chapter expands upon the previously presented fabrication methods of 

Chapter II, for realization of a peristaltic micropump with piezoelectric actuators.  Two 

different fabrication methods were employed to fabricate micropumps with different 

cross-sectional channel geometries.  The first was to fabricate rectangular cross-sectional 

microchannel geometries using the well known fabrication method of replica molding 

(REM).271  The second, and far less utilized fabrication technique, was to create 

microchannel molds using an in-house fabricated handheld micro injection molding 

apparatus.  The injection mold apparatus was designed for use with elastomeric room 

temperature vulcanization (RTV) polymers, as opposed to most other injection molding 

machines, which are designed for use with thermoplastic polymers.  The injection molds 

bottom plate was used as a microchannel molding template.  The molding template was 

created by threading a small-diameter wire (150 µm or less) through the injection molds 

bottom plate, with subsequent adhesion and smoothing of a thin piece of aluminum foil 

over the wire-raised injection mold template.  When molded against, the template 

produced a rounded/Gaussian-shaped PDMS microchannel.  The design of the injection 

mold will be presented, along with a direct comparison for micropump performance 

metrics such as flow rate, valving characteristics, and backpressures attainable for each of 

the respective micropump channel geometries. 
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Introduction 

Microfabrication is at the very core of any microfluidic device, and therefore the 

pros and cons of any microfabrication technique must be considered carefully when 

choosing a fabrication methodology.  Microfabrication is by no means trivial, and as 

such, a wide array of techniques and methodologies have been developed for the purpose 

of creating unique microfluidic device technologies.  

 Prior to the early 1990’s, a time many regard as the beginning of modern 

microfluidic technology,23, 873 a large portion of microfluidic devices were fabricated 

using traditional glass and silicon micromachining methods.21, 262, 266, 267  Since the early 

1990’s however, microfluidic device technologies have been fabricated in large part 

using polymeric fabrication techniques.  The most widely reported and characterized of 

these polymeric fabrication techniques is that of soft lithography.271  Soft lithography has 

many attractive benefits such as rapid prototyping, use of well characterized materials 

such as SU-8 230, 234, 235, 240, 245, 246, 1264 and PDMS,108, 109, 1265 the ability to create nonplanar 

structures from elastomeric materials, and the ability to create micro and nano devices 

with minimal capital investment.271, 274  While soft lithography is currently the 

predominant microfluidic fabrication method reported, other very useful and promising 

fabrication techniques also exist.69, 86, 89-91, 277  A short list of other available 

microfabrication techniques includes embossing/imprinting,212, 214, 215, 330, 333, 1266 laser 

machining,288, 344, 348, 349 electrical discharge machining (EDM),339, 341, 342 lamination 

techniques,363, 365, 368 mechanical milling,371, 372 3D object printing,329 

microstereolithography,359-361 injection molding,88, 375-377, 379, 395, 397 and hybrid 
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approaches.1267-1269   

 Injection molding is a fabrication process widely utilized within industry, and 

often used for mass production purposes.  Injection molding machines are capable of 

producing large quantities of plastic parts, at a minimal cost per molded part.  Unlike soft 

lithography however, there are high initial start-up costs associated with injection 

molding fabrication methods.  The two primary reasons for the high initial start-up costs 

are the machine/instruments cost, as well as the costly master template that must be 

fabricated for the injection molding machine.233  Also in contrast to soft lithography, 

injection molding machines are primarily designed for use with thermoplastic materials, 

as opposed to other elastomeric compounds such as PDMS.  Therefore, with the wide 

applicability of both soft lithography and injection molding, it would prove highly useful 

if technologists had the ability to combine the benefits of both fabrication techniques.  

Technologists would stand to benefit from an available cost-effective injection molding 

apparatus, with the capability of producing cost-effective molding templates, and further 

from the possibility of producing elastomeric PDMS injection molded parts.   

 A particular fabrication strategy in some cases depends upon variables such as 

working materials, cost, facilities, and availability of instrumentation.  In other cases, the 

design of the device can be a determining factor in deciding upon which fabrication 

method to employ.  With the high surface area to volume ratio of microfluidic 

technology, channel size and channel geometry are very important considerations.435, 439, 

440, 1270  Many channel geometries have been reported and characterized for microfluidic 

devices including rectangular,440 rounded/bell/Gaussian-shaped,283, 326, 1271, 1272 
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circular,372, 1273, 1274 triangular,1275, 1276 and arbitrary cross-sectional shaped channel 

geometries.439, 1277  

 For this Chapter, a cost-effective handheld injection molding apparatus will be 

presented.  The design of the injection molding apparatus allows for a simple and       

cost-effective template fabrication scheme to be employed.  In contrast to most 

commercial injection molding machines that employ thermoplastics, this injection 

molding apparatus makes use of PDMS as a working material.  The handheld injection 

molding apparatus is further capable of producing rounded microchannel geometries, 

which are necessary for complete closure of a microchannel.  The performance of these 

rounded microchannel geometries will also be compared to rectangular microchannel 

geometries, that were produced using SU-8 fabricated templates, in connection with 

replica molding procedures. 

 

Experimental Methods 

Readers are directed to Chapter II for additional details and information for 

sections I) through L). 

 

1) Injection Mold Devices 

A) Injection Mold Apparatus Fabrication, Parts, and Assembly 
 

The injection mold apparatus as seen in Figure III-1 was fabricated primarily from 

aluminum (6061 T6) using a Haas (SMINIMILL) computer numerically controlled 

(CNC) milling machine, Bridgeport manual milling machine, and Hardinge manual lathe, 
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all within the University of Minnesota’s Electrical Engineering Machine Shop.  Parts as 

labeled represent: A) entire assembled injection mold apparatus; B) aluminum piston 

driver mount with stainless steel screw; C) stainless steel screws to secure top and bottom 

injection mold plates (parts labeled I and J); D) stainless steel cylinder spacers for 

placement between parts B) and E); E) aluminum cylinder body for containment of 

uncured PDMS, and subsequent injection into the injection mold cavity (bore diameter = 

0.376” = 0.955 cm; machined for 0.0005” = ~1.3 µm cylindrical gap with piston        

(part F)); F) stainless steel piston (diameter = 0.375” = 0.953 cm; case hardened AISI 

1566 steel, with outer surface of 60 Rockwell) with recessed divot for coupling with  part 

G), with piston used for driving uncured PDMS into injection mold cavity; G) hardened 

stainless steel ball (alloy steel E52100, hardened to 60-70 Rockwell) for placement atop 

the piston, used to reduce torque piston experiences when driver screw from part B) 

drives piston into cylinder to inject uncured PDMS, thereby allowing the piston to move 

vertically throughout the aluminum cylinder block without twisting, and therefore 

preventing scoring of the cylinder walls by the pistons surface contact; H) stainless steel 

screws threaded through parts B), D), E), I), and J), to align and secure these parts 

together; I) bottom injection mold plate fabricated from aluminum, where molding 

feature (aluminum foil molded over small diameter wire (illustrated as dotted line)) 

resides, including a machined internal crevice (width = 0.063” = 1.6 mm), where the 

internal region of the crevice defines the injection mold cavity area (5.2” = 13 cm (L) x 

0.81” = 2.1 cm (W)), and the region external to the cavity defines the gasket contact area; 

J) top injection mold plate fabricated from aluminum, which is smooth and featureless, 



 

 125 

and contains a through via (diameter = 0.03” = 0.76 mm) for PDMS to be injected 

through, with compression of the PDMS contained within the cylinder block (part E)).   

 
A

JI

HGF
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DCB
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Pressure
Gradient

Machined CreviceInternal CavityWire  
 
Figure III-1:  Images of injection mold parts (bottom image) and entire assembled apparatus (top image).  
Exit region of two exhaust ports indicated with arrows, and machined into bottom injection mold plate (I).  
Gasket contained within apparatus and sealed between top and bottom injection mold plates not shown, 
where discussion for this component is provided within section A).  Dotted line (wire) added as an image 
enhancement, for clarity and illustrative purposes only. 
 
 
 A polymeric gasket (not shown in Figure III-1) was utilized for placement 

between the top and bottom plates (parts I and J) when the injection mold was fully 

assembled.  The thickness of the gasket regulated the overall thickness of the entire fully 

cured PDMS layer, and therefore the membrane thickness over the channel as well.  

Commercially available gasket material is somewhat limited with thicknesses available, 

where thicknesses were chosen that most closely matched the formula; (gasket thickness 
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= PDMS layer thickness desired = wire diameter + ~100 µm for membrane thickness + 

~10 µm for aluminum foil thickness + ~20-30 µm compression factor for gasket 

material).  Gaskets were fabricated using a CAD file in conjunction with laser machining 

(Epilog Helix 24).  The CAD file was designed such that the gasket was cut from bulk 

polycarbonate material (McMaster-Carr P/N 9513K121) to be the same length and width 

as the top and bottom injection mold plates.  The laser machine further cut holes in the 

gasket to allow for screws (parts C) and H)) to pass through the gasket material.  

Additionally, the gasket was cut to remove the central portion, corresponding to the 

internal cavity surface dimensions of the bottom plate, or put another way, the surface 

contained within the machined crevice of the bottom plate.  Therefore the gasket material 

remaining only contacted the bottom plates surface external to the machined crevice 

(minus the holes removed for the screws to pass from top to bottom plate).   

 For the bottom injection mold plate, two recessed exhaust ports were machined 

(8.0 mm (L) x 1.6 mm (W) x 25 µm (D)) parallel to the lengthwise direction, that 

extended from the edge of the crevice to the outer edge of the injection mold plate       

(i.e. across the surface external to the machined crevice in the direction parallel to the 

lengthwise direction).  Such exhaust ports were utilized to allow for the uncured PDMS 

being injected into the cavity from the cylinder block and piston, to exit the injection 

mold across the exhaust ports.  The exhaust ports allowed for a pressure gradient to be 

developed throughout the injection mold cavity extending from the cylinder block and 

piston, to the exhaust ports.  This pressure gradient provided flow directionality, as well 

as just enough resistance to extrude bubbles across the exhaust ports. The bubbles were 
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created and trapped within the injected uncured PDMS as a result of the mixing process 

for the base and curing agent.  For other slightly modified injection mold designs, exhaust 

ports were laser machined into the gaskets themselves, instead of being machined into the 

actual bottom injection mold plate, where no difference in performance was noticed for 

the two designs.   

 

B) Injection Mold Wire-Template Fabrication 
 

The bottom plate of the injection mold (part I of Figure III-1) was utilized for the 

fabrication of the wire-template.  Within the internal region enclosed by the crevice as 

shown in Figure III-1, were two machined holes (diameter = 762 µm) that spanned the 

entire depth of the block.  A wire (illustrated as dotted line) of diameter ~152 µm    

(Small Parts, Inc., AWX-006-01-01) was threaded through the machined holes within the 

crevice region of the bottom plate, such that the wire spanned the entire length between 

the holes.  The wire ends were then wrapped around metal posts built into the opposite 

side of the bottom plate, where the wrapped wire was then secured in place after a nut 

with a Teflon washer was tightened over the wrapped wire.  If wound in the direction the 

screw was tightened, tightening of the screw would allow for the wire spanning the holes 

to be tightened even further, and therefore allowing the wire to remain taut. 

 With the wire secured in a taut state, general purpose adhesive was lightly and 

evenly sprayed across the wire and surface of the bottom plate.  A piece of general 

purpose aluminum foil was then placed over the bottom plates surface, smoothed over 

gently with finger pressure, and further molded with a straight edge from a Teflon block.  
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The straight edge of the Teflon block was approximately 2 cm in length, where just prior 

to the smoothing process, the Teflon block was rubbed vigorously back and forth on a 

smooth slate lab bench.  This ensured that a smooth and straight edge would be created 

and employed, so that tearing of the aluminum foil could be prevented.  After the 

smoothing process, a razor blade was inserted and passed through the internal cavity 

created by the crevice, so that the aluminum foil external to the crevice (i.e. external plate 

surface as shown in Figure III-1) could be removed, thereby leaving aluminum foil 

remaining only within the internal cavity surface where the taut wire resided.  Prior to 

assembling the injection mold, a general purpose citrus-based adhesive remover was used 

to remove excess adhesive that remained on the external surface area of the bottom plate.  

Acetone and IPA were then used as final cleaning steps, just prior to assembling the 

injection mold apparatus.  Care was taken so as to avoid leaving the template with any 

contamination along the wire raised structure.  Just prior to assembling the injection mold 

block, the template was observed carefully under a microscope to assure no 

contamination was left behind, and therefore preventing any contamination from being 

introduced into the fully cured PDMS injection mold. 

 

C) Injection Mold CNC Machined Template Fabrication 
 

A second approach was tested for the fabrication of a template structure to be 

molded to within the injection mold apparatus.  This template structure was created from 

a bulk piece of aluminum, where a raised structure was machined across a flat bottom 

plate for the injection mold.  The structure was machined using a Haas (SMINIMILL) 
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computer numerically controlled (CNC) milling machine, with a CAD file representing a 

square cross-sectional geometry with dimensions of ~10 cm (L), ~80 µm (W), and      

~70 µm (H).  The final machined cross-sectional geometry of the raised template 

structure retained burrs raised along the top surface (i.e. top width direction for the raised 

structure).  When PDMS was molded to the raised template structure, the cross-sectional 

geometry revealed a silhouette akin to a shape similar to that of “Batman’s head,” with 

pointed burrs raised in the vertical direction above the top surface of the 

square/rectangular cross-sectional structure.  To ameliorate these machining defects, a 

fine grit polishing compound (Happich Simichrome Polish P/N 390050) was rubbed over 

the structure to remove the defects.  The polishing step produced a smooth cross-sectional 

geometry with a rounded profile. 

 

D) Injection Mold Channel Layer Fabrication 
 

The channel layer was fabricated from PDMS prepolymer (GE, RTV 615) with a 

5 : 1 ratio of base to curing agent.  The prepolymer was mixed for 5 minutes with a     

stir-rod, and then poured without a degassing step into the cylinder (part E) of the fully 

assembled injection mold apparatus.  The laser cut gasket contained as a part of the fully 

assembled apparatus was cut from stock material with an overall thickness of ~318 µm 

(McMaster-Carr P/N 9513K121).  The piston was then inserted slightly into the cylinder 

block, with the hardened stainless steel ball (part G) placed on top of the piston 

thereafter.  The injecting screw (part B) was then secured against the stainless steel ball, 

and screwed downward to inject the PDMS prepolymer into the injection mold cavity.  
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Using a wrench, nearly maximum torsional force by hand was applied to the injection 

screw, so as to put the contents within the injection mold cavity under extreme pressure.  

In doing so, all bubbles that entered the injection mold cavity were forced out through the 

exhaust ports, leaving a bubble-free PDMS molded channel layer.   

 After injecting the PDMS prepolymer into the cavity, a quick cleanup of the 

extruded prepolymer was removed from the injection mold apparatus’ outer body.  The 

apparatus was then placed in an oven at 80º C for one or more hours.  After removed 

from the oven, the injection mold apparatus was placed under running water to expedite 

the cooling-down of the apparatus.  The injection mold was then disassembled, where the 

fully cured molded channel layer was carefully placed along a clean glass substrate.  

Cleanup of the injection mold parts was performed by first removing the aluminum foil 

over the wire, followed by a cleanup step using solvents (e.g. WD-40 or general purpose 

citrus-based cleaners) that would swell, and allow for easy removal of fully cured PDMS 

particulate matter.   

 

E) Injection Mold Base Layer Fabrication 
 

The base layer to be bonded to the wire template injection mold (as described in 

B) above) was fabricated from PDMS prepolymer (GE, RTV 615), using a 30 : 1 ratio of 

base to curing agent.  A six inch glass wafer was initially placed inside a desiccator with 

vapor produced by tridecafluorooctyltrichlorosilane (United Chemical Technologies, 

model T2492).  This antiadhesion vapor soak step was allowed to continue for 1-2 hours.  

After the vapor soak, the glass wafer was immediately placed in a photolithography 
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spinner (CEE Model 100), where the 30 : 1 prepolymer was poured over the glass wafer 

and spun using the program; 1) 400 RPM, 50 RPM/sec, 10 sec, 2) 1000 RPM,              

200 RPM/sec, 45 seconds.  After spinning the 30:1 PDMS, the glass wafer was baked in 

an oven at 80º C for 35 minutes to allow for a partially-cured 30 : 1 base layer to be 

formed.  The base layer thickness was measured with a surface profilometer, and 

measured to be approximately 80 µm thick on average when measured across the 

diameter of the glass wafer. 

 Fabrication of the base layer to be bonded with the machined-block template 

injection mold (as described in C) above) was also fabricated using 30 : 1 PDMS 

prepolymer.  The prepolymer however was not spun, where instead the prepolymer was 

cured between two glass wafers separated by spacers (~203 µm thick), with the two 

wafers being secured together using general purpose binder clips.  Prior to pouring the  

30 : 1 mixture, the two glass wafers were put through the same vapor soak step as that 

described above.  The soak was performed with different time intervals for each wafer, 

where one wafer was allowed to soak for 15-30 minutes, and the other allowed to soak 

for 1 or more hours.  The difference in soak times allowed for the ability to selectively 

control the separation of the wafers, where one wafer was rendered more prone to 

removal from the 30 : 1 layer over the other.  A partial cure of the glass sandwich was 

performed for 35 minutes at 80º C in a convection oven.   
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F) Bonding of Injection Mold Channel and Base Layers 
 

With the fully cured 5 : 1 channel layer already placed on a glass substrate with 

the molded channel exposed to the atmosphere, fused silica capillary tubes (Polymicro, 

152 µm outer diameter / 40 µm inner diameter) each of length ~30-40 cm long were 

placed ~ 1.5 cm into the inlet and outlet regions of the channel, with the aid of a 

microscope (Nikon, SMZ1500).  Uncured 5 : 1 prepolymer was then placed along the 

capillary tubes within the channel, so as to seal the void dead volume areas.  A razor 

blade was dragged across the surface of the mold to remove excess 5 : 1 prepolymer.  The 

partially cured 30 : 1 PDMS layer on the glass wafer was then placed on the surface of 

the 5 : 1 channel layer, containing the inlaid capillary tubes within the microchannel.  

Moderate pressure was applied to seal the layers and extrude trapped air bubbles between 

the layers.  The 30 : 1 glass wafer was then carefully lifted, so as to remove the 5 : 1 layer 

from its original glass substrate.  This step allowed for the 5 : 1 channel layer membrane 

to be exposed to the atmosphere, where a razor blade was further skimmed gently across 

the channel membrane surface to further seal the two layers as necessary.  The bonded 

PMDS layers were then placed in an oven at 80º C for one or more hours to allow for an 

irreversible bond between the layers to occur.  After bonding, the bulk PDMS region 

surrounding the enclosed microchannel was cut using a razor blade, and then transferred 

and aligned to a clean substrate.  5 : 1 PDMS prepolymer was then fully cured to the 

regions where the capillary tubes exited the bonded PDMS layers, so as to seal these 

regions further.  
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2) SU-8 REM Devices 

G) SU-8 Photolithography Processing 
 

A clean and six inch diameter glass wafer was dehydrated on a hotplate for          

3 minutes at 120º C.  After a brief cool-down, the glass wafer was placed in a 

photolithography spinner (CEE Model 100).  SU-8 2025 (MicroChem Corp.) was next 

poured in the center of the glass wafer and spun using the program; 1) 200 RPM,           

50 RPM/sec, 10 sec, 2) 2000 RPM, 300 RPM/sec, 45 sec., which produced an SU-8 thin 

film of thickness approximately equal to 37 µm near the center of the glass wafer, and 

approximately 40 µm near the edges of the glass wafer.  The glass wafer was then 

softbaked using a two step process, where the first step was done for 2 minutes at 65º C, 

and then a second step of 5 minutes at 95º C.  After soft baking, the wafer was placed 

under an Oriel flood exposure system (model 8095), which produces a collimated and 

uniform beam of UV radiation in the 350 – 450 nm wavelength range.  A chrome 

photolithography mask was then placed in intimate contact with the SU-8 thin film.  The 

chrome mask was fabricated with a 75 µm wide line extending the length of the mask in 

the diagonal direction from corner to corner. A 90 second exposure was next performed 

using the Oriel system, which provides a lamp intensity of approximately 5 mW/cm2, and 

therefore providing a total dose of 450 mJ/cm2 to the SU-8 thin film.  This exposure time 

was used since it experimentally produced the desired vertical sidewalls, and therefore a 

perfectly square/rectangular cross-sectional SU-8 profile.  The exposed SU-8 thin film 

was then put through a two step post exposure bake (PEB) process using two separate hot 

plates.   The two step PEB used the following protocol; 1) 1 minute at 65º C, 2) 3 minutes 
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at 95º C.  Due to the excess of SU-8 that remained unexposed (and therefore would be 

removed as a result of SU-8 being a negative tone resist), a final two step develop process 

was performed using PM Acetate, where the glass wafer was developed in a first 

container for 3 minutes, and 3 minutes in a second container. 

 

H) REM Channel and Base Layer Fabrication, and Bonding 
 

The exposed SU-8 feature was used as a template to perform replica molding 

(REM) against, using PDMS prepolymer (GE, RTV 615) mixed with a ratio of 5 : 1.  The 

5 : 1 PDMS was manually mixed for 5 minutes, and then spun in a centrifuge at         

5000 RPM for 2-3 minutes to remove the bubbles introduced during the mixing step.  The 

degassed PDMS was then poured over the SU-8 exposed structure, with spacers       

(~203 µm thick) placed on the outer regions of the glass wafer, serving as overall PDMS 

thickness regulators.  After pouring the PDMS and placement of the spacers, a second 

bare glass plate was slowly placed over the top of the first glass wafer, effectively 

creating a sandwiched layer of PDMS regulated in thickness by the spacers. The excess 

prepolymer was extruded by applying pressure to the sandwich, where finally the 

sandwich was held together with binder clips and then placed in an oven to bake at 80º C 

for one or more hours.  It is further noted an antiadhesion vapor soak was performed 

identically to that already described in E) above, with the shorter soak being performed 

on the second bare glass wafer of the sandwich, so as to allow selective removal of the 

fully cured mold from the SU-8 template. 

 The base layer was fabricated from PDMS prepolymer mixed in a ratio of 30 : 1.  
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The processing was identical to that already described for the wire template injection 

mold base layer fabrication process using a spinner, as described in E) above. 

 After the 5 : 1 sandwich was fully cured, the sandwich was removed from the 

oven, where the two glass substrates were separated.  Removal of the excess fully cured 

PDMS was performed by cutting with a razor blade, the desired dimensions of bulk 

PDMS to remain surrounding the molded channel.  The PDMS containing the molded 

microchannel was then transferred to a clean glass substrate, where bonding proceeded 

identically to that of the injection molding section F) as described above.  In this case 

however, capillary tubing (Polymicro) with 105 µm outer diameter / 40 µm inner 

diameter was bonded into the SU-8 molded microchannel. 

 

3) Micropump Actuation 

I) Cantilevers, Microvalves, and Micropositioners 
 

Actuation of the micropump was achieved with piezoelectric cantilevers       

(Piezo Systems, model Q220-A4-303YB).  Precision machined aluminum valve clamps 

were adhered to the tips of the cantilevers with general purpose silicone, where precision 

machined aluminum microvalves were clamped within the adhered valve clamps.  The 

contact area of each valve tip to the PDMS injection molded microchannel, measured      

3 mm in the length direction, and 250 µm in the width direction.  The SU-8 fabricated 

microchannel utilized valve tips of 3 mm in the length direction, and 150 µm in the width 

direction.  These microvalve dimensions will explored more deeply within Chapter IV.  

The cantilevers as obtained from the manufacturer contain a general quick mount system, 
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where an acrylic block was adhered to the top surface of the quick mount, and an 

appropriately sized piece of printed circuit board material adhered to the bottom surface 

of the quick mount.  The cantilever assembly was then secured in place within in-house 

fabricated micropositioners, that were fabricated in-part from preassembled stages 

(Edmond Scientific, #56-416), and provided for adjustments to be made in the horizontal 

(in/out), vertical (up/down), and tilt (angled up/down) directions.  Such adjustments 

allowed for proper registration of the microvalves over the PDMS microchannel.  Once 

the cantilever / microvalve / micropositioner assembly was in place, the assembly was 

then secured to the same glass substrate that the prior fabricated PDMS microchannel had 

been aligned and adhered to.  For the current Chapter, the micropositioner clamping 

portion that attached to the glass substrate, had three Teflon screws threaded through the 

clamping portion of the micropositioners, in contrast to that as previously discussed 

within Chapter II.  This additional threading allowed for a third Teflon screw to more 

fully secure the micropositioner assembly to the glass substrate, and therefore allowing 

for higher frequency measurements to be recorded without having the micropositioners 

vibrate out of place, in contrast to that as discussed within Chapter II.  Final adjustments 

for alignment of the microvalves over the microchannel were made under a microscope 

(Nikon, SMZ1500), so as to allow for complete closure of the microchannel below each 

microvalve tip. 
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J) Software and Hardware 
 

The cantilevers were actuated with square wave signals that were placed 120º out 

of phase, so as to create a peristaltic wave pattern.  The signals were created with a 

virtual function generator (National Instruments) that allowed for control of signal shape, 

frequency, amplitude, and phase.  The generated signals were amplified with in-house 

fabricated external electronic hardware, where high-voltage amplifiers                      

(Apex Microtechnology, PA15A) were used to amplify the virtual function generator 

signals to Vp = ±90 V, which is the maximum driving potential for the cantilevers before 

depoling occurs, as reported by the manufacturer. 

 

4) Characterization Experiments 

K) Flow Rate 
 

Flow rates for the micropump were obtained at specific frequencies by connecting 

the outlet capillary tube line of the micropump to an external piece of capillary tube ~1 m 

in length.  The external piece of capillary tube was secured in place along a meter stick 

with mm ticks/gradations.  The external capillary tube was filled with a blue food dye 

solution prior to mating with the outlet line of the micropump.  The blue dye allowed for 

greater contrast and easier tracking of a 2-3 mm bubble that was intentionally introduced 

when the two capillary tubes were connected.  Time of travel between selected intervals 

of the meter stick allowed for calculation of flow rate using the formula Q = Av, where 

“Q” being the flow rate, “A” the cross-sectional surface area of the flow channel, and “v” 

the linear flow velocity of the bubble.  All flow rates were calculated while actuating the 
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micropump with a 120º square wave signal.  The standard errors were calculated and 

plotted as error bars for each data set, where (n=4) for the SU-8 rectangular microchannel 

device, and (n=6) for the injection molded rounded/Gaussian shaped microchannel 

device. 

 

L) Backpressure and Pressure Loss Measurements 
 

Maximum attainable backpressure and valve leakage data were both obtained 

within a single experiment using the same setup.  The micropump outlet capillary tube 

line was first connected to an electronic pressure sensor (Honeywell, 40PC015G2A) with 

the micropump being actuated to produce flow into the pressure sensor.  The injection 

molded micropump was actuated at 25 Hz, with the SU-8 REM micropump actuated at 

60 Hz, where in both cases for each set of experiments the micropump was allowed to 

attain the maximum attainable backpressure as indicated by the pressure sensor.  After 

attaining this point, the micropump was stopped, where only one valve was left in the 

fully closed position.  Pressure readings were recorded for 15 minutes to observe pressure 

loss within the system, where after this time the valve was fully opened.  For each 

respective micropump, (n=3) experiments were performed. 

 

M) Fluorescence Valve Closure Measurements 
 

The micropump was placed in an inverted position under an epifluorescent 

microscope that was covered with a black cape, so as to block ambient light when taking 

measurements.  All three microvalves were placed in the fully open position under the 
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microscope, where distilled water was forced through the channel of the micropump 

using a syringe pump.  The syringe pump was then turned off, where after 30 s, the outlet 

line of the micropump was capped off.  After allowing 30 min for the closed-off system 

to stabilize, fully open and fully closed valve intensities were recorded with the 

epifluorescent microscope (Nikon, SMZ1500 with filter cube 470/440/500 nm – 

excitation/emission/long pass).  Without disturbing the micropump in the inverted 

position, the micropump channel was filled with a 10 mM fluorescein solution, where the 

same experiment was repeated as already described using distilled water.  Background 

subtracted images were produced using Metavue, by subtracting the distilled water signal 

from the fluorescent recorded signal. 

 

Results and Discussion 

5) Cross-Sectional Microchannel Geometries 

N) Injection Mold Wire-Template Channel 
 

The cross-sectional geometry of the microchannel produced using the injection 

mold wire-template can be seen in Figure III-2.  The overall height of the channel was 

measured to be ~198 µm, where the 5 : 1 PDMS membrane directly over the channel was 

observed to be ~155 µm thick.  The maximum width at the base of the channel was 

measured at ~272 µm.  Further the overall 5 : 1 thickness was recorded as ~330 µm, with 

the overall thickness of the 30 : 1 recorded as ~85 µm.  As can be seen from Figure III-2, 

the wire molded channel geometry produced is very uniform/symmetric and resembles 

that of a Gaussian bell-shaped curve, where it has been shown how important this 
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characteristic is for microfluidic valving operations.283, 1271, 1272  One further point to note 

is the measured channel height taken to be ~198 µm, where the wire molded to possessed 

a diameter of ~152 µm.  The discrepancy in part could be attributed to an increase in 

molding wire height, created as a result of the general purpose spray adhesive and 

aluminum foil placed over the wire to create the template, however at most 10-20 µm of 

added thickness would be expected for these additions.  It can be seen in the image that 

the top surface of the membrane is slightly bowed, where it is believed this effect is what 

accounts for the bulk of the additional and unexpected channel height.  The slight bowing 

could be attributed to the bonding of the two PDMS layers, where it has been previously 

shown and described how various PDMS geometries can be distorted, especially with 

high-aspect-ratio PDMS structures.275, 294  Other possible explanations to account for 

these observations, could be attributed in part to PDMS shrinkage271, 293 during the curing 

process, and/or possibly stemming in part from the mismatch in molded PDMS channel 

height, to that of the inserted capillary tube diameter. 
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Figure III-2:  Cross-sectional image of microchannel produced from injection mold wire-template.  
Template formed from aluminum foil and general purpose spray adhesive applied over a wire of diameter 
~152 µm, and straddled across bottom plate of injection mold apparatus. 
 
 

O) Injection Mold CNC Machined Template Channel 
 

Figure III-3A shows a cross-sectional image of the 5 : 1 injection molded 

microchannel geometry before bonding of the 30 : 1 base layer, where III-3B shows the 

geometry after bonding of the 30 : 1 base layer.  The images for this template show a 

rather dramatic distortion of the microchannel after bonding the base layer, where the 

channel height before bonding was measured to be ~77 µm, and ~114 µm after bonding, 

with the channel width at the base changing from ~65 µm to ~34 µm for before vs. after 

bonding, respectively.  Therefore the aspect ratio as taken to be the ratio of the channel 

height, to channel width as measured at the base of the channel (i.e. opposite the 

membrane), changes from 1.2 to 3.4, representing a 2.8-fold overall change.  This change 

in aspect ratio is believed to be due to the bowing effect as already described for the wire 

template injection mold. 



 

 142 

A B5 : 1 5 : 1

Microchannel

30 : 1

Microvalve Contact Point
& Bowing Region

75 μm
100 μm

 
 
Figure III-3:  Side-by-side images of before and after bonding of 30 : 1 base layer, to 5 : 1 mold produced 
from CNC machined template used within injection mold apparatus.  Bonding of base layer shows 
distortion of final cross-sectional channel geometry. 
 
 

P) SU-8 REM Channel 
 

Figure III-4A shows a cross-sectional image of the 5 : 1 injection molded 

microchannel geometry before bonding of the 30 : 1 base layer, with III-4B showing the 

geometry after bonding of the 30 : 1 base layer.   
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Figure III-4:  Side-by-side images of before and after bonding of 30 : 1 base layer, to 5 : 1 mold produced 
from SU-8 fabricated template.  Bonding of base layer shows distortion of final cross-sectional channel 
geometry. 
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The rather dramatic distortion in channel geometry can be seen to parallel that of the 

CNC machined template images as shown in Figure III-3.  The aspect ratio taken as the 

dimensions of the channel height/width (taken at base of the channel, i.e. opposite the 

membrane) for III-4A was measured as 40/88 µm, and 57/57 µm for III-4B, or a 2.2-fold 

overall change with bonding of the 30 : 1 base layer.  The bowing effect as described 

within the previous two sections of this Chapter is believed to be the reason for 

observation of these channel distortions.    

It should be noted, not all cross-sectional channel geometries were observed with 

channel distortions.  Figure III-5 shows a cross-sectional image of a microchannel 

fabricated using an SU-8 template, where the mask used was 50 µm in width.  Before 

base layer bonding images were not captured, however the dimensions of the channel 

after base layer bonding were measured at 41/66 µm for the channel height/width as 

measured at the base of the channel (i.e. opposite the membrane), representing a final 

aspect ratio of 0.62.  Presumably the microchannel aspect ratio was optimized before 

base layer bonding as shown within Figure III-5, in comparison to that as shown in 

Figure III-4.  This hypothesis is consistent with previously discussed results for very high 

or very low aspect ratio PDMS structures.275  It is further believed the likelihood of the 

channel experiencing serious distortions is significantly lessened when the channel layer 

is fabricated from; 1) a 5 : 1 PDMS ratio, and 2) an overall thicker piece of 5 : 1 PDMS, 

relatively speaking.  This explanation could be attributed to the mechanical properties of 

the 5 : 1 ratio compared to that of the 30 : 1 ratio.  The 6-fold increase in ratio of 

base/curing agent allows for a much higher density of cross-linking bonds to be formed 
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with base molecules, and therefore production of a much more rigid slab of PDMS, as 

compared to the same thickness sheet of fully cured 30 : 1 PDMS.  

 

30 : 1

5 : 1

Microchannel

 
 
Figure III-5:  Cross-sectional channel geometry for an SU-8 template fabricated microchannel.  Channel 
formed using a photolithography mask of width 50 µm.  Image shows vertical channel sidewalls, and 
therefore an undistorted cross-sectional channel geometry produced after bonding of 30 : 1 base layer. 
 
 

6) Valve Closure Image Data 

An image of a fully open vs. fully closed microvalve can be seen in Figure III-6.  

This Figure shows the micropump in an inverted position under an epifluorescent 

microscope, where observation of these states was recorded with fluorescein trapped 

within the channel.  The image of the SU-8 channel in the fully closed position can be 

seen not fully closing the channel along the bottom right edge, as indicated between the 

arrows.  The operation and stability of the SU-8 REM micropump proved to be a 

challenging task, where the non-ideal cross-sectional channel geometry is the expected 

culprit for these operational challenges. 
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Figure III-6:  Images of valve closure for SU-8 and wire-template molded microchannels.  Images taken 
with micropump in an inverted position under an epifluorescent microscope, with fluorescein trapped 
within the microchannels.  Image of fully closed SU-8 molded channel indicates channel not fully closed 
under microvalve contact/compression region, as indicated between the arrows at the bottom right edge of 
the channel.  Image of wire-molded channel indicates valve successfully fully closed off channel, where no 
fluorescent signal was recorded.   
 
 

The image of the wire-molded channel is shown on the right side of Figure III-6.  

As can be seen for the fully closed state, the channel was completely closed off, where no 

fluorescein was recorded under the closed valve region.  The operation of this micropump 

was very stable, but, several adjustments to the microvalves were necessary. This process 

was qualitatively observed to be a result of the force output produced by the piezoelectric 

cantilevers, where the micropositioner adjustment was critical in allowing the cantilevers 

to fully collapse the microchannel.  Wire molded micropumps were also fabricated using 

wire of diameter 55 µm, and 250 µm.  The cantilevers were barely able to output enough 

force to fully close off the 250 µm channel, where operation was unstable.  In contrast, 

the 55 µm wire molded channel allowed for the cantilevers to easily close the channel off 
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fully, however these pumps failed to produce a net flow.  The hypothesized explanation is 

believed to be a result of the very high resistance that must be overcome, to produce a net 

flow through the small inner diameter capillary tubes (90/20 µm, OD/ID) used in the 

fabrication of the 55 µm wire molded micropump, where it is known the hydraulic 

resistance for laminar flow through a rigid straight pipe, with circular cross-sectional 

channel geometry, scales as Rh ∝ 1/r4, for “Rh” equal to the hydraulic resistance, and “r” 

equal to the radius of the circular pipe.5, 6, 1278  Fabrication of micropumps with 

appropriately sized inlet and outlet capillary tube (90/20 µm, OD/ID) lengths, would 

likely produce a micropump capable of producing a net flow.  

 

7) Backpressure and Pressure Loss Data 

The backpressure data recorded for the two microchannel designs can be seen in  

Figure III-7.  Three experiments were performed for each design, where the average 

maximum backpressure recorded for the SU-8 micropump was 51.5 kPa, and 25.8 kPa 

for the wire molded micropump.  When factoring in the valve closure data as indicated in 

Figure III-6, it would be expected the SU-8 template molded micropump would have a 

higher average pressure loss due to valve leakage, but this was not the case.  The average 

pressure loss for the first 15 minutes with only one valve in the fully closed position was 

recorded to be 5.9% for the SU-8 molded micropump, and 6.1% for the wire molded 

channel.  It is believed from previous micropump experience that this pressure loss can 

be nearly, if not fully, attributed to pressure loss from the connections made to the inlet 

and outlet lines of the micropump, when fully pressurized. 
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Figure III-7:  Plot of backpressure and valve leakage characteristics for SU-8 and wire-template molded 
microchannels.  Plot shows nearly same pressure loss recorded over the time-course of the first 15 minutes, 
where one valve was left in the fully closed position, with the respective micropump maintained in a fully 
maximal pressurized state.  Pressure loss believed to be a result of losses in capillary tube connections, and 
not across the microvalve.  An average maximum backpressure of 51.5 kPa and 25.8 kPa was recorded for 
the SU-8 and wire-molded micropumps, respectively.  Three representative experiments were performed 
for each micropump design. 
 
 

8) Flow Rate Data 

The flow rate data collected for both micropump designs can be observed in 

Figure III-8.  Up to approximately 20 Hz, the flow curves are very similar in nature.  Past 

this frequency however, the flow curves diverge, where it can be seen with the error bars, 

how the flows became slightly erratic at higher frequencies for the SU-8 molded 

micropump.  The flow rates for the wire template molded micropump however, remained 

quite stable throughout the entire range of characterized actuation frequencies.  The 

instability of the SU-8 micropump curve is likely explained with the non-ideal 

rectangular cross-sectional channel geometry produced for this micropump.   
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Figure III-8:  Data shown for flow rate vs. frequency for SU-8 and wire-molded micropump designs.  Data 
shows flow rate characteristics for the micropumps is very similar up to around 20 Hz, where after the data 
becomes slightly unstable for the SU-8 micropump, but continues to increase to an average maximum flow 
rate of 159 nL/min being recorded.  An average maximum flow rate of 119 nL/min was recorded for the 
wire-molded micropump.  Error bars plotted represent the standard error of the mean (n = 4 for SU-8 
micropump, n = 6 for wire-molded micropump). 
 
 
Figure III-9 is a plot of standard errors vs. frequency, for the SU-8 vs. wire molded 

microchannels, to further highlight the instability of the SU-8 micropump, compared to 

that of the wire molded micropump.  The averaged range of flow rates recorded for the 

SU-8 micropump design was 33 – 159 nL/min (0.3 – 60 Hz), and 44 – 119 nL/min      

(0.1 – 60 Hz) for the wire molded micropump design. 

 



 

 149 

Comparison of Micropump Stability for Microchannel Geometries:
SU-8 (rectangular) vs. Wire (Gaussian)
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Figure III-9:  Plot of standard errors for flow rate vs. frequency.  Comparison is made for SU-8 vs. wire 
molded microchannels, for the data presented within Figure III-8.  Plot shows the flow rate instability of the 
square (SU-8) vs. rounded/Gaussian (wire molded) shaped microchannel geometries. 
 
 

Conclusions 

The current work as presented within this Chapter, characterized the differences 

in two micropump fabrication methods, using; 1) SU-8 replica molding, and 2) micro 

injection molding.  The two respective designs produced two very disparate              

cross-sectional channel geometries, with the SU-8 process producing a rectangular 

geometry, and the injection mold producing a Gaussian/rounded geometry.  The results 

indicate both designs are capable of producing a net flow, with the SU-8 pump design 

proving to be slightly more delicate in its ability to operate in a consistently stable state.  

Distortion of the channel geometries after bonding of the 30 : 1 base layer was further 
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characterized in the current Chapter, where it has been shown in some instances, 

distortion can be rather extreme when comparing the final cross-sectional geometry of the 

channel to the initial geometry.  The injection molding process proved to be a very 

simple, cheap, fast, and reproducible fabrication process, far superior to the glass 

substrate sandwich molding process used in fabricating SU-8 micropumps.  The injection 

molding apparatus is also very unique compared to that of other micro injection molding 

machines, where the current disclosed apparatus is handheld and portable, and 

additionally designed for use with RTV polymers, as opposed to thermoplastic polymers 

used with most other injection molding machines. 
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Chapter IV :  Performance Characterization of a PDMS Soft 

Lithography-Fabricated Peristaltic Micropump, using Variable 

Cross-Sectional Surface Area Microvalves 
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Synopsis 

This Chapter presents a PZT cantilever-actuated peristaltic micropump with 

precision-machined microvalves.  Fabrication of the micropump was performed using 

injection molding and PDMS soft lithography fabrication techniques, as previously 

presented within Chapters II and III.  The current Chapter builds upon the functionality 

and versatile capabilities of this previously presented micropump (Chapters II and III), by 

exploiting the capacity of this pump to utilize interchangeable precision-machined 

external microvalves.  The cross-sectional surface area of the interchangeable microvalve 

tips was varied in the lengthwise direction, and therefore allowing for relatively simple 

alteration of stroke volume for an individual microvalve.  Alteration of stroke volume 

translates into the capability to further alter other metrics such as flow rate, backpressure, 

and valving characteristics.  Such versatility, allows for flow rates and backpressures to 

span a much larger dynamic operating range as opposed to valves with a single set stroke 

volume.  The range of flow rates spans from 14 - 138 nL/min, with maximum 

backpressures of approximately 15 - 24 kPa.  Such a span of dynamic operating ranges 

allows for a single micropump design to be utilized across an array of fields where high 

and/or low flow rates and backpressures are required for a particular          

microanalytical / microfluidic application. 
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Introduction 

The functionality of a microfluidic device is created from unit operations, with 

unit operations being defined as a set of basic fluidic operations such as fluid transport, 

fluid metering, fluid valving, fluid mixing, analyte/compound separation, 

pre/concentration and/or amplification, detection and readout, reagent storage, and 

incubation.70, 465  One of the most widely studied set of unit operations is that of fluid 

transport and fluid routing on a microfluidic chip.  These operations on a microfluidic 

chip are accomplished using micropumps and microvalves.  Depending on the 

microfluidic platform, these operations can be accomplished using many different design 

and actuation strategies.  Oftentimes microvalves are classified as either active or 

passive.474  Active microvalves can include actuation means such as piezoelectric,326, 493, 

495, 497-499, 501 magnetic,506, 508, 509, 511, 514, 515, 1279 pneumatic,480, 483, 484, 486, 487, 490, 491 

thermopneumatic,522, 523 shape-memory alloy,524, 527, 528 electrostatic,516-518, 1280, 1281 and 

mechanical,531, 532, 534, 1282 with passive valving schemes employing mechanisms such as 

capillary forces/surface chemistry,586, 588, 594, 604, 1283 hydrogel responsive materials,541, 545, 

547, 548, 1284 geometric routing schemes,597-599, 601, 603, 605 and check valves.573, 575, 576, 579-581, 

583  Likewise, micropumps can be classified as either active or passive, but are oftentimes 

categorized as either dynamic or displacement.609  Displacement micropumps would 

include piezoelectric,326, 641, 647, 654 pneumatic,283, 621, 622, 626 magnetic,665-668 mechanical,702, 

706, 708, 709 and thermal672, 674, 680, 1285 formats, with dynamic designs making use of surface 

tension,765, 767 bubble,761, 762 acoustic,757-760 or electrokinetic732, 737, 738, 1286 actuation 

means, for example. 
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Active microvalves are oftentimes employed as fundamental elements within 

displacement micropumps.  In the case of peristaltic micropumps three valves are aligned 

in series, to form a single functional micropump.283, 326, 647, 654  In the case of microfluidic 

chips, the most widely reported microvalve and pumping technique is accomplished 

using pneumatic actuation.  Pneumatic actuation offers the advantage of integrating high 

density valving operations onto a chip.25, 635  Such designs however must employ an 

offline compressed gas source,666, 1287 and also external pneumatic switching 

mechanisms.  Therefore, depending on the particular design format and instrumental 

needs, other microvalve and micropump actuation means could prove advantageous.  

Piezoelectric microvalves and micropumps are favorable and/or additional options to 

consider, for applications where discrete electrical actuation is a priority, or where high 

density valving operations are not a requirement.  Such applications could be found 

within macroscopic analytical instrumentation, where microfluidic devices are employed 

as an enabling form of technology.32, 666, 963, 1244, 1288, 1289  The use of piezoelectric 

actuators also allows for offline adjustment of valve sizes, or even the placement of 

valves across a microfluidic chip, where additionally these adjustment operations could 

be performed without fabrication of a new chip.  A change in valve size provides the 

option of tuning valve stroke volumes, and therefore micropump flow rates as well.622, 667, 

690, 1290, 1291  Such versatility would allow a stand-alone micropump to be used within both 

high and low flow rate microfluidic applications. 

This Chapter will present a piezoelectric cantilever-actuated peristaltic 

micropump, employing external microvalve technology.  The tip of each microvalve 
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makes contact with a PDMS membrane surface, with the microvalve tip dimensions 

determining microvalve stroke volume.  The design as presented, allows for rapid offline 

tuning of valve sizes, and therefore valve stroke volume as well.  Microvalves with tip 

dimensions of varying length were characterized for their effect on micropump flow rate 

and backpressure performance, and further for their valve leakage and valve cycling 

characteristics.  The results will show a significant increase in both flow rate and 

backpressure performance, for the micropump actuated with microvalves of increasing 

tip length.  The data will also establish this micropump and valving scheme as a 

potentially useful dosing or fluidic gating platform, where low flow rates and/or highly 

stable and reproducible flow rate and valving performance is a necessary requirement. 

 

Experimental Methods 

1) PDMS Micropump Fabrication 

A) Channel Layer Fabrication using Injection Molding 
 

The channel layer was fabricated from 5 : 1 PDMS (GE, RTV615) prepolymer 

using an in-house fabricated injection mold apparatus, as described within Chapter III.  

The injection mold was fabricated primarily from aluminum using computer numerically 

controlled (CNC) machinery.  The apparatus contained an injection mold cavity, and was 

created by compressing a gasket between the top and bottom plates of the injection mold 

apparatus.  The gasket was laser machined from a sheet of bulk polyester material 

(McMaster-Carr, 9513K118), with appropriate machining dimensions that allowed for 

formation of the cavity region when compressed between the two plates.  The thickness 
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of the gasket determined the overall thickness of the PDMS mold formed.  A 

microchannel was also created during the molding process, by utilizing the bottom plate 

of the injection mold as a template.  The template was formed by threading a piece of    

75 µm diameter (molybdenum) electrical discharge machine (EDM) wire through 

opposite ends of the bottom plate.  The threaded wire was then wrapped around screw 

posts machined into the opposite side of the plate, where the wire was further stretched 

taut across the plate by tightening a nut and Teflon washer over the wrapped-wire.  A thin 

film of general purpose spray adhesive was then applied over the bottom plate surface 

containing the taut wire, where shortly thereafter a piece of general purpose aluminum 

foil was molded against the wire using a straight edge of a Teflon block.  Excess 

aluminum foil was then removed with a razor blade.  Prior to assembling the injection 

mold, a cleanup of the template was performed using a citrus-based adhesive remover, 

with subsequent cleaning performed using common laboratory solvents such as acetone, 

methanol, and IPA.  The final step before assembly of the apparatus was to inspect the 

template under a microscope, to ensure no contamination existed along the 

wire/aluminum foil template formed over the bottom plate of the injection mold.   

 The injection process was performed after formation of the template and complete 

assembly of the injection mold apparatus.  Prepolymer 5 : 1 PDMS was first poured into 

the injection mold cylinder, and then compressed using a hardened stainless steel piston.  

Exhaust ports were machined into the bottom plate and positioned at the opposite end of 

the piston and cylinder, where excess PDMS was ejected across these ports.  Such ports 

allowed for a pressure gradient to be formed throughout the injection mold cavity, where 
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the pressure differential allowed for the prepolymer PDMS to be injected without a 

degassing step.  All bubbles were forced across the exhaust ports, leaving a bubble free 

micromolded slab of PDMS.  Curing of the injected PDMS was hastened by placing the 

injection mold in a convection oven at 80º C, for one or more hours.  After removing 

from the oven, the injection mold apparatus was placed under running water to expedite 

the cooling phase.  The injection mold was then disassembled, where the PDMS mold 

was placed over a clean glass substrate.  The injection molding process produced a 5 : 1 

mold with overall thickness of ~176 µm for bulk regions of 5 : 1 (i.e. not near the molded 

microchannel region), a membrane of thickness of ~85 µm, and a channel height of   

~119 µm. 

 

B) Base Layer Fabrication with Photolithography Spinner 
 

The base layer was formed by spinning 30 : 1 prepolymer over a six-inch glass 

wafer.  Prior to spinning, the glass wafer was placed in a desiccator for 1-2 hours with 

vapor produced by tridecafluorooctyltricholorsilane (United Chemical Technologies, 

T2492).  This vapor soak step was used to reduce the adhesion of the PDMS to the glass 

wafer.  After spinning the 30 : 1 PDMS, the wafer was partially cured in a convection 

oven at 80º C for 35 minutes.  This spinning process produced a base layer of thickness 

approximately equal to 83 µm, when measured directly below the microchannel. 
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C) Bonding Channel Layer with Base Layer 
 

The previously fully cured 5 : 1 channel mold was first placed under a microscope 

with the channel region facing the atmosphere.  Fused silica capillary tubing (Polymicro, 

105/40 µm OD/ID) was then placed ~1.5 cm into the 5 : 1 molded channel.  5 : 1 

prepolymer was then placed along the capillary tube regions that laid within the 

microchannel, so as to seal any and all void regions that could potentially exist after 

completion of the bonding step.  Excess 5 : 1 was then gently removed by skimming a 

razor blade across the appropriate PDMS/capillary tube region.  The partially cured 30 : 1 

wafer was then placed over the 5 : 1 PDMS mold, so as to seal off the channel from 

atmospheric exposure.  Moderate pressure was applied to optimize the bonding of the two 

layers, followed by application of prepolymer 5 : 1 PDMS to the capillary tubes, for the 

region where they exited the irreversibly bonded PDMS layers.  The process was 

completed by baking the bonded layers for one or more hours in a convection oven 

heated to 80º C.  The irreversibly sealed layers where then cut and positioned accordingly 

onto a clean glass substrate. 

 

2) Microvalve Actuation, Registration, and Design 

D) Microvalve Actuation and Registration 
 

The micropump was actuated with piezoelectric cantilevers (Piezo Systems, 

Q220-A4-303YB), using a square wave signal, where the signal to each of the respective 

cantilevers was placed 120º out of phase, thereby creating a peristaltic wave motion.  The 

signals were controlled using a virtual function generator created in LabVIEW (National 
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Instruments).  These small signals were then amplified to ±90 V with high voltage 

external hardware that contained high-voltage op-amps (Apex Microtechnology, 

PA15A).  Closure of the channel was achieved with precision-machined external 

microvalves clamped to the ends of the cantilevers.  Three sets of valve tip dimensions 

were utilized for the current Chapter, where the length / width dimensions corresponded 

to 3 mm / 250 µm, 2 mm / 250 µm, and 1 mm / 250 µm.  Registration of the valve tips 

over the microchannel was achieved using in-house machined micropositioners 

containing preassembled stage bodies (Edmond Scientific, #56-416), that allowed for 

adjustments to be made; in / out (horizontal), up / down (vertical), and angled up /down 

(vertical arc). 

 

E) Microvalve Design 
 

The schematic shown in Figure IV-1 shows a 3D schematic of a single external 

microvalve, with the length and width directions highlighted across the body of the 

microvalve.  The external valve tip, is the active region that makes contact with the 5 : 1 

PDMS membrane, which allows the microchannel to be placed in any state between fully 

open to fully closed.  All microvalves were electrical discharge machined (Agie, AgieCut 

Classic) with the same length and width dimensions for the bulk portion of the 

microvalve body.  The tip as shown was the portion of the microvalve that was varied for 

the current Chapter.  All microvalves used for data presented within, had a 250 µm width, 

where the length direction was varied as 1, 2, and 3 mm.  Experiments designated as      

“3 mm Valves” for example, indicates that all three valves for that particular experiment 
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had dimensions of 250 µm in width, and 3 mm in length (i.e. there was no mixing of 

valve sizes).  Figure IV-1A shows a cross-sectional end image of a microvalve tip, where 

Figure IV-1B shows a valve tip spanning the entire width of the body (i.e. 3 mm), in 

contrast to that of the cartoon, where this image is representative of what a valve would 

look like with a 1 mm tip length, for example.  

 

L
W

A B

External Valve Tip

 
 
Figure IV-1:  Cartoon and actual images of microvalves.  Cartoon illustrates how valve tip dimensions 
were varied, where valve tip widths remained constant at 250 µm, with lengths being varied at 1 mm,         
2 mm, and 3 mm.  Image A shows a side cross-sectional view of a microvalve tip, with image B illustrating 
the full width of the valve tip, in contrast to that shown for the cartoon.  All microvalves were precision 
machined from aluminum. 
 
 

3) Micropump Characterization Experiments 

F) Flow Rate Characterization 
 

Flow rates were measured by connecting the outlet line of the micropump to a 

second piece of capillary tubing ~1 m in length, that had been previously filled with a 

blue food dye solution.  The second piece of capillary tubing was placed in contact with a 
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meter stick.  When connecting the outlet line of the micropump with the second piece of 

capillary tubing, a ~2 – 3 mm long bubble was intentionally introduced, allowing for 

tracking of the bubble against the ticks/gradations of the meter stick.  The formula          

Q = Av was used to calculate flow rates, where Q = flow rate, A = cross sectional area of 

flow, and v = linear velocity recorded for the bubble.  All measurements were taken with 

the cantilevers actuated with square waves, and placed out of phase by 120º.  Error bars 

shown represent the standard error of the mean, with (n = 6) for each valve tip dimension 

tested (i.e. 1, 2, and 3 mm length valve tips). 

 

G) Charging Profile Characterization 
 

The micropump was first allowed to attain a steady state, with square wave 

signals actuating the cantilevers at 30 Hz and 120º out of phase.  After this brief period, 

the outlet line of the capillary tube was connected to a pressure sensor             

(Honeywell, 40PC015G2A).  Voltage readings from the pressure sensor were recorded 

over the course of two hours, and subsequently converted to pressure readings using the 

manufacturers sensitivity conversion of 266.6 mV/psi.   

 

H) Backpressure Characterization 
 

Maximum attainable backpressure data was collected similarly to that already 

described within the previous Charging Profile Characterization section.  The outlet line 

of the micropump was connected to a pressure sensor and allowed to fully pressurize.  All 

experiments performed utilized square waves actuated 120º out of phase.  The frequency 
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chosen to pressurize the micropump, was 40 Hz for the 3 mm x 250 µm valves, 45 Hz for 

the 2 mm x 250 µm valves, and 25 Hz for the 1 mm x 250 µm valves.  After achieving a 

stable maximum backpressure reading, the micropump was stopped, where one 

microvalve was left in the fully closed position.  Pressure loss measurements were 

recorded over the course of a 15 minute interval, where at 15 minutes, the microvalve 

was actuated to the fully open position, and subsequent measurements were recorded 

until no pressure was recorded within the micropump system.  For each of the respective 

valve sizes, (n = 3) experiments were performed.   

 

I) Valve Leakage Characterization 
 

Experiments were performed to test whether or not pressure losses within the 

system were likely due to blow-by past the microvalve, or losses due to other sources.  

The micropump was allowed to fully pressurize as already described within the 

Backpressure Characterization section above.  After reaching a stable and steady 

maximal backpressure reading, the micropump was stopped, where in the first set of 

experiments, only one valve was left in the fully closed position.  The second set of 

experiments kept all 3 valves in the fully closed position.  Readings were recorded with 

the pressure sensor over the course of a 15 minute period, and then plotted as a summary 

for all experiments.  For both sets of experiments using 1 vs. 3 microvalves, (n = 3) 

experiments were performed using valve tips with dimensions 2 mm x 250 µm. 
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J) Valve Shutoff Cycle Characterization 
 

Data for these experiments were collected by placing the micropump in an 

inverted position under an epifluorescent microscope (Nikon SMZ1500 with filter cube 

470/440/500 excitation/emission/long pass), where a black cape was placed around the 

micropump and objective lens so as to block the surrounding ambient light.  A syringe 

pump was then used to flow solution through the micropump at 1 µL/min.  After stopping 

the syringe pump, the solution was allowed to dissipate from the outlet line of the 

micropump for 30 s, where after this time-frame, the outlet line of the micropump was 

capped off.  Intensity values were recorded at 30 V actuation intervals for the 

micropump, between -90 V and 90 V using a CCD camera.  These measurements were 

first performed using distilled water as a working solution, and then using a 10 mM 

fluorescein solution.  The water signal was subtracted from the fluorescein signal using 

Metavue software. 

 

Results and Discussion 

4) Flow Rate and Microvalve Design 

Flow rate data collected for the current Chapter can be observed in Figure IV-2.  

This plot shows three flow curves for all three valves at the cantilever tips either 1, 2, or  

3 mm in length, where in all cases the width remained constant at 250 µm.  The overall 

flow rate range for the three curves is 14 – 138 nL/min.  Figure IV-2 also indicates the    

3 mm valves were able to produce the highest flow rates of the three lengths tested, with 

a maximum flow rate of 138 nL/min (25 Hz), where the 1 mm valves produced the 



 

 164 

lowest flow rate, characterized as 14 nL/min (0.1 Hz).  This finding was expected, and 

therefore not surprising.  It was hypothesized, a microvalve tip with a larger contact 

surface area, would translate into a larger stroke volume produced, and therefore larger 

overall flow rates being observed for valve tips with larger overall footprint sizes.  The 

trend of observing higher flow rates for larger contact surface area microvalves holds for 

the 1 mm and 2 mm valves past 30 Hz.  Lower frequencies however show a reversal of 

the expected trend.  For sub-30 Hz frequencies, the plot reveals that the 1 mm valves 

actually produced a higher flow rate than the 2 mm valves.  It is hypothesized the reason 

this data shows this unexpected reversal is due to minor variations in tilt of the 

microvalve tips, with respect to the microchannel.  More specifically, when the 

microvalves are placed in contact with the PDMS membrane, the plane that defines the 

tip surface is expected to be parallel to that of the plane that defines the PDMS 

membranes surface, where tilt in this case would refer to the valve tip being altered such 

that the tip surface plane would no longer be parallel to that of the PDMS membrane 

surface plane, where the net effect would translate to, the ends (along the length direction 

of the tip surface) of the valve tip retaining two distinct height values, when taken with 

respect to the PDMS membrane surface.  This hypothesis could more generally be 

characterized as a “squeegee effect.”  A deeper discussion of the microvalve tilt/squeegee 

hypothesis is presented within Chapter VI. 
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Figure IV-2:  Plot of Flow Rate (nL/min) vs. Frequency (Hz) for microvalves with variable surface areas.  
Valves were machined as (1 mm x 250 µm), (2 mm x 250 µm), (3 mm x 250 µm).  All experiments were 
performed by tracking a bubble 2 – 3 mm in length, while using a 120º square wave signal.  Standard error 
bars plotted for (n = 6) experiments for each valve size. 
 
 

5) Backpressure and Charging Profile for Microvalves 

Figure IV-3 shows a plot of backpressure data collected for the three microvalve 

sizes tested.  The data shows the trend; 3 mm valves > 2 mm valves > 1 mm valves for 

maximum backpressures achieved.  It would be expected that a peristaltic pump with 

larger stroke volumes, would be able to work against higher backpressures, since the net 

flow produced by a 120º signal operates in part on the basis of the stroke volume 

produced by the microvalves.  This plot also shows different discharge profiles, where 

the time observed for full dissipation of pressure within the system follows the trend;      

3 mm valves > 2 mm valves > 1 mm valves.  A possible explanation to explain this trend 

could be provided by noting that, when not in a fully open state, a larger surface area 

microvalve would be expected to provide more resistance to backflow over a smaller 

surface area microvalve.  That is, in the instance the respective valve even slightly bowed 
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the membrane into the channel while in the fully open position, this bowing region 

produced below the valve would serve as a resistance point, and therefore impede flow 

past the valve as the system depressurized.  A larger contact surface area microvalve 

would produce a larger bowing region into the channel, and therefore produce a larger 

resistance to backflow as well. 

 

 
 
Figure IV-3:  Plot of Backpressure (Pa) vs. Time (min).  All experiments performed using a 120º square 
wave signal.  The micropump was allowed to actuate and fully pressurize the outlet line connected to a 
pressure sensor.  After reaching a fully pressurized state, the micropump was stopped, where only one 
valve was left in the fully closed state.  After 15 minutes, the valve was opened, where subsequent 
measurements were taken until the pressure within the system had fully dissipated.  For each of the valve 
dimensions, (n = 3) experiments were performed. 
 
 

Figure IV-4 shows a plot of the time-course for fully charging the micropump 

system.  It can be seen that the charging profile rapidly increases, and starts to plateau at 

approximately 30 minutes.  The data indicates that ~90% of the maximum pressure, Pmax, 

is achieved at ~26 minutes, ~95% of Pmax achieved at ~33 minutes, and ~99% of Pmax 

being achieved somewhere between ~54 - 60 minutes.  Pressure readings fluctuate 

slightly when the pressure reaches ~99% of Pmax, but does continue to rise overall until 

reaching an average maximal backpressure (i.e. Pmax fluctuates slightly).  
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Figure IV-4:  Plot of Pressure (Pa) vs. Time (min).  Plot shows pressurization profile when the micropump 
outlet line is connected to a pressure sensor, and actuated at 30 Hz using a 120º square wave signal.  Plot is 
for a single representative experiment. 
 
 

6) Valve Leakage for 1 vs. 3 Microvalves 

Figure IV-5 shows a plot of pressure loss recorded over a 15 minute time span for 

a fully pressurized micropump.  The plot represents 6 total experiments, where (n = 3) 

experiments were performed for 3 valves in the fully closed position, as well as (n = 3) 

experiments for a single valve in the fully closed position.  As the plot indicates, all 6 

recordings show virtually the same rate of pressure loss, where the rates remain constant 

over the course of the 15 minute observation period.  This same rate of pressure loss can 

also be observed in Figure IV-3, for readings taken over the course of the first                

15 minutes.  The pressure loss of Figure IV-5 indicates there is a consistent and inherent 

pressure loss that is observed when taking such readings.  Had the pressure loss been a 

result of blow-by across the microvalve/s, the rate of pressure loss would be expected to 

be very different due to the significant difference in resistances for one vs. three fully 

closed microvalves.  No experimental results have ever been consistent with a hypothesis 
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that this inherent pressure loss was a result of a partially closed microvalve,                   

i.e. leakage/backflow across the microvalve.  The current set of results solidifies the 

belief that the pressure loss is occurring in some other part of the pressurized system 

rather than loss due to valve leakage.  It is believed the pressure loss is primarily due to 

the external connections made to the micropump outlet line, or possibly through the 

connection made to the pressure sensor input port. 

 

 
 
Figure IV-5:  Plot of Backpressure Letoff (Pa) vs. Time (min).  Plot to observe pressure loss within a fully 
pressurized micropump system.  Two sets of three experiments were performed.  The first was to test the 
effect of pressure loss for all three valves closed, and the second for only one valve closed. 
 
 

7) Valve Shutoff Cycle for Microvalves 

The valving cycle for the respective 1, 2, and 3 mm length microvalves can be 

observed in Figure IV-6.  It can be seen that the three valve sizes produce data that shows 

the valves close the channel off with slightly different shutoff characteristics.  It is noted 

for the 1, 2, and 3 mm length valves, that they show the channel being fully closed off at 

0 V, -60 V, and -30 V respectively.  It is believed this is due in part to the final 
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positioning of the microvalve over the microchannel, before actuation of the micropump 

is performed.  Depending on the final adjustment state, it is possible the microvalves 

could travel along a slightly different actuation path with respect to the microchannel.  

One such instance of variability could be introduced if one cantilever (e.g. 1 mm valve) 

required a tilt adjustment of the micropositioner, to allow for proper registration of the 

microvalve over the microchannel, where the other cantilever (e.g. 3 mm valve) did not 

require such an adjustment for proper registration of the microvalve over the 

microchannel.  Likewise, the final vertical positioning state of the microvalve over the 

microchannel could slightly alter the closing characteristics of the microchannel.  In the 

instance however that the vertical positioning were maintained constant for all cantilevers 

and microvalves, the difference in pressure exerted by valves of different surface areas 

could also affect the measured valve cycle curves.  The blocked force (maximal force 

output when recorded with zero deflection) for the cantilevers used for these experiments 

is reported as 0.24 N by the manufacturer.  Therefore, the cantilevers with valve tip 

dimensions of (1 mm x 250 µm), (2 mm x 250 µm), and (3 mm x 250 µm), would be able 

to produce maximal pressures of 960 kPa, 480 kPa, and 320 kPa, respectively.  The steep 

slope observed from 90 to 30 V for the 1 mm valve is likely due in part to the very large 

pressures that are generated when using these valves, as compared to that of using the     

2 mm and 3 mm valves, where it would be expected a larger PDMS membrane deflection 

at each corresponding potential would result for the 1 mm valves (when compared to that 

of the 2 mm and 3 mm valves), due to the significantly higher pressures generated 

beneath these microvalves. 



 

 170 

 
 
Figure IV-6:  Plots of Fluorescent Intensity (A.U.) vs. Voltage (V).  The micropump was placed in an 
inverted position and imaged using a CCD camera attached to an epifluorescent microscope.  Data was 
collected by taking images of the microvalves, for 30 V cantilever actuation intervals.  Distilled water was 
initially imaged within the channel, followed by imaging performed using 10 mM fluorescein.  The water 
signal was background subtracted from the fluorescein signal using Metavue software. 
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Conclusions 

The results presented within this Chapter focused on the characterization of 

external microvalves with variable cross-sectional surface areas, for a PZT piezoelectric 

cantilever-actuated PDMS peristaltic micropump.  It was observed that the larger surface 

area microvalves tended to typically produce higher flow rates and backpressures.  The 

flow rate results indicated a reversal of this general trend for frequencies up to ~25 Hz, 

for the 1 mm and 2 mm length microvalves.  The overall flow rate range for the three 

valve sizes, was characterized as 14 – 138 nL/min.  Pressure loss data was also collected, 

to further lend evidence to the belief that the current microvalving design is leak-free, and 

therefore indicating recorded pressure losses are likely due to other sources such as loss 

through capillary tube connections.  Finally, valve cycling data provided evidence that 

the cantilever/microvalve assembly can fully close a microchannel easier when using 

smaller surface area microvalves, presumably due to the higher pressures generated over 

the microchannel when using smaller surface area microvalves.  The microvalve 

characterization results provided within this Chapter allow for other microchip designs to 

be explored and utilized across a wide array of fields, where this micropump design may 

prove useful. 
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Chapter V :  A Comparison of Two Mechanical Micropositioner 

Designs, for Microvalve Registration within a PDMS Peristaltic 

Micropump 
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Synopsis 

A second generation (2G) micropositioner design was fabricated, and integrated 

within a peristaltic micropump.  The 2G design was utilized for the purpose of 

positioning both piezoelectric cantilevers and microvalves over a PDMS fabricated 

microchannel.  The 2G micropositioners allow for an increased degree of adjustment 

capability, in providing the option to laterally “tilt” the microvalves, such that each 

microvalve contact surface plane is brought from being parallel to the PDMS membrane 

surface plane, to a nonparallel state.  The lateral tilt adjustment capability allows for the 

microvalve to be actuated as a “squeegee,” in effect increasing the valve stroke volume in 

the peristaltic signal bias direction.  Changes in microvalve lateral tilt, effectively 

translates into alteration of the peristaltic signal waveform shape.  The 2G 

micropositioner design further allows for microvalve lateral tilt to be continuously altered 

on-the-fly in real-time.  The first and second generation designs will be presented as a 

comparison, where additional data will be presented to highlight the improved vibration 

isolation of the second generation, over that of the first generation design. 

 

Introduction 

The fields of micro and nanotechnology provide many unique opportunities to 

study a wide array of scientific phenomena.  In some cases, these opportunities are made 

possible when new or improved instrumentation becomes available, that allows for 

control of matter on such small length scales.1292-1298  In the case of microfluidic device 

technology, self-alignment fabrication strategies have been proposed for fabrication of 
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multilayered device platforms.289-291  In other cases where registration is a necessity, such 

as micropump or microvalve actuator alignment, these devices are oftentimes fabricated 

with one initial registration step that fixes the actuators in place for the entire life-cycle of 

the device.  This is true for many monolithic pneumatic629, 630 and piezoelectric644, 645, 649, 

1260, 1299 pump designs.  Such designs are convenient for eliminating the need for any 

future registration steps, but do however limit the option of providing later actuator 

adjustments, should these adjustments be necessary or desired for any particular reason. 

This Chapter will present a piezoelectric cantilever-actuated peristaltic 

micropump, designed for use with external microvalves.  The external microvalves were 

placed in contact with a PDMS microchannel membrane, and positioned over the 

microchannel using in-house fabricated micropositioners.  Two micropositioner designs 

will be reported, with the second generation micropositioner design allowing the option 

to provide tilt to the external microvalves.  A tilted microvalve is capable of providing a 

microchannel squeegee action, in driving the microchannel contents preferentially in one 

direction over that of the opposite direction.  The second generation micropositioner 

design provides significantly improved registration and positioning performance over the 

first generation design, in addition to providing greatly improved vibration isolation 

characteristics.  The first and second generation micropositioner designs will be 

compared for their microvalve positioning capabilities, and additionally, experimental 

data will be provided to highlight the improved vibration isolation characteristics of the 

second generation design, over the first generation design. 

 



 

 175 

Materials and Methods 

1) PDMS Microchannel Fabrication 

The PDMS microchannel with capillary tube interconnects, was fabricated by 

bonding two individual pieces of capillary tubing between two layers of PDMS.  The 

PDMS molded microchannel layer was fabricated using a portable handheld injection 

mold apparatus that was manufactured in-house using CNC machinery.  The injection 

mold was fabricated primarily from aluminum, where the specific design details are 

presented within Chapter III.  Briefly however, the injection mold incorporated a cylinder 

and piston driving mechanism, that was used to inject 5 : 1 PDMS prepolymer            

(GE, RTV615) into a molding cavity.  The molding cavity was created by compressing a 

laser machined gasket between the top and bottom plates of the injection mold.  The 

machined gasket served a two-fold purpose, where the removed central-portion of the 

bulk gasket material (McMaster-Carr, 9513K118) created the injection mold cavity, and 

second, the thickness of the gasket material served to regulate the overall thickness of the 

PDMS layer, and therefore regulate the microchannel membrane thickness as well.  A 

replica molding template was formed against the bottom plate of the injection mold, by 

threading a piece of 75 µm diameter wire (molybdenum) through opposite ends of the 

bottom plate.  The threaded wire was then wrapped around posts machined into the 

backside of the bottom plate, where subsequently the wire was secured in a taut state by 

crimping a nut and Teflon washer over the threaded/wrapped wire.  A thin film of general 

purpose spray adhesive was next applied across the surface of the bottom plate that 

contained the straddled wire.  Soon after, a piece of general purpose aluminum foil was 
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molded against the taut wire, using a straight edge from a Teflon block.  Just prior to 

assembling the injection mold apparatus, inspection of the molding template was 

performed under a microscope, where common laboratory solvents such as acetone and 

IPA were used to remove existing contaminants across the surface of the template.   

Exhaust ports were machined into the bottom plate at the end opposite the pistons 

location, so as to allow for the injected 5 : 1 prepolymer to exit across these ports.  These 

exhaust ports allowed for a pressure differential to be created across the entire length of 

the cavity, where the prepolymer was injected without performing a degassing step.  The 

pressure differential was high enough, so as to allow for any and all bubbles trapped 

within the PDMS to be forced across the exhaust ports.  A bubble-free mold was 

produced after placing the injection mold apparatus in an oven at 80º C, for one or more 

hours.  Placing the injection mold into an oven expedited the curing process.  Cooling of 

the apparatus was performed by placing the injection mold under a cold water faucet.  

The injection mold apparatus was then disassembled, with the mold being placed across a 

clean glass substrate.  The channel height was measured as 102 µm for a first device, and 

119 µm for a second device.  The membrane thicknesses over the microchannel was      

85 µm for both devices. 

The two devices were bonded with a 30 : 1 PDMS base layer.  The first device 

(i.e. 102 µm channel height device) base layer was fabricated using a sandwich PDMS 

molding process.  This process began by placing two 6” glass wafers in separate 

desiccators, where the wafers were allowed to soak in a PDMS antiadhesion vapor 

(United Chemical Technologies, T2492) for different, yet overlapping time intervals.  
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This step allowed for selective removal of one wafer over the other.  Prior to pouring the 

prepolymer PDMS, a degassing step was performed, by spinning the PDMS in a 

centrifuge at 5000 RPM for 2-3 minutes.  The degassed PDMS was then poured over one 

wafer surface, with subsequent placement of the second wafer over the first wafer 

containing the poured PDMS.  The sandwiched 30 : 1 PDMS layer thickness was 

regulated by placement of ~203 µm thick spacers between the first and second wafers.  

The two wafers were held in place using binder clips.  The glass sandwich was then 

placed in an oven at 80º C for 35 minutes, to allow for partial curing of the 30 : 1 PDMS.  

The resulting 30 : 1 thickness was measured to be ~200 µm. 

The second device (i.e. 119 µm channel height device) 30 : 1 base layer was 

fabricated using a photolithography spinner (CEE Model 100).  Prior to spinning, an 

antiadhesion vapor soak was performed by placing a glass wafer in a desiccator for       

~1 hour, as described above.  The prepolymer PDMS was then spun using the program: 

1) 400 RPM, 50 RPM/sec, 10 sec, 2) 1000 RPM, 200 RPM/sec, 45 sec..  The wafer was 

then placed in an oven at 80º C for 35 minutes, to allow for partial curing of the 30 : 1 

PDMS.  The resulting 30 : 1 thickness was measured to be ~83 µm. 

Bonding of the 5 : 1 and 30 : 1 layers was performed under a microscope.  The     

5 : 1 channel layer was first placed under the microscope, where two separate pieces of 

capillary tubing (Polymicro, 105/40 µm – OD/ID) were placed ~1.5 cm into opposite 

ends of the molded microchannel.  Prepolymer 5 : 1 PDMS was then lightly applied over 

the capillary tubes, to seal all void areas.  Excess 5 : 1 was carefully removed using a 

razor blade.  The respective partially cured 30 : 1 base layers were then placed in contact 
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with the 5 : 1 layer.  Moderate pressure was applied to optimize the seal between the two 

layers of PDMS.   The wafer adhered to the 5 : 1 channel layer was then removed, 

leaving the membrane surface of the 5 : 1 layer exposed to the atmosphere.  Further 

smoothing of the PDMS was performed by grazing a razor blade gently across the 

membrane surface, to optimize the bonding of the two layers.  The bonded layers were 

then placed in an oven at 80º C for one or more hours, to allow for an irreversible bond to 

occur between the two layers.  The PDMS channel mold was then removed from the 

glass substrate, and aligned to a clean glass substrate.  The final processing step was to 

apply 5 : 1 prepolymer to the ends of the microchannel, where the capillary tubes exited 

the bonded layers (i.e. the transition area in going from being bonded between the two 

PDMS layers, to being exposed to the atmosphere). 

 

2) Micropositioner Fabrication 

All aluminum parts used in the construction of the first generation (1G) and 

second generation (2G) micropositioners, were fabricated from 6061 T6 grade aluminum.  

The 1G micropositioners were fabricated as previously described within Chapter II.  The 

bulk portion of the 1G micropositioners were CNC machined (Agie, AgieCut Classic) 

from aluminum, and thereafter anodized to prevent any possible arcing that might occur 

between the cantilevers and aluminum micropositioner bodies.  The micropositioner 

bodies consisted of two machined aluminum sub-body parts being joined by two 

micropositioner stages (Edmond Scientific, #56-416).  One of the sub-body parts was 

machined to integrate a flexible hinge, as a part of its physical design.  The stages 

allowed for translational adjustments to be provided to the cantilevers and microvalves in 
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the Z-Y directions, with the hinge allowing for arc tilt adjustments (discussed more fully 

within the Results and Discussion section of this Chapter).  Two metal screws were used 

to secure the cantilever mounts within the micropositioners.  Three additional plastic 

screws were threaded through one of the aluminum bodies, and used to secure the 

micropositioners to the glass substrate containing the prior fabricated PDMS 

microchannel mold. 

The 2G micropositioners were fabricated in-part using commercially available 

micropositioner bodies (Quater Research, XYZ 300MR).  The micropositioner bodies 

allowed for X-Y-Z adjustments to be made (discussed more fully within the Results and 

Discussion section of this Chapter), and were attached to an aluminum base, where they 

could be guided along a “track” machined into the base.  The track was formed by 

machining a lengthwise crevice through the base.  The micropositioner bodies further had 

a “dummy” plate attached to their base, which contained a threaded hole.  Allen screws 

were placed through the crevice from the backside of the plate, and tightened into the 

micropositioner “dummy” plate.  Tightening of the Allen screws secured each individual 

2G micropositioner body in place, and also served as a crude first positioning/adjustment 

step. 

The 2G micropositioners had two further machined attachments connected to their 

bodies.  The first attachment was an aluminum wishbone tilt arm mechanism, which 

allowed for lateral tilt adjustments to be performed.  The second attachment was an 

aluminum part fabricated with both a clamping mechanism, and a hinge mechanism.  The 

clamping mechanism served to secure the cantilevers in place, where the hinge 
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mechanism allowed for arc tilt adjustments to be provided to the cantilevers and 

microvalves.  The second attachment was secured to the first attachment, with the first 

attachment secured to the micropositioner body.  The adjustment capabilities for both 

micropositioner designs as a whole will be explored more deeply within the Results and 

Discussion section of this Chapter.   

The final major design aspect of the 2G micropositioners was the use of a plastic 

screw clamping mechanism.  This was a simple clamping system that was used to secure 

in place the glass substrate containing the PDMS microchannel mold.  The glass substrate 

was secured flush to the aluminum base, to which the micropositioner bodies were also 

secured to. 

 

3) Micropump Actuation 

The micropump utilized external piezoelectric cantilevers (Piezo Systems,   

Q220-A4-303YB) as an actuation means.  The cantilevers as supplied by the 

manufacturer come with a quick mount system, with pre-wired connections.  An 

appropriately sized Delrin (or printed circuit board material) block was adhered to the 

bottom of the quick mount, with an in-house machined acrylic block adhered to the top of 

the quick mount.  The mounts properly secured the cantilevers into the 1G and 2G 

micropositioners.  Machined aluminum clamps were adhered to the tips of the 

cantilevers, with the clamps securing in place CNC machined (Agie, AgieCut Classic) 

microvalves.  The microvalves were machined from aluminum, where each valve 

containing a finely machined valve tip.  The contact surface area of each valve tip       

(see Chapter IV) to the PDMS membrane surface measured 3 mm by 250 µm (L x W).  
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Each of the cantilevers were actuated with a square wave signal, with each signal 

delivered 120º out of phase, in effect creating a peristaltic wave actuation motion across 

the membrane surface.  The square wave signals were created using a virtual function 

generator (National Instruments), and further amplified using in-house fabricated 

electronic hardware that contained high voltage amplifiers (Apex Microtechnology, 

PA15A).  Potentials of ±90 V were used to drive the cantilevers, where this was also the 

maximum allowable signal amplitude before depoling of the cantilevers starts to occur.  

Driving the cantilevers at this maximum allowable potential allowed for maximal tip 

deflection to be attained.   

 

4) Flow Rate Characterization 

All flow rate data for the current Chapter was collected by tracking a 2-3 mm 

bubble through an external piece of capillary tubing connected to the outlet capillary tube 

line of the micropump.  Additionally, all flow rate data was collected using square wave 

signals actuated 120º out of phase.  The external capillary tube was first filled with blue 

food dye, prior to mating with the outlet line of the micropump.  The use of blue food dye 

allowed for better contrast and therefore increased tracking capabilities of the bubble.  

The bubble was tracked against the ticks/gradations of a meter stick, where the flow rate 

was calculated using the formula, Q = Av, with Q = flow rate, A = cross sectional surface 

area of the flow, and v = linear flow velocity of the bubble.   

 Flow rate data for the current Chapter were collected by utilizing micropumps 

fabricated with both 200 µm and 83 µm 30 : 1 base layers.  In addition, flow rate data 

were also collected with both Generation I and II micropositioners.  An additional 
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variable examined was to collect flow rate data for the Generation I micropositioners, 

with the glass substrate containing the PDMS microchannel mold being; 1) hoisted with 

use of substrate stabilizer blocks, or 2) not being hoisted at all.  The stabilizer block 

experimental setup can be observed in Figure V-1.  This Figure shows the 

micropositioner bodies hoisted, and therefore isolated from making contact with the base 

of the microscope stage.  Without use of the stabilizer blocks, the micropositioner bodies 

rested fully upon the stage of the microscope base.  All flow rate curves contain (n = 5) 

trials, with error bars representing the standard error of the mean. 

 

Substrate
Stabilizer

Blocks

Isolated
Micropositioner

Bodies  
 
Figure V-1:  Image of Generation I micropositioners, with use of substrate stabilizer blocks.  The 
micropositioner bodies were isolated from the stage of the microscope base with placement of the stabilizer 
blocks beneath the glass substrate. 
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Results and Discussion 

5) Micropositioner Design Features 

The two micropositioner designs used within the current Chapter can be seen in 

Figure V-2.  Image B of Figure V-2 is a side view of the Generation I (1G) 

micropositioners.  This micropositioner design allowed for significantly less positioning 

capability of the cantilevers and microvalves, over that of the Generation II (2G) 

micropositioners, and additionally provided less vibration isolation in comparison to the 

2G micropositioners.  The 1G micropositioner design employed two integrated 

micropositioner stages, which provided adjustment capabilities in the Z and Y-directions.  

This design also incorporated a hinge mechanism similar to that utilized within the 2G 

design, with the hinge allowing for angled Y-axis (arc of Y-axis) adjustments to be 

provided to the cantilevers and microvalves.  The summary of adjustments possible with 

the 1G design is shown for the 2D axis pasted within image B of Figure V-2.  It should be 

noted, it was possible in a crude way, to alter the lateral tilt (shown for Figure V-3B) of 

the microvalves using the 1G micropositioners.  This process was achieved by placing 

one or more small pieces of Scotch tape under the bottom mount of the cantilevers.  This 

process did provide for some control over lateral tilt, but proved to be slightly unwieldy 

and erratic at times, especially as the number of small pieces of tape under the mounts 

increased.  This crude lateral tilt capability however, provided pilot lateral tilt 

experimental data, which was useful for future 2G design considerations.   

Image A of Figure 2 is a side view of the 2G micropositioner apparatus.  Each 

micropositioner body for each individual cantilever, contains three knobs for adjusting 
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travel in the X-Y-Z directions, with these directions indicated by the 3D axis pasted 

within the image.  The manufacturer reports a travel of 0.300” (7.62 mm) in each 

direction, where additionally it is reported the resolution per turn is 0.025” (635 µm).  

Integration of a hinge mechanism as shown by the arc tilt arm, allowed for angled Y-axis 

(arc of Y-axis) adjustments to be provided to the cantilevers and microvalves.  This is to 

say, the Y-axis can be adjusted in a way such that the arrow at the tip of the Y-axis can be 

shifted in the Z-direction, while keeping the Y-axis origin fixed.  This motion is depicted 

by the arcing arrow along the Y-axis.   

 
 

Wishbone
Tilt Screw

Translation Knob

Cantilever

PDMS MicrochannelMicropositioner
Body

ValveCantilever

PDMS MicrochannelTranslation Knob

Micropositioner
Body

A B

Valve

Arc Tilt Arm

Z

X

Y

Arc Tilt Screws

Z

Y

 
 
 
Figure V-2:  Image of Generation I and II micropositioners.  Images A and B show three micropositioner 
bodies placed adjacent to one another, for positioning the piezoelectric cantilevers and microvalves over the 
PDMS microchannel (depicted as dotted line).  Image A is a representation of the Generation II 
micropositioner design, where the X-Y-Z adjustments are made with the translation knobs.  The lateral tilt 
adjustment is made with the wishbone tilt screw, where the motion produced is indicated by the arced 
arrow on the X-axis.  The arc tilt adjustment is made with a screw below the bodies, but is not visible as 
shown.  The arced arrow on the Y-axis indicates the arc tilt motion.  Image B is a representation of the 
Generation I micropositioner design.  The Y-Z adjustments are made with translation knobs as shown, with 
the arc tilt adjustments being provided by the screws as indicated.  The arced arrow along the Y-axis 
indicates the arc tilt motion. 
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The 2G micropositioners were also capable of providing a lateral tilt adjustment 

to the cantilevers and microvalves.  This process was achieved by using a wishbone 

tilting mechanism, as shown more fully within Figure V-3.  This mechanism employed 

three arms, with the center arm being fixed in place.  Proper adjustment of the wishbone 

tilt screws allowed for both the cantilever and microvalve to be laterally tilted.  That is, 

when the wishbone tilt screws are adjusted, the valve tip is spatially altered such that the 

valve tip surface would no longer be parallel to the membrane surface.  An increase in 

lateral tilt is observed for the sequence of images proceeding to the right within image B) 

of Figure V-3.  The overall effect is to not only spatially alter the X-axis’ arrow tip 

(shown in Figure V-2), but also the location of the origin as a whole for all three major 

axis adjustments (when the origin is taken with respect to the center of the valve tip 

surface).  This adjustment is depicted in a general sense for the arcing arrow on the       

X-axis as shown in image A of Figure V-2.  It can also be noted, the lateral tilt 

adjustment capability allows for the microvalve to be actuated as a “squeegee,” in effect 

increasing the microvalve stroke volume in the peristaltic signal bias direction, with a 

deeper discussion of the “squeegee” effect provided within Chapter VI.  Changes in 

microvalve lateral tilt, effectively translates into alteration of the peristaltic signal 

waveform shape.  Lastly, all adjustments for this particular micropositioner design are 

capable of providing real-time continuous on-the-fly microvalve adjustments. 
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Figure V-3:  Generation II micropositioners, with image A) providing a detailed head-on view of the 
wishbone tilt arms, and used to alter the lateral tilt of each microvalve.  Image B) is a cartoon 
representation for a head-on view of microvalve tips, for a cross-sectional plane taken parallel to the 
longitudinal direction of the microchannel, and transverse to the PDMS membrane surface.  The effect of 
increasing lateral tilt is shown with procession from left to right.  This adjustment feature is provided by the 
wishbone tilt screws as shown in A). 
 
 

6) Flow Rate and Vibrational Analysis 

The 2G micropositioners were not only fabricated to increase the positional 

capabilities of each microvalve tip, but also to dampen and isolate vibrations arising from 

actuation of the cantilevers.  Vibration of the entire micropump apparatus (image B of 

Figure V-2), often resulted when the cantilevers were actuated while being secured in 

place with the 1G micropositioners.  The data of Figure V-4 shows flow rate data 
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collected using the 1G micropositioners, without placement of the stabilizer blocks under 

the glass substrate.  The data was also compared for two different micropumps containing 

two different 30 : 1 base layer thicknesses.  It can be observed the data is slightly unstable 

from about 25-35 Hz for the top curve, and from about 25-45 Hz for the bottom curve, 

where these frequency ranges correspond to a “resonant dip.”  The natural frequency for 

the top (curve A) vs. bottom (curve B) curve was observed to be 30 Hz vs. 35 Hz, 

respectively, where maximal vibrations at these frequencies was observed for the 

micropump apparatus as a whole.  Video segments were also obtained, and show the 

significant increase in vibrations leading up to these frequencies.  The micropump 

apparatus vibrations were a result of rotational motions produced within the internal 

sliding mechanism of the 1G micropositioner stages, which were in turn created as a 

result of cantilever actuation.  The micropositioner stages as obtained from the 

manufacturer contain an internal sliding mechanism, with a sliding plastic part and two 

springs at opposite ends of the sliding part.  Depending on how the stages are mounted, it 

is possible for the sliding plastic part to rotate slightly when enough force is applied to 

the stages.  The integration of the stages with the 1G micropositioner sub-bodies allowed 

for such rotation to occur with actuation of the cantilevers.  Essentially, actuation of the 

cantilevers induced a force to rotate one of the two sub-bodies with respect to the other, 

where this process was made possible by the rotational movement allowed for within the 

internal sliding mechanism of the stages.   
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Figure V-4:  Plot of flow rate vs. frequency.  Plot shows two curves obtained with use of the Generation I 
micropositioners (represented as Gen I µPOS within plot), where in both cases, no stabilizer blocks were 
placed under the glass substrate.  The curves also compare the effect of using two different thicknesses of 
30 : 1 as a base layer, for two separate devices.  Standard error bars plotted for (n = 5) experiments for each 
curve. 
 
 

As shown in Figure V-4, the top curve (curve A) had less vibrational instability 

than the bottom curve (curve B).  It is not believed the thickness of the 30 : 1 base layer 

had much of a direct effect on these results, but is believed to have played a significant 

indirect role.  The 1G micropositioners required more torquing force to fully close the 

channel of the lower curve (thinner 30 : 1 base layer), and therefore in turn lessened the 

degree of rotation allowed for within the internal sliding mechanism of the stages.  The 

overall effect was to dampen vibrations of the micropump apparatus as a whole. 

 Figure V-5 shows three flow data curves for both the 1G and 2G micropositioner 

designs.  These curves more closely resemble the shape of an ideal set of flow rate 

curves, with smooth and predictable changes in flow rate being observed. The data shown 

for the 1G micropositioners, was taken with use of the stabilizer blocks (as discussed and 

shown within Figure V-1).  The stabilizer blocks hoisted the 1G micropositioners off the 
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base of the microscope stage.  It can be observed the 1G micropositioners with use of the 

stabilizer blocks, provided for stable flow data for both 30 : 1 base layer thicknesses.  The 

vibrations of each individual micropositioner were still present, but not allowed to couple 

in a way such that they affected the vibration of the micropump apparatus as a whole.  

Therefore isolating the vibrations of each individual micropositioner to itself, allowed for 

stable flow data to be attained.  It can also be observed within this Figure that the 2G 

micropositioners produced stable flow data.  Use of the stabilizer blocks was not 

necessary, or even capable with this particular micropositioner design. 

 

 
 
Figure V-5:  Plot of flow rate vs. frequency.  Plot shows three curves obtained using both Generation I and 
II micropositioners (represented as Gen I µPOS and Gen II µPOS within plot, respectively).  The curves 
also examined the effect of altering the 30 : 1 base layer PDMS thickness, for two separate devices.  
Generation I micropositioners utilized substrate stabilizer blocks placed beneath the glass substrate, in 
effect hoisting the Generation I micropositioners off the base of the microscope stage.  Standard error bars 
plotted for (n = 5) experiments for each curve. 
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Conclusions 

The data presented within this Chapter introduced a new, and significantly 

improved second generation (2G) micropositioner apparatus, used for positioning 

piezoelectric cantilevers and microvalves over a PDMS microchannel.  The 2G 

micropositioners allowed for considerably increased positioning capabilities with less 

effort, over that of the first generation design.  The 2G design also provided for stable 

flow data, where vibrations arising from actuation of the cantilevers were eliminated, or 

dampened to the point of being undetectable, as determined from the flow rate curves.  

These micropositioners are not ideal from a size perspective, but do allow for an 

unprecedented level of control over microvalve registration, within this particular 

micropump design.  The microvalve lateral tilt adjustment capability was introduced for 

the 2G micropositioners, which essentially allows for the microvalve to be actuated as a 

“squeegee,” in effect increasing the valve stroke volume in the peristaltic signal bias 

direction, as discussed more fully within Chapter VI.  Changes in microvalve lateral tilt, 

has a net effect of altering the peristaltic signal waveform shape.  This micropositioner 

design is particularly suitable for benchtop and research-oriented applications, where 

real-time continuous on-the-fly microvalve adjustments are made possible.  It is 

conceivable the 2G micropositioners could be integrated with an electronic feedback 

mechanism, to automatically adjust the lateral tilt of each microvalve.  Such a feedback 

mechanism would allow the output characteristics of the micropump, to adapt as 

necessary, to the changing conditions of a particular microfluidic system.   
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Chapter VI :  Squeegee Microvalves: Alteration of Microvalve Tilt 

Angle for Enablement of a Micropump with On-The-Fly Tunable 

Performance Metrics 



 

 192 

Synopsis 

The current Chapter reports on the performance characteristics of a PDMS 

fabricated peristaltic micropump, in response to changes in microvalve tilt angle.  The 

micropump was actuated with PZT piezoelectric cantilevers, where the external 

microvalves were adhered to the tips of the cantilevers.  The spatial orientation of the 

external microvalves was altered by tilting the microvalve tips, whereby the overall effect 

was to impart a gradient in height (z-direction) along the length of the microvalve tip, 

with the valve tip height being referenced with respect to the PDMS membrane surface 

plane.  This gradient in height across the microvalve tip effectively created a “plowing” 

or “squeegee” bias effect, for driving fluid flow through the microchannel in the 

peristaltic signal bias direction.  This change in microvalve tilt for creation of a 

“squeegee” effect, could more generally be characterized as changing the shape of the 

peristaltic waveform.  A survey of the literature reveals that tilted “squeegee” 

microvalves remains an unexplored micropump design variable, to the best of the 

Author’s knowledge.   Integration of variable tilt microvalves within a single micropump 

allows for significantly higher maximum attainable backpressures and flow rates to be 

achieved, where the results presented within this Chapter, demonstrate the capacity to 

increase these metrics by as much as ~400%.  Use of variable tilt microvalves further 

allowed for observation of an overall 10-fold increase in flow rate dynamic range.  The 

increase in performance achieved through alteration of microvalve tilt, will further be 

analogized to the Affinity Laws, as applied to centrifugal pumps.  Experiments were also 

undertaken to test the ability of the micropump to operate with the microvalves placed in 
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a nonideal tilt state, where the results demonstrate the robust ability of the pump to 

operate and function under such nonideal circumstances.  Lastly, in some instances 

reversed flow was observed, contrary to that of the expected flow direction.  These results 

indicate micropump valve tilt adjustments can in some instances have a dominant effect 

in controlling flow direction, even over the flow direction bias provided by the peristaltic 

signal.  An analysis will be presented to account for these unexpected findings.   

 

Introduction 

Microfluidic device technology provides unique opportunities that can either 

augment traditional scientific platforms, or even create entirely new possibilities 

altogether.  Microfluidic technologies have been employed within many domains of 

science and engineering, for purposes such as particle synthesis,1193, 1300, 1301 cell 

studies,1302-1305 separation science studies,919, 1087, 1214, 1306 and point of care diagnostics for 

developing nations.1051-1053  

 Many microfluidic platforms exploit the phenomena of tunability.  A survey of 

the microfluidics literature would turn up examples such as tunable microfluidic: flow 

resistances,1307, 1308 electrical devices,946, 947 pumps and valves,1309, 1310 optofluidic 

devices,1018, 1311-1315 gradient generators,808, 809 droplet generators,830, 1316 and separation 

devices.877, 1298, 1317-1320  In some cases, tuning the performance of a microfluidic platform 

requires precise control over unit operation devices such as micropumps and 

microvalves.628, 650, 653, 667, 690, 965, 967, 968, 1289  Options that exist to tune the performance of 

a microvalve and/or peristaltic micropump are to change the actuation signals frequency, 

shape, phase, amplitude, or wavelength.283, 326, 1321  Additional options would include 
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altering the actuation force of a microvalve, or changing the footprint size of the 

microvalve.667, 1290, 1291  With microvalves usually forming an integral part of micropump 

technology, it would be advantageous if other microvalve tuning options were available, 

as additional or alternative design options for fluidic control purposes on a microfluidic 

chip. 

 The current Chapter will present experimental data for a piezoelectric-actuated 

peristaltic micropump, with externally tilted microvalves.  The tilted microvalves allow 

for a “squeegee” or “plowing” bias actuation, to preferentially drive the contents within 

the microchannel in one direction over that of the opposite direction.  The Author is 

unaware of any existing report, characterizing the tilt of a microvalve.  The results within 

the current Chapter will highlight the vastly improved flow rate and backpressure 

performance for tilted microvalves, over that of untilted microvalves.  A sequence of 

tilted microvalves when actuated with a peristaltic waveform, is capable of providing a 

~400% increase in flow rate, over that of the same valves when actuated without tilt.  The 

predictable increase in flow rate performance for predictable increases in microvalve tilt, 

will also be presented as an analogy to the Affinity Laws, as commonly applied to 

centrifugal pump performance analysis.1278  Lastly, data will also be presented for the 

characterized increases in working backpressures and power output, for the associated 

increase in degrees of microvalve tilt. 
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Experimental Methods 

1) PDMS Micropump Fabrication 

The micropump channel was fabricated by bonding two pieces of PDMS, with a 

derivatized sequence of previously described method steps, as described within Chapter 

II.  The channel layer was fabricated using the portable handheld injection mold 

apparatus, presented within Chapter III.  The apparatus was CNC machined in-house, 

using aluminum as the primary working material.  The bottom plate of the apparatus was 

used for creation of the molding template.  The process of creating the template involved; 

1) straddling a 75 µm diameter wire across the bottom plate, 2) applying a thin film of 

general purpose spray adhesive over the wire/bottom plate surface, and 3) molding a 

piece of general purpose aluminum foil over the wire, using a Teflon block straight edge.  

Assembly of the injection mold included sandwiching a gasket between the top and 

bottom plates of the apparatus.  The gasket was used to regulate the distance between the 

top and bottom plates, i.e. allowing for regulation of the overall thickness of the PDMS 

layer, in addition to the channel membrane thickness as well.  The gasket was laser 

machined from bulk polyester material (McMaster-Carr, 9513K118), where the internal 

portion was cut-away.  Removal of this material allowed for creation of a cavity when the 

laser machined gasket is compressed between the top and bottom plates.  The Al foil 

wire-molded template also resided within this cavity region.  After fully assembling the 

injection mold, 5 : 1 prepolymer PDMS (GE, RTV615) was injected into the cavity, and 

then placed in an oven at 80º C for one or more hours, to expedite curing of the PDMS.  

Once the bake step was completed, the injection mold was removed from the oven and 
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placed under running water to expedite cooling of the apparatus.  The injection mold 

apparatus was then disassembled.  The fully cured 5 : 1 mold was then removed and 

placed onto a clean glass substrate with the molded channel facing the atmosphere.  The 

overall 5 : 1 membrane thickness over the channel region was measured to be 

approximately 80 µm, with the channel measuring ~100 µm in height. 

 A featureless 30 : 1 base layer was created using a glass wafer sandwich 

fabrication process, as previously discussed within Chapter II.  An antiadhesion vapor 

soak of the wafers was first performed using tridecafluorooctyltrichlorosilane        

(United Chemical Technologies, model T2492).  The wafers were placed in separate 

desiccators for two overlapping, yet different time intervals.  This step allowed for 

preferential removal of one wafer over the other when the wafers were separated to 

access the sandwiched PDMS.  After mixing the 30 : 1 PDMS, a degassing step was 

performed using a centrifuge (2-3 min at 5000 RPM).  The prepolymer 30 : 1 PDMS was 

then cured between the two glass wafers, while being separated by ~203 µm thick 

spacers.  The two wafers were secured in place using binder clips.  The PDMS glass 

sandwich was then placed into a convection oven at 80º C for 35 minutes to allow for a 

partial cure.  The overall thickness of the 30 : 1 layer was measured to be ~200 µm. 

 Bonding of the 5 : 1 and 30 : 1  layers was performed under a microscope, and 

began by placing two pieces of capillary tubing (Polymicro, 105 µm outer diameter /     

40 µm inner diameter) ~1.5 cm within each end of the microchannel.  Prepolymer 5 : 1 

PDMS was then placed along the capillary tube/PDMS channel regions to seal all void 

areas.  Excess PDMS was removed carefully with a razor blade.  The 30 : 1 glass wafer 
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sandwich was next separated.  The remaining wafer containing the partially cured 30 : 1 

PDMS was then placed over, and bonded to the 5 : 1 layer.  The two pieces of bonded 

PDMS were then placed in an oven at 80º C for one or more hours, to allow for an 

irreversible bond to be formed between the two layers.  Final processing of the bonded 

PDMS layers consisted of removing excess cured PDMS, followed by alignment of the 

PDMS channel region across a new and clean glass substrate, with application of 

prepolymer 5 : 1 PDMS to the capillary tube regions, where they exited the bonded 

PDMS layers. 

 

2) Micropump Actuation 

The peristaltic micropump was actuated using external piezoelectric cantilevers 

(Piezo Systems, Q220-A4-303YB).  Miniature aluminum clamps were adhered to the 

cantilever tips for the purpose of securing precision machined microvalves in place.  The 

contact dimensions for the microvalves to the PDMS membrane surface was 3 mm by 

250 µm (L x W), these dimensions being the same for all experiments presented within, 

and more fully understood with reference to Chapter IV.  A peristaltic wave was created 

across the microchannel by actuating the cantilevers with square wave signals that were 

120º out of phase.  A small signal was created using a virtual function generator 

(National Instruments), where the small signals were amplified with external hardware 

containing high voltage amplifiers (Apex Microtechnologies, PA15A).  The maximum 

driving potential of Vp = ±90 V was used to drive the cantilevers, so as to maximize 

deflection amplitude of the cantilevers. 
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3) Micropositioners 

A second generation micropositioner apparatus was fabricated for the current set 

of experiments.  A more detailed analysis and discussion is provided within Chapter V, 

for this newly fabricated micropositioner design.  The micropositioners were fabricated to 

improve upon the earlier design, as presented within Chapter II.  The improvements 

included allowing for greater stability of the micropositioners, dampening vibrations 

created by the piezoelectric cantilevers, and allowing for greater and more precise control 

over positioning of the microvalve tips over the microchannel region.  The 

micropositioners contained three positioning bodies (Quater Research, XYZ 300MR) that 

were mounted to a bulk piece of machined aluminum (hereinafter, the bulk aluminum 

base).  Further external machined parts were attached to the micropositioner bodies to 

allow for further adjustments to be made.  The micropositioner bodies allowed for X-Y-Z 

induced movements, where the externally attached parts allowed for tilt induced 

adjustments (i.e. translations not perpendicular or parallel to X-Y-Z).  These adjustments 

can be seen more clearly within Figure VI-1, of the 6) Valve Tilt Adjustments section.  

The summary of movements provided by the micropositioners (with respect to 

positioning of the microvalve tip over the PDMS microchannel, where the X-direction is 

defined as the direction parallel to both the microchannel and microvalve                

length-direction) included; 1) in/out (Y-direction), 2) lateral side-to-side (X-direction, 

and perpendicular to Z and Y-directions), 3) up/down (Z-direction), 4) angled tilt        

(arc in Z-direction), and 5) lateral tilt (tilt of microvalve surface plane in contact with the 

PDMS membrane surface plane, i.e. alteration of the microvalve contact surface 

direction/position, such that the end points of the microvalve length have different          
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z-vector components after being laterally tilted)  The micropositioner design allows for 

real-time continuous on-the-fly change in microvalve position, with respect to any of     

1) through 5).  It should be noted, of particular interest for operation of the micropump, is 

the on-the-fly adjustment of 5) (lateral tilt) for the microvalves. 

 The PDMS channel adhered to the glass substrate (as described above) was easily 

secured in place over the bulk aluminum base using a simple clamping mechanism.  

Adjustment of each microvalve was made under a microscope, so as to impart a desired 

position of a microvalve tip over the microchannel region.  Adjustments were provided 

using a dry microchannel, where release of the membrane from the base of the 

microchannel allowed for a clear indication of valving and tilt properties.  Observation of 

membrane release enabled a quantitative eyeball assessment to be made, as to the degree 

of lateral tilt induced to the microvalves by the micropositioners.  This quantitative 

assessment was recorded as X/Y%, with X and Y being a number value with the sum 

totaling 100%.  The sum of 100% is the same for microvalves of any size, and is 

therefore a relative measure across the entire length of the microvalve (i.e. 25/75% 

indicates; 25% is 25% of the entire length across the microvalve when taken with respect 

to one microvalve end-point, with 75% representing 75% of the length across the 

microvalve when referenced with respect to the opposite microvalve end-point).  The 

specific X and Y values were derived by observation of the membrane release 

characteristics from the bottom of the microchannel, as the valve was slowly actuated in 

increments from a fully closed to a fully open state.  These adjustment characteristics will 

be explored more deeply with Figure VI-1, within the Results and Discussion section. 
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4) Flow Rate Characterization 

Flow rates were characterized by tracking a 2-3 mm bubble through a piece of 

external capillary tubing.  The external capillary tubing was filled with blue food dye and 

secured to a meter stick.  The blue food dye allowed for better contrast of the bubble for 

tracking purposes.  The micropump was allowed to actuate in a steady-state, where the 

outlet line was connected to the external blue-food dye filled capillary tube, such that the 

2-3 mm bubble was intentionally introduced and tracked against the ticks/gradations of 

the meter stick.  The formula Q = Av was used to calculate flow rates, with Q = flow rate, 

A = cross-sectional surface area of the flow, and v = linear flow velocity of the bubble.  

All flow rates were characterized using square waves out of phase by 120º.  Standard 

errors were plotted as error bars for each flow rate plot, where (n = 4) for (50/50%), 

(35/65%), (25/75%), (10/90%), and (2@10/90%, 1@90/10%).  The nomenclature 

(2@10/90%, 1@90/10%) represents two microvalves tilted in the forward bias peristaltic 

signal direction (i.e. 2@10/90%) and one microvalve tilted in the reverse peristaltic 

signal bias direction (i.e. 1@90/10%).  Plots for (10/90 - RevSig), and            

(2@10/90%, 1@90/10% - RevSig), are representative of (n = 3) experiments. 

 

5) Backpressure Characterization 

Maximum attainable backpressure was characterized by connecting the outlet line 

of the micropump to an electronic pressure sensor (Honeywell, 40PC015G2A).  The 

pump was allowed to actuate until a fully pressurized state was attained, as indicated by 

the pressure sensor reading.  After achieving this stable and maximal pressure reading, 

the micropump was stopped, where one valve was left in the fully closed state.  Pressure 
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readings were recorded over the course of a 15 minute time interval, where after this 

time-frame, the solely closed microvalve was opened, with further pressure readings 

obtained until no pressure remained within the system.  The following ratio of 

(n/frequency) indicates the number of experiments performed, to the pressurization 

frequency: (3/30 Hz) for 10/90%; (3/20 Hz) for 25/75%; (3/20 Hz) for 35/65%; (3/20 Hz) 

for 50/50%; (1/200 Hz) for 10/90% - RevSig; (1/30 Hz) for 2@10/90%, 1@90/10%;   

(1/5 Hz) for 2@10/90%, 1@90/10% - RevSig.  The nomenclature (2@10/90%, 

1@90/10%) represents two microvalves tilted in the forward bias peristaltic signal 

direction (i.e. 2@10/90%) and one microvalve tilted in the reverse peristaltic signal bias 

direction (i.e. 1@90/10%). 

 

Results and Discussion 

6) Valve Tilt Adjustment 

The lateral tilt adjustment process is front and center to the forthcoming 

experimental data that will be presented within.  To the best of the Author’s knowledge, 

microvalve lateral tilt remains an uncharacterized variable within the literature.  Figure 

VI-1A) is an exaggerated cartoon representation of decreasing valve “tilt,” when 

proceeding from V1 to V3.  Unless otherwise noted, all discussions of “tilt” from this 

point forward, are directed towards lateral tilt adjustments, and therefore not that of 

angled tilt adjustments (see Micropositioners section of Experimental Methods).  The 

designation of V1, V2, and V3, represents three valves aligned in succession along a 

PDMS microchannel.  The general concept of valve tilt is shown in Figure VI-1A) to 
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decrease when moving from V1 to V3.  That is to say, V1 would be expected to produce 

the largest “squeegee” effect of the three valves, when actuated downward along the 

depicted linear translation direction.  The net effect of changing microvalve tilt, is to alter 

the shape of the peristaltic waveform, in morphing from a square wave, to a triangle-like 

waveform.  The micropositioner design that was utilized to accomplish this tilt 

adjustment is presented within Chapter V.  
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Figure VI-1:  Image representations of microvalve lateral tilt dynamics.  Image A) is an illustration 
representing the effect of decreasing lateral tilt to microvalves, when proceeding from V1 to V3, with V1, 
V2, and V3 being three valves aligned in sequence.  Image B) is a schematic representation of membrane 
release dynamics from the bottom of the microchannel, when the microvalve is actuated from a fully closed 
state to a fully open state.  The dot at the tip of the arrows for all three valves, represents the final point of 
release of the membrane from the base of the microchannel.  This observation was taken under a 
microscope, with a dry microchannel.  Image C) illustrates the sequence of steps used to impart lateral tilt 
to a microvalve tip.  Part C)3) is the hypothesized surface deformations that result after the microvalve 
tilting process is complete.  It is hypothesized the tilting process induces PDMS restoring forces, that 
explain the observations in Image B). 
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The degree of induced microvalve tilt was recorded with the micropump placed in 

an inverted position under a microscope.  With the channel in a dry state, it was possible 

to observe the release of the membrane from the bottom of the channel, as the valve was 

actuated from a fully closed state to a fully open state.  Figure VI-1B) is a cartoon 

representation that illustrates how the degree of tilt was characterized for each 

microvalve.  The enclosed rectangular region represents the microvalve tip, for the region 

of the tip that makes contact with the PDMS membrane surface.  The dot at the tip of the 

arrows is to designate the last point of release of the membrane from the bottom of the 

microchannel, as the valve actuates from being fully closed to fully open.  Therefore, the 

rate of membrane release for the large arrow was much larger than the rate of membrane 

release for the small arrow, as shown within the 10/90% representation.  At the other 

extreme, 50/50% indicates the rate of membrane release from the outer end-point of the 

microvalve towards the dot, was observed to be approximately equal when examined 

under a microscope.  The percentage indication (e.g. 10/90%) therefore denotes a 

percentage of length across the valve tip, from the outer end-point of the microvalve tip, 

to the last point of membrane release represented by the dot at the tip of the arrow.  This 

method of quantitation was recorded as an “eyeball” estimation, and believed to be 

accurate to within 5%.  Another possibility for quantifying the degree of induced 

microvalve tilt would be to integrate micrometers into the micropositioners.  This design 

feature was not utilized, but could easily be incorporated at a later point if necessary. 

 The %/% tilt phenomena is somewhat of an unexpected observation.  It is 

believed the %/% tilt observations are a direct result of how the tilt adjustments were 
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performed.  If the tilt adjustments had been made prior to placing the valve tips in contact 

with the membrane surface (i.e. at step 1) of Figure VI-1C), it would be expected based 

on qualitative reasoning that the first and last point of contact of the membrane to the 

bottom of the channel, when actuated from fully open to fully closed, would be the corner 

of the valve indicated by the star (if tilted such that the star corner was the first point of 

contact to the membrane surface).  In other words, 0/100% would be the expected 

observation, regardless of the degree of induced tilt.  For the current set of experiments 

however, the tilt adjustments were not made according to this scenario.  The tilt 

adjustments were performed as indicated in steps 1) through 3) of Figure VI-1C).  As 

shown, the valve tip was first placed in contact with the membrane surface using the 

micropositioner, and then tilted.  It is hypothesized the final effect induced to the 

membrane surface would resemble the image shown in C3) of Figure VI-1.  The 

contortion to the membrane surface is shown as an exaggeration for illustrative purposes, 

but nonetheless, still representative of the expected PDMS deformation that would result 

from an induced microvalve tilt.  The elastomeric nature of PDMS would allow for such 

a distortion to take place, where it has been reported the shear modulus of PDMS can 

vary from 100 kPa to 3 MPa.97  Relatively speaking, the degree of distortion would be 

expected to be on the smaller side, due to the membrane (channel layer) being fabricated 

from 5 : 1, as opposed to the mechanically softer 30 : 1 base layer.  Further discussion 

can be found elsewhere, for the complexities surrounding induced mechanical 

deformations provided to polymeric surfaces.294, 1322, 1323 

 As a result of the proposed hypothesis for induced contortion to the PDMS 
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membrane surface, a restoring force would in turn be expected.  This restoring force is 

shown broken into two parts, and indicated as “Compressive” and “Tensile” within C3) 

of Figure VI-1.   It would be expected the star corner of the valve would essentially act as 

a divot when the valve is actuated.  The “Tensile” side would be representative of one 

portion of the net restoring force, created as a result of the tensile stress provided to the 

PDMS.  The “Compressive” portion of the net restoring force would be representative of 

the compressive volume stress experienced by the extruded PDMS, as indicated along the 

squeegee direction from the star to just past the opposite microvalve corner.  The valve as 

shown in C3) corresponds to the neutral position, i.e. zero volts applied to the cantilever, 

where the “Compressive” and “Tensile” forces would be expected to increase and 

decrease in overall magnitude as the valve is actuated down vs. up, respectively.  This 

trend would be expected as a result of the increased stress created by valve closure, where 

opening of the valve would result in relaxation of the PDMS.  It should further be added 

that each valve remains in full contact with the membrane throughout the entire actuation 

cycle, and therefore the magnitude of change in these forces would be expected to cycle 

consistently throughout the entire valve cycling operation. 

 In summary, the restoring force discussion could be summarized by noting that a 

10/90% observed tilt would be expected to create a larger net restoring force than a valve 

with no tilt (i.e. 50/50%), where this situation would be expected to produce a net 

restoring force of zero.  Therefore, it is hypothesized that the magnitude and dynamics of 

the restoring forces, determines how the 5 : 1 membrane releases from the 30 : 1 PDMS 

at the base of the microchannel.  Modeling studies are currently planned, to further 
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explore the basis of this hypothesis, in accounting for the proposed tilt and valving 

mechanisms, as described above.  It is expected the valving results will be quite different 

than that described for other pneumatic valve designs.283, 484 

 

7) Flow Rate Data 

An array of experiments was undertaken to test the effects of valve tilt on flow 

rate.  Figure VI-2 shows four curves for valve tilts corresponding to 50/50%, 35/65%, 

25/75%, and 10/90%.  For each individual curve, all three valves were adjusted such that 

each valve contained the same degree of tilt.  The results show that the 10/90% valve tilt 

curve provided the highest overall flow rates, with the reduction in overall flow rates 

following a predictable trend for 25/75% > 35/65% > 50/50%.  The average maximum 

flow rate recorded for the 10/90% curve was 120 nL/min, where the average maximum 

flow rate for the 50/50% curve was recorded as 32 nL/min.  This represents a nearly       

4-fold increase in observed maximum attainable flow rate, made possible by tilting the 

valves from a 50/50% configuration to a 10/90% configuration.  The minimum averaged 

flow rate recorded for the four curves was 4.6 nL/min, for the 50/50% curve at 60 Hz, 

where further the minimum averaged flow rate for the 10/90% curve was 46 nL/min, 

recorded at 0.1 Hz.   

For the current Chapter, a dynamic range is defined as the ratio of maximum to 

minimum flow rate values.  It is noted a dynamic range value of 2.6 is observed when 

considering only the 10/90% curve, where this value changes to 26 when calculating the 

dynamic range for all curves considered.  Therefore, tilted microvalves in this case is 

shown to increase the dynamic range by a factor of 10.  This trend of increasing flow 
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rates for increasing tilt was not surprising once the data was placed into context.  Using a 

120º peristaltic signal, with progressively increasing degrees of valve tilt, one would 

expect to see an increase in micropump flow rates, resulting from the corresponding 

increase in microvalve “squeegee” action.   

 

 
 
Figure VI-2:  Flow rate curves for laterally tilted microvalves.  All three valves for each individual curve, 
were adjusted such that each valve contained the same degree of induced tilt.  Each curve is representative 
of (n = 4) experiments, with standard errors plotted with error bars. 
 
 
 The “squeegee” effect is best summarized as, providing a shape change to the 

peristaltic waveform.  A microvalve tilt hypothesis is proposed to account for the 

expected increase in flow rates with increased microvalve tilt.  First, it is expected a tilted 

microvalve would translate into a decrease in microvalve footprint length, for the vector 

component taken along the longitudinal direction (X-direction) of the microchannel.  This 

is more easily understood with reference to Figure VI-1A), where it is easily visualized 

the x-component of the untilted microvalve shown as V3, is greater than the x-component 

of the tilted microvalve shown as V1.  While it may be expected this decrease in length 
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taken along the x-direction, would translate into a decrease in displaced volume within 

the microchannel, it is hypothesized the edge of the microvalve denoted by the star within 

Figure VI-1C), acts as a “divot” in preventing backflow through the inlet of the 

micropump when V1 of Figure VI-1A) is progressively brought from a fully open to a 

fully closed state, and therefore a tilted microvalve actually provides a larger displaced 

stroke volume over that of an untilted microvalve.  Increasing stroke volume by 

preventing backflow with a microvalve “divot” and “squeegee” action, would also allow 

for higher pressures to be trapped within the peristaltic chambers, and therefore in turn 

translate into higher working backpressures of the micropump.  It has been shown and 

discussed previously within Chapter II, that a 120º peristaltic signal prevents backflow as 

a micropump pressurizes, unlike that of a 60º or 90º peristaltic signal, where if the 

proposed tilted microvalve hypothesis is correct, it might be said that “tilted” microvalves 

actuated with a 120º peristaltic signal, performs as, “an enhanced 120º peristaltic signal,” 

in providing additional anti-backflow characteristics.  A complex interplay between 

stroke volume, changes in linear momentum provided to the displaced volume, and 

PDMS compliance characteristics, could also be a factor that plays a role in fully 

explaining the “squeegee” effect observed with tilted microvalves.   

 Figure VI-2 indicates, there is nearly a uniform increase in flow rate values, when 

comparing the curves at each individual frequency value.  This consistent and predictable 

increase in flow rate performance for increasing microvalve tilt, is analogous to the 

mathematical relationships expressed by the Affinity Laws for centrifugal pump 

performance.1278  The Affinity Laws are a set of mathematical relationships, that express 
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changes in pump performance such as flow rate, when a change is made to another 

variable such as rotary pump speed or impeller diameter.1278  That is, for a constant 

impeller diameter, (Q1 / Q2) = (N1 / N2), where Q1 represents the flow rate at a first value, 

Q2 at a second flow rate valve, with N1 representing the rotary pump speed at the           

Q1 value, and N2 the second rotary pump speed at Q2.  Likewise, for a constant rotary 

pump speed, the Affinity Laws for centrifugal pumps also state that, (Q1 / Q2) = (D1 / D2), 

where a ratio of flow rate values is related to a ratio of impeller diameters, D1 and D2.  

Considering the micropump data of Figure VI-2 by analogy, the relationship                 

(Q1 / Q2) = (Tilt1 / Tilt2), could be used as a “micropump affinity relationship,” similar in 

nature to that of the centrifugal pump Affinity Law relationships.  Figure VI-3 is a plot of 

flow rate ratios, at each respective frequency value of Figure VI-2, with each curve 

referenced to the micropump with untilted microvalves (i.e. 50/50%).  That is, the curves 

A, B, and C of Figure VI-3, are plotted representations of flow rate ratios vs. frequency 

for curves A / D, B / D, and C / D of Figure VI-2, respectively.  It can be seen within 

Figure VI-3 that the “micropump affinity relationship” deviates from the relationship,  

(Q1 / Q2) = (Tilt1 / Tilt2), for frequencies increasing past 25 Hz.  The data as plotted 

within Figure VI-3 shows two regions, where the flow rate ratios follow the predictable 

trend for increasing degrees of microvalve tilt.  These ranges correspond to: 0.1 – 2.5 Hz, 

and 5 – 25 Hz.  For Figure VI-3, the standard deviation for the difference in flow rate 

ratios from 0.1 – 2.5 Hz, for curves (A – B), (B – C), and (A – C), is 0.35, 0.04, and 0.35, 

respectively.  Similarly for Figure VI-3, the standard deviation for the difference in flow 

rate ratios from 5 – 25 Hz, for curves (A – B), (B – C), and (A – C) is 0.10, 0.01, and 
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0.11, respectively.  Therefore, for the constant ratio of (Tilt1 / Tilt2), the data shows a 

fairly consistent and predictable change in ratio for (Q1 / Q2), especially for smaller 

relative alterations in microvalve tilt (i.e. for valve tilts closer to 50/50%, as opposed to 

that of the extreme case of 10/90%). 

 

 
 
Figure VI-3:  Flow rate ratio for microvalve tilts vs. frequency.  Plot analogizes centrifugal pump Affinity 
Laws, to that of a peristaltic micropump, for the relationship taken as, (Q1 / Q2) = (Tilt1 / Tilt2).  This 
relationship is predictable in relating flow rate (Q) changes to corresponding changes in microvalve tilt, for 
the frequency ranges of; 0.1 – 2.5 Hz, and 5 – 25 Hz. 
 
 
 Figure VI-4 shows two separate plots of flow rate data collected.  Plot A) shows 

two curves for a micropump, configured with a mixed combination of microvalve tilts.  

The designation 2@10/90%, 1@90/10%, would correspond to Figure VI-1 as,              

V1 = 10/90%, V2 = 10/90%, V3 = 90/10%, with the 120º peristaltic signal biased in the 

forward flow direction, i.e. in the direction of V1 to V3.  The designation of     

2@10/90%, 1@90/10% - RevSig would correspond to the same valve tilt configuration, 

but indicates the 120º peristaltic signal was biased in the reverse flow direction.  The data 
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for this Figure indicates flow patterns that are a little erratic, but nonetheless 

demonstrates the robust nature of the pump, where a net flow was produced in spite of 

the valve tilt combinations being altered such that the micropump was intentionally 

placed in an extreme and nonideal operating state.  The data indicates the micropumps 

overall operation is very tolerant towards an array of valve tilt adjustments and/or 

combinations, and therefore in the instance there are uncontrolled or nonideal tilt 

adjustments, the micropump will be very “forgiving” towards this variable, as it relates to 

producing a net flow through the micropump.  The data as shown in B) on the other hand, 

for valve tilts of 10/90% while using a 120º reversed square wave peristaltic signal, can 

be seen as very stable and capable of producing very high flow rates.  The averaged 

maximum flow rate was recorded as 178 nL/min at 250 Hz.   
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Figure VI-4:  Flow rate curves for laterally tilted microvalves.  The curves as shown in Plot A) are 
representative of a mixed combination of microvalve tilts.  The bottom curve for A) was recorded with a 
reversed peristaltic signal bias, i.e. in the reverse flow direction.  Plot B) illustrates valves with a uniform 
degree of induced lateral tilt, with the data being recorded for a reversed peristaltic signal bias.  All curves 
indicate standard errors using error bars.  The top curve for A) is representative of (n = 4) experiments, with 
the remaining curve for A), and the solo curve of B), being representative of (n = 3) experiments. 
 
 
 The flow rate data presented for Figure VI-4A) and Figure VI-4B) is certainly 

very disparate in many regards, however there is one unifying feature for both plots, 

relating to flow direction.  It was observed the flow direction for both curves of plot A), 

was in the reversed signal direction.  That is, the direction of flow through the 

micropump was the same for both plots, where the flow direction for curve A was against 
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the peristaltic signal bias direction (i.e. in the reverse flow direction), with the flow 

direction for curve B in the peristaltic signal bias direction (i.e. in the reverse flow 

direction).  As for plot B) of Figure VI-4, the 120º peristaltic signal had a reverse flow 

bias, but the actual flow was observed and recorded in the forward direction.  This 

observation was very unusual and unexpected, where in certain instances it appears the 

microvalves “squeegee” flow bias, overpowers/affects the peristaltic signal flow bias.  A 

possible explanation to account for the high flow rates of the 10/90% reversed signal data 

of Figure VI-4B), as compared to the 10/90% flow rate data of Figure VI-2, would be 

provided if the 10/90% reversed signal had a counterflow microvortice driving force that 

was greater in magnitude, than that of the peristaltic signal driving force for the data 

presented within Figure VI-2. 

 

8) Reverse Flow Discussion 

An explanation to account for the reversed flow observations could be provided 

by considering the microvalve adjustment process, and the potential effects these 

adjustments could have on the valving operations of the micropump.  Figure VI-5 is a 

schematic representation of the various microvalve adjustments that could alter the 

valving characteristics of the micropump.  Figure VI-5A) is a top-down view of a 

cantilever and microvalve over a PDMS microchannel.  This part of the Figure shows an 

exaggerated view of how, potentially the microvalve could be adjusted properly so as to 

completely close off the microchannel, and yet be placed in an adjusted state such that the 

microvalve tip was not completely parallel to the longitudinal direction of the 

microchannel.  It should be noted this deviation was never observed, but could exist when 
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one considers micron-regime variations.  These small variations in most cases would be 

expected to be undetectable, when observing valve alignment under a microscope.   

 
 

A) B)
C)

30 : 1

5 : 1

Microchannel

Microchannel

Cantilever

Valve

Cantilever

Valve

Valve

1

30 : 1

5 : 1 Microchannel

Cantilever

Valve

1

30 : 1

5 : 1

Φ1

Φ2

α

Cantilever

30 : 1

5 : 1

Microchannel

 
 
Figure VI-5:  Sequence of illustrations to highlight potential valve adjustment variables, that could in turn 
affect channel collapse dynamics, and therefore valve performance as well.  Image A) is a top-down 
illustration of how the microvalve could be aligned such that the channel fully closes, in spite of the 
cantilever not being aligned perfectly transverse to the longitudinal direction of the microchannel.  Image 
B) is a cross-sectional image of the microchannel, and the image seen by the eye looking into the 
microchannel, as shown within Image A).  Image B) depicts how alteration of the cantilever hinge-point 
angle α could impart a different “actuation arc” to the microvalve tip, with the actuation arc being 
characterized by angles Φ1 and Φ2.  Alteration of α is accomplished by changing the angled tilt adjustment 
on the micropositioners.  Image C) is an indication of lateral valve tilt.  The image shown in C) would 
correspond to the image seen by the eye looking in the transverse direction to the longitudinal direction of 
the microchannel, as depicted within Image A). 
 
 
 
 Figure VI-5B) is a depiction of the microchannel when a cross-section is taken 

along the dotted line shown transverse to the longitudinal direction of the microchannel.  

The image observed for the eye looking into the channel, as shown in A), is the image 

shown in B).  The top portion of B) is an illustration of the geometric variables 

influenced when angled tilt adjustments are provided by the micropositioners (not to be 
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confused with the lateral tilt adjustments as shown in C)).  Angled tilt adjustments allow 

for the angle α to be varied, through rotation of the cantilever about hinge-point 1.  

Rotation about hinge-point 1 would in turn alter the degree of microvalve tip     

“actuation arcing” over the microchannel.  It would be expected the channel would 

collapse nearly straight down if the angled tilt adjustment were made such that, the 

cantilever was oriented parallel to the dotted-line axis connected to hinge-point 1.  This 

adjustment scenario would correspond to an actuation arc characterized by angle Φ1, for 

example.  If however, the cantilever were adjusted as illustrated, it would be expected the 

channel would collapse partially sideways as the cantilever was actuated in the downward 

direction.  An example of this particular arcing motion is depicted in B), for the actuation 

arc characterized by angle Φ2.  Therefore, the extent to which the channel would collapse 

straight down vs. sideways, would likely depend in large part on Φ, and the overall 

magnitude of this angle.  Smaller values would be expected to collapse the channel nearly 

straight down, with increasing collapse sideways being predicted for increasing values of 

Φ.   

 Figure VI-6 is an actual cross-sectional image, equivalent to the valve 

tip/microchannel region of Figure VI-5B).  The sequence of images from A to C 

represents the progression of valve collapse as the valve tip actuates in the downward 

direction.  The arrow shown in image C indicates a portion of the channel that did not 

fully collapse (as a result of the channel being square vs. rounded – see Chapter III).  This 

portion of the microchannel would correspond to the top right corner of the microchannel 

shown within image A of Figure VI-6.  The actuation arcing motion of the microvalve tip 
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is readily visible, when using this top right corner portion of the microchannel as a 

reference point.  This sequence of images further illustrates the inextricable connection 

between actuation arcing, and microchannel collapse dynamics. 

 

A B C

 

Figure VI-6:  Cross-sectional PDMS channel geometry images, for observation of the microchannel being 
collapsed through actuation of a microvalve.  Image A is for a fully open microchannel, with B showing an 
intermediate state, and C showing full closure of the microchannel.  The arrow in C indicates a small 
portion of the channel that was not completely collapsed, as a result of the channel being square, versus 
rounded. 
 
 
 
 Figure VI-5C) is an illustration of a head-on view of the microvalve and 

microchannel.  The image produced by the eye of A) looking in the direction transverse 

to the longitudinal direction of the microchannel, is the image illustrated within C).  This 

image depicts the relative spatial orientation of the microvalves, after being laterally 

tilted by the micropositioners.  This lateral tilt would further correspond to the tilted 

valve as shown in C3) of Figure VI-1. 

 Considering images A), B), and C) of Figure VI-5 in combination, it can be 

understood the valving mechanism for this micropump is complex.  With all three images 

factored as a whole, it is possible the microchannel is not only being partially collapsed 

sideways, but additionally being “twisted” as the channel is collapsed sideways.  The 

elastomeric nature of PDMS, combined with the complex adjustments and actuation 
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movements, make it possible that the channel is being “twisted” in a way, such that this 

complex 3D mechanical “twisting” motion creates or contributes to the process of 

producing reverse flows through the micropump.  Therefore, it is believed the mechanical 

valving dynamics are not fully understood, solely based upon, the observed PDMS 

membrane release dynamics from the base of the microchannel, as studied/recorded 

through a microscope objective.  The complex mechanical valving dynamics is a first 

proposed mechanism to account for the unexpected reversed flow results of Figure VI-4, 

where the data is indicative that valve tilt adjustments could have an overpowering effect 

on flow direction, trumping even the flow bias direction of the peristaltic signal.  

A second possible explanation to account for the reversed flow observations, 

could be attributed to the creation of recirculatory flow patterns, induced as a result of 

microvalve tilt adjustments.  It is possible components of the velocity flow field adjacent 

to the microvalves, could have deformed fluid elements such that counterflow 

microvortices or other complex flow patterns were created, whereby these counterflow 

patterns resulted in greater driving forces in the reverse flow direction, as opposed to the 

bias direction provided by the peristaltic signal.  Microvortices, and reverse flow patterns 

for traveling wave micropumps have been discussed elsewhere.1324-1328 
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9) Backpressure Data 

Figure VI-7 is a combined plot for all backpressure data produced for the current 

Chapter.  Plot A) can be seen to produce a very predictable trend, where decreasing valve 

tilts corresponded to decreasing maximum attainable backpressures being recorded.  For 

each set of curves corresponding to 1 through 4, the frequency the micropump was 

actuated at while pumping into the pressure sensor, was the frequency that corresponded 

to the averaged maximum flow rate of Figure VI-2.  Therefore, the trend observed in plot 

A) is not unexpected, as higher backpressures would be expected for higher flow rates.  

The curves in plot B) are not comparable for valve tilts in the same way as those in plot 

A).  The curves of plot B) however do follow the same trend as plot A), where a stepwise 

progression of decreasing maximum attainable backpressures for curves 1 through 3, 

corresponds to the same stepwise progression of decreasing averaged maximum flow 

rates for the respective valve tilts of Figure VI-4.  The corresponding flow rate and 

backpressure values obey the physical relationship of ΔP = QR (ΔP = pressure drop,       

Q = flow rate, R = resistance), to produce linear data relating these two variables.  This 

relationship is not unexpected since the micropump flow characteristics are dominated by 

laminar flow losses through straight pipe capillary tubing.   
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Figure VI-7:  Cumulative summary of all backpressure data collected for the current Chapter.  Plot A) 
shows data for four curve groupings (i.e. 1 to 4) corresponding to four separate lateral valve tilts.  For each 
grouping, all three valves contained the same degree of tilt.  Plot B) for curves 2-3 is a representation of 
backpressure data for mixed valve tilt combinations, with curve 3 further utilizing a reversed peristaltic 
signal bias (i.e. in the reverse flow direction).  Curve 1 represents microvalves with uniform tilt, with the 
data being collected for a reversed peristaltic signal bias.  Plot A) for groupings 1-4 are representative of   
(n = 3) curves, with Plot B) for groupings 1-3 being representative of (n = 1) curve. 
 
 
 Observation of stepwise increases in flow rates for Figure VI-2, with a likewise 

increase for observed backpressures as shown in Figure VI-7, further illustrates a 

corresponding increase in power output of the micropump for increases in microvalve tilt.  
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Figure VI-8 is an illustration of the increase in power output of the micropump          

(with all data points calculated for a frequency of 20 Hz) for corresponding increases in 

microvalve tilt, where it can be seen the curve follows the trend (25/75%) > (35/65%) > 

(50/50%).  This trend would be expected for an increase in microvalve tilt, where the 

driving force of the peristaltic wave remains unaffected, for the proposed hypothesis of 

providing an increase in stroke volume for a corresponding increase in microvalve tilt.  

This change in power output for corresponding changes in microvalve tilt, when 

considered for a constant frequency peristaltic micropump, could be considered in some 

ways analogous to that of a constant speed centrifugal pump, when the vane angles of the 

impeller are altered. 

 

 
 
Figure VI-8:  Plot of backpressure vs. flow rate, for illustration of micropump power output.  All three data 
points are for backpressure and flow rates recorded at 20 Hz.  Plot indicates an increase in power output of 
the micropump, for an increase in microvalve tilt, with the power output following the trend (25/75%) > 
(35/65%) > (50/50%).  Flow rate values are for (n = 4) experiments, with backpressure values totaling       
(n = 3) experiments. 
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10) Microvalve Tilt Perspective 

As is evidenced by the experimental data presented above, the lateral tilt of a 

microvalve can have a significant impact on micropump performance.  This concept of 

microvalve tilt could bear relevance to other micropump designs as well.  While in most 

cases it is not likely other micropump designs would be capable of integrating 

dynamically variable tilt microvalves, it is possible for other designs to incorporate 

design features that allow for a permanently “tilted” microvalve/s.  This could be 

achieved using surface or bulk micromachining methods, where differences in material 

thicknesses and/or geometries could be varied such that an actuator could be 

mounted/integrated so as to create a “squeegee” effect when actuated.  It is also possible 

to replica mold PDMS a membrane that contains a continuous gradient in membrane 

thickness, using gray-scale template fabrication methods.1329-1331  Such membranes would 

function as squeegee microvalves when integrated into pneumatic micropump designs.  

Membranes fabricated with a spatially variable thickness would allow for the elasticity of 

the membrane to vary continuously across the length of the microvalve, and therefore 

when actuated, allow for a continuous difference in response times to exist across the 

membrane surface.  It would be expected this variable response time for three valves 

taken in sequence, would allow for each microvalve to be actuated/closed with a 

“squeegee” effect, such that the net overall effect would be to alter the shape of the 

peristaltic waveform.  Increasing the performance of a microvalve with tilt would allow 

pneumatic designs to integrate smaller microvalves, which are capable of performing 

identically as microvalves with larger footprint sizes.  The effect of decreasing 

microvalve footprint size while maintaining equivalent performance as a larger 
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microvalve, would allow for less real estate to be used, and therefore provide an 

additional design variable that can be leveraged to continue the trend of increasing the 

number of valving operations on a microfluidic chip.25, 635 

A measure of flow rate throughout a microfluidic chip is extremely important, 

when quantitative analysis is an objective.  It is well known, changes in pressure drop or 

system resistance, create a change in flow rate throughout a microfluidic chip.  As such, it 

is not surprising numerous approaches have been taken to study and characterize a 

microfluidic chips: 1) system resistance,1307, 1308, 1332, 1333 2) flow velocities for changes in 

backpressure1334-1336 and pulsating flows,1322, 1337, 1338 with flow velocities oftentimes 

being characterized using flow sensors989, 990, 1339-1341 and techniques such as particle 

image velocimetry454, 455, 459, 1342 (PIV), along with other optical,446, 450, 1343 and thermal1344 

tagging techniques, and 3) pressure drops for various cross-sectional channel 

geometries,1270, 1345-1348 channel distortions,1322, 1323, 1349 channel surface textures,1350, 1351 

and fluidic contents.1352-1354  Microfluidic chips oftentimes incorporate many valves for 

the purpose of directing and stopping flows throughout various sections of the microchip.  

These diversions in flow can create changes in pressure drop and system resistance 

throughout a microchip, and therefore, can create global and local changes in flow rate as 

well.  Options that exist to change or control flow rate using a peristaltic micropump are 

to change the peristaltic signals shape, frequency, wavelength, amplitude, or phase.283, 326, 

1321  Another available option to change the flow rate of a peristaltic micropump is to 

change the valve footprint size/s.1291 

The micropump reported within this Chapter, allows an experimentalist to alter 
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microvalve tilt, corresponding to a change in the peristaltic signals shape, and also a 

change in microvalve footprint size.  Squeegee microvalves provide for an additional 

microchip design variable option beyond the ones mentioned above, in allowing for 

compensation or adjustment of flow rates throughout a microfluidic chip, as necessary.  

Squeegee microvalves could be placed in series or parallel with untilted microvalves, 

where the squeegee microvalves could be actuated as necessary to adjust flow rate and 

backpressures accordingly throughout a microfluidic chip.  Likewise, forward or reverse 

squeegee microvalves could be employed either in series or parallel, as required by a 

particular microchip design.  Such arrangements could be used to alter flow properties on 

a microfluidic chip, in addition to reversing flows either locally or globally.  It is also 

conceivable that complex algorithms could be employed to calculate flow resistances 

throughout a microfluidic chip, as various combinations of microvalves are actuated, with 

the algorithm in turn actuating squeegee microvalves as necessary, to aid or assist in 

maintaining a constant or desired flow rate throughout a microfluidic chip                     

(or chip sections).  While this particular micropumps squeegee microvalves are designed 

with integrated piezoelectric cantilever actuators and external microvalves, it is possible 

as stated above, to integrate squeegee microvalves into pneumatic designs, using       

gray-scale template replica molding fabrication methods.1329-1331 

 The concept of valve tilt also extends beyond the notion of intentionally 

integrating such a feature into the valving mechanism of a micropump.  While the data 

presented above indicates small variations in microvalve tilt would likely go unnoticed, it 

is still possible that irregularities or nonidealities could be introduced during the 



 

 224 

micromachining process, whereby an undesired “squeegee” effect could be introduced as 

part of the micropump valve operating mechanism.  Possible nonidealities or 

micromachining irregularities that could be introduced throughout the 

micromanufacturing process could include, but not limited to; external actuator mounting 

irregularities, local etch variations, variations in thin film and other material thicknesses, 

nonideal bonding of materials resulting in regional and local variations, dynamic 

variations in material dimensions due to a mismatch in coefficients of thermal expansion, 

contamination issues, defects in materials, variations in planarity of material surfaces, 

amongst many other possibilities as well.  Therefore microvalve “tilt” is applicable 

beyond the current discussion.  Taken as a general concept, “tilt,” is relevant to many 

micro and nano device designs, where any form of mechanical actuation is incorporated 

into the fabrication process. 

 

Conclusions 

The current Chapter presented characterization results on the performance of a 

PDMS fabricated peristaltic micropump, when lateral tilt adjustments are provided to 

each respective microvalve tip.  To the best of the Author’s knowledge, no such 

micropump design variable has been previously reported within the literature.  “Tilted” 

microvalves are best characterized as, “squeegee microvalves.”  The flow rate and 

backpressure data indicates very predictable and consistent trends for progressive 

increases and decreases of lateral tilt.  Data was provided to illustrate these predictable 

and repeatable changes in micropump performance, and theory was developed analogous 

to the Affinity Laws commonly used to predict performance changes within a centrifugal 
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pump, as a result of induced operational changes provided to the centrifugal pump.  Data 

was also provided to show that the power output of the micropump increases, for 

corresponding increases in microvalve tilts.  Aside from redesigning and refabricating a 

new micropump, most fully functional peristaltic micropumps can alter actuation 

frequency or actuation force, to tailor the output performance of the micropump.  This 

particular micropump design however, can not only alter actuation frequency and 

actuation force to change the output performance of a micropump, but further allows for 

alteration of microvalve tilt, which effectively equates to changing the shape of the 

peristaltic waveform.  In situations with mixed lateral tilt combinations, it was observed 

the flow data was slightly erratic, but was still capable of producing a net flow in spite of 

these nonideal tilt combinations, thereby indicating this particular micropump design is 

“forgiving” towards nonideal tilt combinations, when considered with respect to its 

ability to produce a net flow.   

 It was observed the lateral tilt combination of the microvalves could in some 

instances overpower/affect the flow bias direction expected of the peristaltic signal.  

These reversed flows were observed in a few rare instances, where two hypotheses were 

put forth and discussed to account for these unexpected findings.  The first hypothesis 

focused on the process of how lateral tilt adjustments were made, and the effect these 

adjustments could have on the valving dynamics of the micropump.  It is hypothesized 

the microchannel in some instances is being collapsed sideways, in addition to being 

“twisted,” such that this complex 3D mechanical “twisting” motion creates or contributes 

to the process of producing reverse flows through the micropump.   A second hypothesis 
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put forth suggested that counterflow microvortices could possibly have been formed 

adjacent to the microvalves, and therefore provided a larger driving force in the flow 

direction opposite that of the peristaltic wave bias direction.   

 The current micropump valving mechanism was shown to be slightly complex, 

however this particular design allows for an increased array of options to continuously 

on-the-fly fine tune and adjust metrics such as flow rate and backpressure within a 

microfluidic system.  These adjustment capabilities make this particular design a useful 

microfluidics research and/or benchtop tool for applications that may require additional 

real-time adjustment capabilities for micropump performance, beyond that of frequency 

or actuation driving force.  It is conceivable an electronic feedback mechanism could be 

integrated and used to control microvalve lateral tilt in real-time, thereby allowing the 

micropump to adapt to a systems changing conditions, so that constant flow rates could 

be maintained.  This tuning capability is fitting for use within the field of microfluidics 

where other applications have also demonstrated the process of tuning physical variables 

on a microchip.808, 809, 830, 877, 946, 947, 1018, 1298, 1307-1320  Lastly, it was discussed how       

gray-scale fabrication methods could be employed, to integrate lateral tilt squeegee 

microvalves within pneumatic actuation microvalves and micropumps.  Increasing the 

performance of a microvalve with tilt would allow pneumatic designs to integrate smaller 

microvalves, which are capable of performing identically as microvalves with larger 

footprint sizes.  The overall effect would allow for less real estate consumption, and 

therefore provide an additional design variable that can be leveraged to continue the trend 

of increasing the number of valving operations on a microfluidic chip.25, 635 
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Chapter VII :  Chop and Sine Wave Signal Input to a 

Piezoelectric-Actuated Peristaltic Micropump 
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Synopsis 

A PDMS micropump, actuated with PZT piezoelectric cantilevers, was fabricated 

and characterized for the current data presented within this Chapter.  Fabrication of the 

micropump was facilitated with use of an in-house portable handheld CNC machined 

injection molding apparatus.  The micropump flow rate and backpressure performance 

was characterized for a sine wave actuation signal, as well as a “chop” actuation pattern.  

The chop actuation pattern corresponded to actuation of one cantilever actuated with a 

square wave signal, or two or three cantilevers actuated in unison with zero phase 

difference between the square wave signals.  The flow rate and backpressure results for 

both signal patterns was further collected, with the microvalves “tilted,” such that a 

“plowing” or “squeegee” action was created when each microvalve was actuated in the 

downward z-direction, for closure of the microchannel.  A peristaltic micropump with 

“tilted” microvalves, is best described as providing an alteration to the shape of the 

peristaltic signal waveform, in morphing from a completely square wave                    

(with zero microvalve tilt), to a triangular-like peristaltic signal (with microvalve tilt).  

An induced microvalve tilt was made possible, through fabrication and implementation of 

an in-house manufactured micropositioner setup.  The results presented within this 

Chapter, characterize micropump variables not well characterized within the literature.  

Most peristaltic micropumps are actuated with square wave signals containing a phase 

difference, or with some other periodic actuation pattern, where the results presented 

within the current Chapter characterize a peristaltic micropump actuated with both a sine 

wave, and chop signal actuation pattern.  In cases where micropumps are actuated with 
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“chop” signals, these micropumps typically employ a single cantilever with integrated 

check valves, where no such valves were incorporated into the current design.  The 

performance of this micropump was further characterized for microvalves adjusted with 

“tilt,” an unexplored experimental micropump design variable not found within the 

literature, to the best of the Author’s knowledge.  

 

Introduction 

The field of microfluidics has experienced rapid growth over the past ten years, 

and shows no signs of slowing down any time soon.62, 68, 71, 73-75  During this rapid growth 

phase, many unique device designs and microfluidic platforms have been reported, for 

their use and applications in studying and/or solving challenging scientific problems. 

Microfluidic platforms are typically composed of multiple functional components 

commonly referred to as, unit operation devices.70, 465  At the core of any fluidic platform 

are pumping and valving operations.  Well characterized pumps and valves are critical, 

for microfluidic applications where quantitative analysis is dependent upon flow rate 

throughout a microchip.  Many well designed and characterized micropumps have been 

reported for both displacement and dynamic pumps.609  Pumps that fall within the 

displacement category commonly employ pneumatic,628, 630, 633, 635 piezoelectric,326, 646, 650, 

654, 1326 magnetic,659, 666, 668, 1355 mechanical,702, 706, 708, 709 electrostatic,684, 687, 691, 1356 

electrochemical,698, 700 and thermally-based669, 678, 680, 1285 actuation means, with common 

dynamic pumps actuated with electrokinetic,726, 728, 731, 734 acoustic,757-760, 1327 and 

bubble762-765 propulsion means.  

 In the case of displacement pumps, performance is typically characterized for 
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variables such as minimum and maximum flow rate, actuation signal characteristics such 

as frequency and phase, pressure pulsations, valving characteristics, and maximum 

working backpressures.283, 326, 1322, 1323  Other variables such as valve footprint size and 

valve cycling characteristics have been characterized, for their effect on micropump 

performance.326, 667, 1290, 1291  Each of these operational variables can have a large effect on 

device performance, and as such, characterization of these and other variables is critical 

for validation of microchip performance.  

 The current Chapter characterizes the performance of a piezoelectric      

cantilever-actuated peristaltic micropump, fabricated using injection molding and soft 

lithography fabrication techniques.  The performance of the micropump is reported for 

two actuation signals, including a peristaltic sine wave and also a “chop” actuation signal.  

The chop signal is best referenced as a square wave actuation signal for actuation of one 

cantilever, or two or three cantilevers actuated in unison with zero phase difference 

placed between each of the cantilever signals.  These actuation signals were further 

characterized for tilted microvalves, where these microvalves create a “plowing” or 

“squeegee” effect when actuated, and therefore preferentially drive the contents within 

the microchannel along the squeegee direction.  The effect these variables have on 

micropump performance is significant, where these data can be used as a baseline 

reference, when considering how best to optimize the performance of a micropump. 
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Materials and Methods 

1) Fabrication of PDMS Micropump 

The closed channel of the micropump was fabricated from PDMS (GE, RTV615), 

with integrated capillary tube interconnects (Polymicro, 105/40 µm OD/ID).  The 

microchannel was formed by irreversibly bonding a 5 : 1 micromolded PDMS 

microchannel, with a 30 : 1 featureless PDMS base layer.  A portable handheld in-house 

CNC machined injection molding apparatus was used to fabricate the 5 : 1 channel layer.  

Details of this injection molding apparatus are provided within Chapter III.  Briefly 

however, the injection molding apparatus was machined primarily from aluminum.  The 

primary parts consisted of a top and bottom set of plates, a laser machined polymeric 

gasket (McMaster-Carr, 9513K118), a cylinder body, a piston, and a stainless steel ball 

with piston driving screw.  The bottom plate was used to form the molding template, with 

the template formed using a derivatized sequence of previously described method steps, 

as discussed within Chapter II.  The bottom plate was fabricated with through-hole vias, 

which allowed for a 75 µm electrical discharge machine (EDM) wire to be straddled 

across the surface of the bottom plate.  The wire was threaded through the vias and 

wrapped around posts on the opposite side of the bottom plate, and thereafter secured in 

place using a nut and Teflon washer.  General purpose spray adhesive was next applied 

across the bottom plate, for the side containing the straddled EDM wire.  A piece of 

properly sized general purpose aluminum foil was then placed over the wire/spray 

adhesive atop the surface of the bottom plate, and smoothed over using finger pressure.  

A Teflon block was then used to further smooth over the aluminum foil, with excess foil 
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being trimmed using a razor blade.  A citrus-based cleaner was used to remove excess 

spray adhesive from the surface of the template, followed by an IPA wipe.  A final 

inspection was performed under a microscope, to remove any remaining contamination 

that was left behind.   

 After forming the molding template against the bottom plate of the injection 

mold, the injection molding apparatus was then fully assembled.  The laser machined 

polymeric gasket was placed atop the bottom plate, with the top plate further placed over 

the polymeric gasket.  The sandwiched gasket formed an internal molding cavity, which 

allowed for prepolymer PDMS to be injected and cured against the template formed 

across the surface of the bottom plate.  The thickness of the gasket determined the 

thickness of the PDMS slab, and therefore the PDMS microchannel membrane thickness 

as well.  The 5 : 1 PDMS was poured into the cylinder body, which was previously 

secured in place over the top plate of the injection mold.  No degassing of the PDMS was 

necessary, prior to the injection step.  The bubbles trapped within the 5 : 1 prepolymer 

PDMS as a result of the mixing process, were forced across exhaust ports, machined into 

either the polymeric gasket or the bottom plate.  The exhaust ports and cylinder body 

were located at opposite ends of the injection molding apparatus, where such a spatial 

arrangement allowed for an extreme pressure differential to be formed across the 

injection mold cavity, when the PDMS contents of the cylinder were injected.  

 The PDMS-filled injection molding apparatus was briefly cleansed to remove any 

excess PDMS that exited across the exhaust ports, and then placed into a convection oven 

at 80º C for one or more hours.  After the expedited curing process, the injection molding 
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apparatus was briefly placed under a cold water faucet, to bring the apparatus back down 

to room temperature.  The injection molding apparatus was then disassembled to remove 

the molded 5 : 1 PDMS slab, with the slab being placed on a clean glass substrate, with 

the micromolded channel facing atmosphere.  The membrane over the microchannel 

measured approximately 80 µm, with the microchannel height measuring approximately 

100 µm. 

 The 30 : 1 PDMS base layer was formed concurrently with the injection molding 

process.  The base layer was formed by sandwiching degassed 30 : 1 PDMS prepolymer 

between two glass substrates, with the substrates separated by ~203 µm spacers.  This 

process began by placing two glass substrates into two separate desiccators containing a 

volatile antiadhesion vapor (United Chemical Technologies, model T2492).  This 

antiadhesion vapor allowed for easier removal of PDMS from the glass substrates.  The 

glass substrates were placed into their respective desiccators with two different yet 

overlapping time intervals.  The overlapping time intervals allowed for one wafer to be 

preferentially removed over that of the other, when the glass substrates were separated.  

The 30 : 1 PDMS glass sandwich was secured together as a self-contained unit using 

binder clips, and thereafter placed into a convection oven at 80º C for 35 minutes, to 

allow for a partial cure of the 30 : 1 PDMS.  The overall thickness of the 30 : 1 slab was 

measured using a surface profilometer, with the overall measured thickness recorded as 

~200 µm. 

 With both the 5 : 1 microchannel layer and the 30 : 1 base layer formed, the 

process of bonding capillary tube interconnects between the two PDMS layers was next 
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performed.  Two pieces of capillary tubing were placed ~1.5 cm into the microchannel 

under a microscope.  A freshly mixed 5 : 1 prepolymer was lightly applied to the 

capillary tubes placed within the open microchannel.  Excess prepolymer was removed 

using a razor blade.  This step allowed for all excess void areas between the 5 : 1 

microchannel and the capillary tubes, to be fully sealed.  The 30 : 1 base layer was then 

applied atop the 5 : 1 microchannel layer, with the two bonded layers with capillary tube 

interconnects thereafter being placed into a convection oven at 80º C for one or more 

hours.  After the convection oven cure step, the irreversibly bonded PDMS mold was 

then sectioned using a razor blade, and placed onto a clean glass substrate for further 

processing.  The final step was to apply a freshly degassed 5 : 1 prepolymer PDMS 

solution to the exit regions of the capillary tube interconnects, where they exited the 

irreversibly bonded PDMS mold. 

 

2) Micropump Cantilever Actuation 

The micropump was actuated using PZT piezoelectric cantilevers (Piezo Systems, 

Q220-A4-303YB), with a miniature precision machined clamp adhered to each cantilever 

tip.  The clamps allowed for a precision machined microvalve to be secured in place.  

Depending on the actuation signal, either one, two, or three cantilevers were actuated 

along the microchannel.  The sine wave data presented within the current Chapter was 

collected with a 120º phase shift between each of the three cantilevers, with the “chop” 

actuation signal having a zero degree phase shift between two or three cantilevers.  The 

“chop” signal is best described as actuating a single cantilever with a square wave signal, 

or actuating two or three cantilevers in unison with the same square wave signal, such 
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that their spatial and valving characteristics were identical over time.  Small signals were 

created with a virtual function generator (National Instruments), with the small signals 

amplified using external high voltage electronic hardware containing high voltage 

amplifiers (Apex Microtechnologies, PA15A).  The cantilevers were driven at their 

maximum driving potential of Vp = ±90 V, so as to maximize deflection amplitude. 

 

3) Microvalves, Microvalve Micropositioners, and Microvalve “Tilt” 

Precision machined microvalves were machined using an electrical discharge 

machine (Agie, AgieCut Classic), where each microvalve tip was machined with surface 

dimensions of 3 mm x 250 µm (L x W).  Further microvalve design details are provided 

within Chapter IV.  Each microvalve was positioned over the microchannel using an     

in-house fabricated micropositioning apparatus, which contained in-part, preassembled 

micropositioner bodies (Quater Research, XYZ 300MR), with the entire micropositioner 

apparatus described more fully within Chapter V.  The micropositioner apparatus allowed 

each microvalve to be “tilted,” such that the microvalves could be actuated to produce a 

“plowing” or “squeegee” action, in propelling the contents of the microchannel forward.  

The process of tilting a microvalve began by first placing the microvalve tip in contact 

with the PDMS membrane surface, such that the surface plane that defined the 

microvalve tip was placed parallel to the PDMS membrane surface plane.  “Tilt,” was 

then accomplished by adjusting the micropositioners, whereby the surface plane of the 

microvalve tip went from being parallel to the membrane surface plane, to nonparallel, 

with the overall change in position providing a “squeegee” actuation mechanism.  This 

valve closure process can be seen more clearly as shown within Figure VII-1.   
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Figure VII-1:  Microvalve “tilt” schematic.  Illustration of various arbitrarily chosen microvalve tilts, 
where a tilt of 50/50% illustrates zero tilt, with any other %/% value indicating a quantitative measure, of a 
microvalve with a nonzero tilt.  The degree of microvalve tilt increases as shown, with the trend going as; 
10/90% > 25/75% > 50/50%, with 90/10% a mirror image of a microvalve with tilt, 10/90%.  The degree of 
microvalve tilt was quantitated as an eyeball estimate using a microscope, and believed to be accurate to 
within 5%. 
 
 
 Various degrees of microvalve tilt were quantifiable with use of a microscope.  

Arbitrarily chosen degrees of induced microvalve tilt are shown within Figure VII-1, and 

indicated as a “%/%” quantity.  A tilt corresponding to 50/50% is equivalent to a 

microvalve with zero induced tilt, with any other quantity corresponding to an induced 

tilt.  The various degrees of tilt are seen increasing in order from 25/75% to 10/90%, with 

a mirror reflection of 10/90% shown as 90/10%, all within Figure VII-1.  The microvalve 

tilt adjustment process effectively transforms the position of the microvalve, such that the 

opposite ends (considered with respect to the length direction) of the microvalve take on 

two separate height values (z-direction, referenced with respect to the PDMS membranes 

surface) after being, “tilted.”  The “squeegee” valving mechanism is easily observable 
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within Figure VII-1, for actuation of the microvalve along the Z-direction. 

The process of quantifying the degree of microvalve tilt was accomplished using 

the microscope objective as shown within Figure VII-1.  The microvalve was slowly 

actuated with a dry microchannel, where the PDMS membrane release dynamics from the 

base of the microchannel were recorded as the microvalve was actuated from a fully 

closed to a fully open state.  The release dynamics were recorded as an eyeball estimate, 

and believed to be accurate to within 5% or less.  The “%” quantities as recorded, 

effectively totaled a percentage of distance across the length of the microvalve.  

Therefore a tilt recorded as 50/50% indicated that the last point of membrane release 

from the base of the PDMS microchannel, was 50% of the total length across the 

microvalve, when considered from either opposing end (along Y-direction as shown 

within Figure VII-1) of the microvalve.  A tilt of 10/90% however, would indicate that 

the last point of membrane release was 10% of the distance taken across the length of the 

microvalve (Y-direction) when referenced with respect to the left-most edge of the 

microvalve, and 90% of the distance taken across the length of the microvalve              

(Y-direction) when referenced with respect to the right-most edge of the microvalve.  A 

more in-depth discussion of microvalve tilt is provided within Chapter VI, with “tilted” 

microvalves being coined within this Chapter as, “squeegee microvalves.” 

 

4) Flow Rate Characterization 

Flow rate values for the micropump were recorded by tracking a small bubble   

(2-3 mm) along an external piece of capillary tubing (~1 m) connected to the micropump 

outlet capillary tube line.  The external piece of capillary tubing was attached to a meter 
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stick, and also filled with blue food dye, so as to allow for better tracking contrast of the 

bubble.  Flow rates were calculated using the formula, Q = Av, with “Q” equal to the 

flow rate, “A” equal to the cross-sectional surface area of the flow, and “v” equal to the 

linear flow velocity of the bubble.  The sine signal data presented within this Chapter, 

was collected with the cantilevers placed 120º out of phase.  No phase difference existed 

for the chop signal, as previously discussed.  All error bars are shown for standard errors, 

with (n = 3) for the chop signal data, and (n = 4) for the sine signal data. 

 

5) Backpressure Characterization 

Maximum attainable backpressure data was obtained by connecting the outlet 

capillary tube line of the micropump to an electronic pressure sensor (Honeywell, 

40PC015G2A), where a gage pressure reading was measured.  The micropump was 

allowed to fully pressurize over time, with the pressure reading eventually attaining a 

steady-state value.  Upon reaching this maximum backpressure, the micropump was 

stopped, where only one microvalve was left in the closed position.  After recording 

pressure readings for a period of 15 minutes, the valve was opened, where additional 

pressure readings were recorded, until the micropump had fully depressurized.  The 

pressurization frequency was 5 Hz for the sine signal, and also for the chop signals for 

one and two cantilevers, with the chop signal for three cantilevers actuated at 125 Hz.  

These frequencies corresponded to the frequencies that produced the highest flow rates, 

as determined from their respective flow rate curves.  The sine backpressure plot is for   

(n = 3) experiments, with (n = 1) for the chop signal backpressure plots. 
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Results and Discussion 

6) Flow Rate Data 

Figure VII-2 represents the flow rate curve obtained for a 120º phase shifted sine 

wave peristaltic signal.  Most characterized flow rate data for peristaltic micropumps is 

collected using periodic square wave signals, or with some other unique signal actuation 

pattern.283, 326, 1321, 1335, 1357-1359  In spite of square wave actuation signals comprising the 

greatest number of publications for peristaltic micropumps, sine wave actuated 

micropumps have been characterized.1324-1326  The flow rate curve shows a very smooth 

and predictable change in shape, when cycling throughout the various frequency intervals 

characterized.  A microvalve tilt of 25/75% was characterized, where it would be 

expected a tilt greater than this value, would create a flow rate curve with higher flow 

rate values.  Trends as such have been observed and reported within Chapter VI.  The 

flow rate peaked at 5 Hz, with a flow rate corresponding to 79 nL/min.  It is also noted, 

the 120º sine wave peristaltic actuation signal was qualitatively observed to be less 

pulsatile than that of a 120º square wave peristaltic actuation signal, when comparing 

both signals with the exact same microvalves containing identical tilt/positional settings.  

The study and use of pulsatile flow information within microfluidic devices has been 

presented elsewhere, and could therefore be employed as a means to quantitatively 

measure and further understand the pulsation dynamics of a sine wave peristaltic signal, 

in comparison to that of a square wave peristaltic signal.1322, 1337, 1339 
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Figure VII-2:  Plot of flow rate vs. frequency.  Data was collected for the micropump actuated with a sine 
wave signal, with the cantilevers placed 120º out of phase.  All three microvalves were quantitated with a 
tilt of 25/75%.  Peak flow rate occurred at 5 Hz, with a flow rate corresponding to 79 nL/min.  Error bars 
are representative of standard errors, and plotted for (n=4) experiments. 
 
 
 Figure VII-3 is a representation of the flow rate data obtained using the chop 

signals as described above.  Most square wave “chop” actuation signals used with single 

actuator micropumps, contain integrated in-line valves,597, 641, 645, 1336 where no such 

check valves were employed as a part of the current micropump design.  All cantilevers 

used for obtaining the flow rate curves of Figure VII-3 were adjusted with a tilt 

corresponding to, 10/90%.  A predictable trend was observed for maximum attainable 

flow rates, with increasing numbers of actuated cantilevers.  The shape of the curves is 

similar and predictable for curves A and B, with an unusual shape for curve C.  It is 

hypothesized curve C was able to attain much higher flow rates as a result of a possible 

complex multiple driving force mechanism, with the microvalve/s “squeegee” effect 

providing a first driving force, in addition to complex microvortice flow patterns adjacent 

the microvalves, creating a possible second added driving force.  Such microvortice flow 

patterns have been studied elsewhere for both forward1326 and reverse1324, 1325, 1327, 1328 
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flows.  It is additionally hypothesized the chop signal driving mechanism, is also a 

function of the mechanics associated with the nonuniform PDMS membrane surface 

deformation, as well as the microchannel collapse dynamics.  The maximum flow rates 

peaked at 5 Hz for curves A and B, with flow rates corresponding to 28 nL/min and       

39 nL/min, respectively.  It is also noted that curves A and B were characterized for 

reverse flows, which were opposite that of the expected flow direction, when considered 

for the “squeegee” valving bias direction.  As with the peristaltic sine wave actuation 

pattern, the chop signal flows were also qualitatively observed to be slightly less pulsatile 

than that of a peristaltic square wave actuation pattern, with three cantilevers placed 120º 

out of phase.  The maximum flow rate for curve C peaked at 125 Hz, with a flow rate 

corresponding to 96 nL/min. 

 

 
 
Figure VII-3:  Plot of flow rate vs. frequency.  Each of the three curves was characterized for a “chop” 
actuation signal, with a chop signal best characterized as actuating a single cantilever with a square wave 
signal, or two or three cantilevers actuated in unison with a square wave signal, such that zero phase 
difference existed between the two or three actuated cantilevers.  All three curves characterized for 
microvalve/s with a tilt corresponding to 10/90%.  The maximum flow rates go as, 96 nL/min > 39 nL/min 
> 28 nL/min, for curve C > B > A, respectively. Error bars are representative of standard errors, and plotted 
for (n=3) experiments, for each of the three curves. 
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7) Backpressure Data 

Figure VII-4 is representative of the backpressure data collected for the 120º sine 

wave peristaltic actuation signal pattern.  This plot was characterized for the micropump 

actuated at 5 Hz, corresponding to the maximum achievable flow rate for the micropump, 

as determined from Figure VII-2.  The averaged maximum achievable backpressure of 

Figure VII-4 was computed as, 16,900 Pa.   

 

 
 
Figure VII-4:  Plot of backpressure vs. time.  The micropump was actuated with a peristaltic sine wave at 
5 Hz, with the microvalves tilted as 25/75%.  The outlet capillary tube line of the micropump was 
connected to an electronic pressure sensor, where upon reaching a stabilized backpressure (i.e. maximum 
backpressure value at time = zero), actuation of the micropump was stopped, with only one microvalve left 
in the closed position.  After a period of 15 minutes, the single microvalve was opened, where backpressure 
readings were recorded until no pressure existed within the system.  The averaged maximum backpressure 
was characterized as 16.9 kPa.  The plot is shown for (n=3) experiments. 
 
 
 Figure VII-5 is a plot of the maximum achievable backpressures recorded for the 

chop signal actuation patterns.  Curves A, B, and C of this plot follow a predictable trend 

of highest to lowest backpressure values going as, C > B > A.  Curves A and B were 

characterized for actuation frequencies of 5 Hz, with curve C characterized for an 

actuation frequency corresponding to 125 Hz.  These frequencies were chosen based 
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upon the flow rate data shown within Figure VII-3, where the maximum achievable flow 

rates of this Figure, corresponds to the pressurization frequencies chosen.  The maximum 

achievable backpressures were recorded as, 20 kPa, 7.6 kPa, and 5.7 kPa, for curves      

C, B, and A, respectively.  It is lastly noted, curves A and B of Figure VII-5, were 

characterized for a reverse flow direction, opposite that expected based upon the 

“squeegee” valving mechanism. 

 

 
 
Figure VII-5:  Plot of backpressure vs. time.  The micropump was actuated with a chop signal, with the 
microvalves tilted as 10/90%.  All three curves were characterized for a “chop” actuation signal, with a 
chop signal best characterized as actuating a single cantilever with a square wave signal, or two or three 
cantilevers actuated in unison with a square wave signal, such that zero phase difference existed between 
the two or three actuated cantilevers.  The outlet capillary tube line of the micropump was connected to an 
electronic pressure sensor, where upon reaching a stabilized backpressure (i.e. maximum backpressure 
value at time = zero), actuation of the micropump was stopped, with only one microvalve left in the closed 
position.  After a period of 15 minutes, the single microvalve was opened, where backpressure readings 
were recorded until no pressure existed within the system.  The averaged maximum backpressure values 
are; 20 kPa > 7.6 kPa > 5.7 kPa, for curves C > B > A, respectively.  The plot is shown for (n=1) 
experiments for each of the three curves. 
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Conclusions 

The current Chapter reported the performance of a PDMS peristaltic micropump 

for both flow rate and backpressure, and additionally for both sine wave and chop signal 

actuation patterns.  The results were characterized for each microvalve adjusted with a 

“tilt,” such that a “squeegee” or “plowing” effect was created when each microvalve was 

actuated for closure of the microchannel.  “Tilted” microvalves are best characterized as, 

“squeegee microvalves,” as discussed within Chapter VI.  Reversed flows were 

characterized for chop signals actuating either one or two cantilevers, where three 

cantilevers actuated in unison with a square wave chop actuation signal produced a flow 

in the expected microvalve squeegee direction.  Predictable trends in magnitude were 

observed from highest to lowest, for both backpressure and flow rates, for the trend of 

three, two, and one cantilever/s actuated with a chop actuation signal.  It was 

hypothesized the high flow rates recorded for three cantilevers actuated in unison with a 

square wave chop signal, was a result of a possible complex multiple driving force 

mechanism, with the microvalve/s “squeegee” effect accounting for one driving force, 

along with complex microvortice flow patterns adjacent the microvalves, creating a 

possible second added driving force.  It was additionally hypothesized the chop signal 

driving mechanism, is also a function of the mechanics associated with the nonuniform 

PDMS membrane surface deformation, as well as the microchannel collapse dynamics.  

Qualitative observations were recorded for both sine wave and chop signal actuation 

patterns, where it was observed both actuation patterns produced less pulsatile flows, 

when compared to that of a square wave peristaltic signal actuation pattern, with three 
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cantilevers placed 120º out of phase.  The results as presented within the current Chapter 

could be used as a baseline reference, when considering other actuation signals and 

valving mechanisms that could be utilized to a scientist or engineer’s advantage, in 

controlling fluid flow throughout a microfluidic chip. 
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Chapter VIII :  A Method to Quantify in vivo Rodent Brain 

Direct-Sampling Suction Lift, using Micropump Performance 

Curve (H-Q Plot) Analysis 
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Synopsis 

The current Chapter will present a methodology for quantifying the suction lift 

required of a PDMS fabricated peristaltic micropump, to perform direct-sampling 

neuroscience experiments.   The peristaltic micropump was fabricated in-part with the aid 

of a handheld PDMS injection molding apparatus.  The injection molded microchannel 

was mounted to an in-house fabricated micropositioner apparatus, which provided 

microvalve lateral “tilt” adjustment capabilities.  “Tilt” is accomplished when the 

micropositioners are adjusted, such that the plane that defines the microvalve tip, 

becomes non-parallel to the PDMS membrane surface plane, whereby a “plowing” or 

“squeegee” action is created when the microvalve is actuated, for closure of the 

microchannel.  A more complete discussion of this “tilt” process will be provided below. 

Flow rate (Q) and backpressure (P) data was collected and plotted as a P-Q (or H-Q) plot, 

whereby this plot comprises fourteen data points, each with a unique combination of 

micropump variables (collectively defined within this Chapter as a micropump “state”) 

for microvalve “tilt,” microvalve size, number of cantilevers/microvalves actuated, and 

actuation signal/shape/frequency.  The significance of this P-Q plot is four-fold.  First, 

the plot provides useful data, as to how this particular micropump design can best be 

optimized to produce the highest possible flow rates and backpressures.  Second, this plot 

provides a quantitative measure of the micropump power output.  Third, the P-Q plot is 

equivalent to superimposing both a system curve, and pump performance curve upon one 

another.  And fourth, the P-Q plot curves can be used to quantify the suction lift required 

of a micropump, when performing in vivo brain direct-sampling neuroscience 
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experiments, using anesthetized rodents.  A quantitative measure of the suction lift 

resistance associated with the direct-sampling methodology is critical for four primary 

reasons, which include:  1) a quantitative measure of direct-sampling suction lift, will 

allow proper design of a micropump for intended use within rodent brain direct-sampling 

neuroscience experiments; 2) the micropump and direct-sampling probe will be 

connected in-line with a capillary electrophoresis instrument, whereby a quantitative 

direct-sampling suction lift assessment is required, if this instrumental arrangement is to 

yield high temporal resolution neurotransmitter release information; 3) the Author is 

unaware of any report, providing any such measure of the suction lift requirements 

associated with the direct-sampling methodology; and 4) the direct-sampling 

methodology remains far less utilized in proportion to many other neurotransmitter 

sampling techniques, such as that of microdialysis, whereby a quantitative measure of the 

direct-sampling suction lift requirements, will provide useful information in advancing 

the practicality, and usefulness of this particular brain sampling technique.   

 

Introduction 

A microfluidic system is composed of many generic components such as 

microchannels, interconnects, and unit operation devices such as valves and pumps.70, 465  

Central to any device platform or any particular intended use are microvalves and 

micropumps.  One micropump classification scheme is to categorize micropumps as 

either displacement or dynamic pumps.609  Commonly reported displacement 

micropumps include pneumatic,283, 628, 629, 632 piezoelectric,326, 638, 653, 654 magnetic,659, 666-

668 mechanical,702, 706, 708, 709 and thermally-based672, 678, 680, 1285 designs.  Likewise, 
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commonly reported dynamic micropumps include surface tension,765-768 bubble,761-764 

electrokinetic,722, 730, 736, 1360 and acoustic757-760, 1327 designs. 

 Once a micropump has been designed and successfully fabricated, 

characterization of the micropump is critical, especially in cases where quantitation is 

dependent upon flow rate throughout the microfluidic device.  Typical characterization 

variables for micropumps include minimum and maximum flow rates, actuation signal 

characteristics such as frequency and phase, valve shutoff characteristics, maximum 

working backpressures, and pressure pulsations.283, 326, 1322, 1323  Characterization of these 

variables is critical in many cases, as micropump and microvalving operations can 

drastically alter the performance of a microfluidic platform. 

 For microfluidic platforms containing a high number density of microvalves and 

micropumps, it is possible for flow rates and backpressures to change throughout portions 

of the microchip, as various fluidic routing operations are performed throughout the 

microchip.1308, 1332, 1333  Therefore, it would be instructive and useful to have a 

methodology for understanding the performance of a micropump in relation to the entire 

fluidic system.  In the case of centrifugal pump theory, pump performance curve analysis 

is used to understand a pump in relation to an industrial fluidic piping system.1278 

 This Chapter will present an analysis of a peristaltic micropump, where fourteen 

micropump operating “states” were characterized for both flow rate and backpressure.  

The plotted data for these fourteen micropump states can be used to understand how the 

performance of the micropump can be optimized for both flow rate and backpressure.  

The plot of backpressure vs. flow rate for the fourteen micropump states can also be used 



 

 250 

to understand the performance of the micropump in relation to the simple microfluidic 

piping system.  The forthcoming analysis and discussion will show this plot not only 

provides a means to understand how the micropump performance can best be optimized, 

but also provides the performance curve for the pump, as well as the microfluidic system 

curve.  When the pump performance curve and system curve are superimposed, the 

relationship between micropump performance and flow throughout the entire 

microfluidic piping system, can be clearly understood.  Therefore, the two superimposed 

curves can be used to optimize the performance of the micropump, with respect to fluidic 

transport throughout the piping system.  An analysis for system changes is placed into a 

direct-sampling neuroscience context, however this analysis for system changes is 

applicable to nearly any microfluidic format where pumps and flow networks are in 

existence. 

 

Experimental Methods 

1) PDMS Micropump Fabrication 

The PDMS micropump (GE, RTV615) channel layer was fabricated using a 

handheld injection molding apparatus, with the base layer fabricated by sandwiching 

PDMS between two glass plates, with spacers used to regulate the thickness of the base 

layer.  The injection molding apparatus is described more fully within Chapter III.  

Briefly however, the injection mold was CNC machined in-house, primarily from 

aluminum.  The bottom plate of the injection mold apparatus was used for creation of a 

PDMS molding template, with the template formed using a derivatized sequence of 
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previously described method steps, as presented within Chapter II.  The template was 

created by first straddling a piece of 75 µm diameter electrical discharge machine (EDM) 

wire across the bottom plate, followed by application of a general purpose spray adhesive 

across the surface of the bottom plate.  A piece of general purpose aluminum foil was 

next applied over the wire and adhesive, with the aluminum foil being smoothed over 

using a Teflon block.  Removal of excess aluminum foil was performed by trimming the 

edges with a razor blade.  The template was then placed through a citrus-based cleaning 

step, to remove excess spray adhesive.  Final inspection of the template took place under 

a microscope, to ensure no contamination was left behind.  

 Assembly of the injection mold was performed in-part by sandwiching a        

laser-machined polymeric gasket (McMaster-Carr, 9513K118) between the top and 

bottom plates of the injection mold.  The sandwiched laser-machined gasket created a 

microchannel molding cavity, where the thickness of the gasket further determined the 

thickness of the injection molded PDMS slab, and therefore the channel membrane 

thickness as well.   

 A fully assembled injection molding apparatus allowed for 5 : 1 PDMS to be 

poured directly into an injection cylinder, without performing a degassing step.  A piston 

was compressed into the cylinder, to place the 5: 1 PDMS contents under extreme 

pressure in driving the prepolymer throughout the injection mold cavity.  Exhaust ports 

were machined into the bottom plate of the injection molding apparatus, to further 

facilitate the creation of a pressure gradient throughout the molding cavity, whereby the 

excess injected prepolymer 5 : 1 PDMS was forced to exit across these exhaust ports.   
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 The PDMS-filled injection molding apparatus was next placed into an oven at   

80º C for one or more hours, to expedite curing of the PDMS within the injection mold 

cavity.  Upon removal of the injection mold from the oven, the apparatus was briefly 

placed under a cold water faucet, to cool the apparatus back down to room temperature.  

The injection mold was then disassembled to remove the mold from the cavity.  The mold 

was placed upon a clean glass substrate, with the channel facing atmosphere, to allow for 

further processing.  The membrane over the microchannel measured approximately       

80 µm, with the channel height measuring approximately 100 µm. 

 A partially cured 30 : 1 PDMS base layer was next fabricated.  The process began 

by placing two glass substrates into two separate desiccators containing a volatile 

antiadhesion vapor (United Chemical Technologies, model T2492), where this step 

allowed for easy removal of the PDMS from the glass substrates.  The glass substrates 

were placed into their respective desiccators with two overlapping, yet different time 

intervals, so as to allow for one of the glass substrates to be preferentially removed over 

that of the other.  Degassed 30 : 1 PDMS was next sandwiched between the two vapor 

soaked glass substrates, with the glass substrates separated in height by ~203 µm spacers.  

Binder clips were used to secure the glass substrates into place, with the sandwiched 

PDMS thereafter being placed into an oven at 80º C for 35 minutes, to allow for a partial 

cure of the 30 : 1 PDMS.  The overall 30 : 1 slab thickness measured ~200 µm.   

 Formation of the closed microchannel proceeded by first placing two pieces of 

capillary tubing (Polymicro, 105/40 µm OD/ID) ~1.5 cm into each end of the 

microchannel.  A 5 : 1 prepolymer mixture was next placed over the capillary tubes to 
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seal all void areas adjacent the capillary tubes.  Excess prepolymer 5 : 1 was removed 

with a razor blade, just prior to bonding the 5 : 1 microchannel mold with the 30 : 1 base 

layer.  After bonding the capillary tubes between the microchannel and base layer, an 

irreversible bond was attained by placing the entire mold with capillary tube 

interconnects into an oven at 80º C, for one or more hours.  After completion of the 

bonding step, the irreversibly bonded PDMS mold was placed onto a new and clean glass 

substrate.  Lastly, the mold was sealed further from the atmosphere by applying 

prepolymer 5 : 1 PDMS to the exit regions of the mold, where the capillary tubes exited 

the bonded PDMS layers. 

 

2) Micropump Cantilever Actuation 

The micropump was actuated with either one, two, or three PZT piezoelectric 

cantilevers (Piezo Systems, Q220-A4-303YB) placed in series along the PDMS 

microchannel.  A miniature precision machined aluminum clamp was adhered to each 

PZT cantilever tip, and used to fully secure a precision machined microvalve into place.  

The cantilevers were actuated with either: a peristaltic square wave with cantilever 

signals placed 120º out of phase; a peristaltic sine wave actuated with the cantilevers 

placed 120º out of phase; or actuated in unison with one, two, or three cantilevers, with 

zero phase difference between the two or three cantilevers (hereinafter referenced as a 

“chop” signal).  In certain instances with use of a peristaltic wave, the wave bias was 

actuated to provide a reverse flow through the micropump.  A full list of signal types, 

along with other experimental variables can be observed within Table VIII-1.  A small 

signal for each cantilever was created using a virtual function generator (National 
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Instruments), with the small signals amplified with external high voltage electronic 

hardware containing high voltage amplifiers (Apex Microtechnologies, PA15A).  The 

cantilevers were driven at their maximum driving potential of Vp = ±90 V, so as to 

maximize their deflection amplitudes.   

 

3) Micropositioners, Microvalves, and Microvalve Tilt 

Microvalves were precision machined using an electrical discharge machine 

(EDM), whereby the surface of the microvalve tip was fabricated with dimensions of 

either 3 mm x 250 µm (L x W), or 2 mm x 250 µm (L x W), with a more thorough 

discussion provided within Chapter IV.  Positioning of each microvalve tip over the 

PDMS microchannel was made possible with use of an in-house fabricated 

micropositioner apparatus, fabricated in part with preassembled micropositioner bodies 

(Quater Research, XYZ 300MR), with the micropositioners discussed in greater detail 

within Chapter V.  One variable characterized for the current Chapter, was to study the 

effect of microvalve “tilt.”  The process of tilting a microvalve begins by first placing the 

microvalve in contact with the PDMS membrane surface, whereby the surface plane that 

defines the microvalve tip, is placed parallel to the PDMS membrane surface plane.  Tilt 

is next accomplished when the micropositioners are adjusted such that, the plane that 

defines the microvalve tip, becomes non-parallel to the PDMS membrane surface plane.  

A tilted microvalve creates a “plowing” or “squeegee” action throughout the 

microchannel region beneath the microvalve, when the microvalve is actuated for closure 

of the microchannel.  The microvalve tilt process effectively transforms the position of 

the microvalve, such that the opposite ends (with respect to the length direction) of the 
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microvalve after being tilted, retain two separate heights (z-direction), when referenced 

with respect to the PDMS membrane surface.  A schematic to depict this microvalve 

“tilt” process can be observed within Figure VIII-1.  A tilt corresponding to 50/50% is 

equivalent to a microvalve with zero tilt.  An increase in tilt is observed when proceeding 

from 25/75% to 10/90%, with a tilt of 90/10% corresponding to the mirror image of a 

microvalve with a tilt of 10/90%.  When the microvalve is actuated into a closed state, 

flow beneath the microvalve would proceed along the Y-axis of Figure VIII-1, with the 

direction dependent upon the tilt direction of the microvalve.  It is easy to visualize the 

“squeegee” action induced by a “tilted” microvalve, when the cantilevers are actuated 

along the Z-axis direction.   
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Figure VIII-1:  Illustration of microvalve “tilt.”  A microvalves tilt is shown to sequentially increase in 
order, when proceeding as; 50/50% - 25/75% - 10/90%.  Providing tilt to a microvalve was made possible 
with use of in-house fabricated micropositioners.  A tilted microvalve created a “plowing” or “squeegee” 
effect, when actuated in the Z-direction, for closure of the microchannel below the microvalve. 
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 The degree of induced microvalve tilt was quantitated with use of a microscope, 

and dry microchannel.  The microvalve was observed, as it was slowly actuated from a 

fully closed to a fully open state.  The release dynamics of the membrane from the base 

of the microchannel was quantifiable, with the quantity being recorded as an eyeball 

estimate, and further believed to be accurate to within 5%.  A tilt assessment of 50/50% 

signified that the release of the PDMS membrane from the base of the microchannel was 

such that, the last point of release of the membrane was 50% of the length taken across 

the microvalve length direction (along Y-axis).  A tilt of 25/75% however, would indicate 

the last point of membrane release from the base of the microchannel, was 25% of the 

distance taken across the microvalves length (Y-axis) when referenced with respect to the 

left-most edge of the microvalve, and 75% of the distance taken across the microvalve 

length (Y-axis) when referenced with respect to the right-most edge of the microvalve.  

Both uniform and mixed degrees of microvalve tilt were characterized for the current 

Chapter, where these variables along with others can be observed within Table VIII-1.  

Additionally, an in-depth discussion and analysis of the microvalve tilt process is 

provided within Chapter VI, with “tilted” microvalves being coined as,              

“squeegee microvalves.” 

 

4) Flow Rate Characterization 

Flow rates were recorded by tracking a small bubble (2-3 mm) along an external 

piece of capillary tubing (Polymicro, 360/150 µm, OD/ID, ~1 m in length), secured in 

place along a meter stick.  The external piece of capillary tubing was filled with blue food 

dye prior to mating with the outlet line of the micropump, so as to allow for easier 
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tracking of the bubble.  The small bubble was tracked along the ticks/gradations of the 

meter stick, where the time interval between measurements was recorded.  This data was 

then used with the formula Q = Av to calculate flow rates produced by the micropump, 

where Q = flow rate, A = cross-sectional surface area of the flow, and v = the linear flow 

velocity of the bubble.  Fourteen flow rate curves (flow rate vs. frequency) were 

characterized for a unique combination of micropump variables, to yield 

maximal/minimal flow rate information.  The combination of micropump variables for 

each flow rate curve, corresponded to a fixed and unique combination of: 1) microvalve/s 

tilt; 2) microvalve size; 3) number of cantilevers actuated; and 4) actuation signal/shape.  

Subsequent flow rate curves were thereafter obtained, with each curve characterized for a 

different unique combination of micropump variables.  The fourteen individual flow rate 

curves are not presented within the current Chapter.  A summary of the combination of 

micropump variables examined within the current Chapter is presented within           

Table VIII-1, with the significance of this table, and a deeper examination of the tables 

meaning, provided below. 

 

5) Backpressure Characterization 

The maximum attainable backpressure for the micropump was recorded with the 

aid of an electronic pressure sensor (Honeywell, 40PC015G2A).  The micropump outlet 

capillary tube line was connected to the pressure sensor, where the pressure sensors 

electronic output was converted to a pressure reading using the manufacturers conversion 

factor of 266.6 mV/psi.  The backpressure reading for the micropump increased over 

time, until finally reaching a steady value, whereby this steady pressure reading was 
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recorded as the micropumps maximum attainable backpressure.  Fourteen maximum 

attainable backpressures were characterized for the micropump, with each value 

characterized for a fixed, yet unique combination of micropump variables       

(collectively defined within this Chapter as a micropump “state”)  corresponding to:       

1) microvalve/s tilt; 2) microvalve size; 3) number of cantilevers actuated; and                

4) actuation signal/shape/frequency.  A summary of all characterized unique 

combinations of micropump variables is presented within Table VIII-1, with the 

significance of this table, and a deeper examination of the tables meaning, provided 

below.  It should further be noted that the pressure values of the current Chapter 

correspond to gage pressure readings.   

 

6) Formation of Micropump P-Q (H-Q) Plot 

Prior to discussing the creation of the P-Q plot of Figure VIII-3, it is instructive to 

note, the designation “P” and “Q” goes as, P = backpressure (Pa – gage), and                  

Q = flow rate (nL/min), where “H” can be substituted for “P” to represent a head of 

liquid, using the conversion, [Pressure (kPa) = (h x SG) / 0.102], where                        

h = head of liquid (m), with SG representing the specific gravity of the liquid.  

 The plot as depicted within Figure VIII-3 was created by plotting fourteen data 

points, using the experimental methodology as presented within Figure VIII-2.  To 

properly discuss the data/curve as shown within Figure VIII-3, a micropump “state” must 

first be defined.  A micropump “state,” corresponds to a fixed and unique combination of 

micropump variables for: 1) microvalve/s tilt; 2) microvalve size; 3) number of 

cantilevers actuated; and 4) actuation signal/shape/frequency.  Each of the fourteen data 
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points shown within Figure VIII-3, was plotted for a fixed, and unique micropump 

“state.”  The experimental methodology shown within Figure VIII-2 depicts a micropump 

state as S1, S2,….up to the fourteenth micropump state, S14.  The data collection process 

of Figure VIII-2 was employed, with the collected data plotted as shown within Figure 

VIII-3.  The methodology of Figure VIII-2 is most clearly articulated by providing a 

sequential discussion for each data collection step.   

 The process of Figure VIII-2 began by adjusting/actuating the micropump such 

that it retained a unique combination of: 1) microvalve/s tilt; 2) microvalve size;             

3) number of cantilevers actuated; and 4) actuation signal/shape.  A flow rate curve for 

this unique combination of micropump variables was then collected for selected 

frequency intervals, as previously discussed within the Flow Rate Characterization 

section above.  Based upon the flow rate curve, an actuation frequency was chosen, 

whereby this actuation frequency when combined with the unique combination of 

micropump variables (i.e. 1) microvalve/s tilt; 2) microvalve size; 3) number of 

cantilevers actuated; and 4) actuation signal/shape), defined a complete micropump 

“state.”  Fourteen micropump states were characterized within the current Chapter.  

Therefore, the methodology as depicted within Figure VIII-2 effectively follows the 

process of: 1) choosing a micropump state, 2) collecting a flow rate reading for this 

chosen micropump state, and 3) characterizing the maximum attainable backpressure 

(gage) for this micropump state.  Steps 1) – 3) are shown for Figures VIII-2A) and    

VIII-2B).  The two experimentally characterized variables of Figures VIII-2A) and    

VIII-2B), were then plotted as a first data point within Figure VIII-3, corresponding to 
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data for the micropump placed into state S1.  The micropump was then placed into a 

different state, and further characterized for flow rate and backpressure.  This process, 

and new state S2, is depicted within Figures VIII-2C) and VIII-2D).  The experimental 

data for Figures VIII-2C) and VIII-2D) was then plotted as a second data point within 

Figure VIII-3.  The process of collecting flow rate and backpressure data continued, until 

a total of fourteen unique micropump “states” had been fully characterized, for both flow 

rate and backpressure.   

 

Cantilevers

a b c d e

Q = X(S1)

a b c d e

PSg

a b c d e

a b c d e

PSg

A)

D)

C)

B)

Q (S14)

Flow

Cantilevers

Cantilevers

Cantilevers

Q = 0(S1)

Q = Y(S2)

Q = 0(S2)

 
 
Figure VIII-2:  Schematic for illustration of experimental methodology used to collect backpressure and 
flow rate data within the current Chapter.  With the micropump placed into a “state” S1, a flow rate was 
recorded with the setup shown within A).  The micropumps outlet line was then connected to a pressure 
sensor as shown within B), where a gage pressure reading was recorded.  This experimental methodology 
was repeated, for a total of fourteen micropump “states.”  The data produced is illustrated within Figures 
VIII-3 and VIII-6, with a summary of the fourteen micropump states provided within Table VIII-1. 
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The linear curve shown within Figure VIII-3 shows the trend produced, for 

characterization of a total of fourteen unique micropump “states.”  The fourteen 

micropump states are summarized within Table VIII-1, and further correspond to the 

fourteen data points of column 2 within Table VIII-1.  Actuation frequency is not shown 

within Table VIII-1, since flow rate curves are not presented within the current Chapter.  

The same micropump was used for collection of all fourteen data points, where the 

combined lengths for the flow system (section a to e) shown within Figure VIII-2 

corresponds as: capillary tube extensions (a + e) = 15.6 cm, 360/150 µm OD/ID; 

inlet/outlet capillary tubes (b + d) = 80 cm, 105/40 µm OD/ID; PDMS microchannel (c) = 

6.1 cm, rounded Gaussian/bell channel profile with channel height equal to ~100 µm. 

 

 
 
Figure VIII-3:  Plot of backpressure vs. flow rate.  This plot was created using the experimental 
methodology as shown within Figure VIII-2.  The linear curve allows a scientist or engineer to determine 
which variables of the micropump can be tuned, to provide optimal backpressure and flow rate 
performance, for a particular microfluidic application.  The identical plot is also shown within Figure   
VIII-6, where additional benefits of this linear plot can be realized. 
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To further distinguish between each operating state of the fourteen data points as 

presented within Table VIII-1, the variables were placed into five separate groups, with: 

groups A and B grouped for their valve tilt arrangements (i.e. column 3); group C for 

their unique actuation signals (i.e. column 4); group D for measuring a maximum 

backpressure value, that did not correspond to that particular operating states maximum 

achievable flow rate (i.e. column 7), as determined from the flow rate vs. frequency plot 

for that particular unique combination of micropump variables (i.e. 1) microvalve/s tilt; 

2) microvalve size; 3) number of cantilevers actuated; and 4) actuation signal/shape), 

and; group E for this solo data point corresponding to the only data point with a different 

valve tip size (i.e. column 8).  For additional clarity: column 1 is a representation of the 

various categorized groupings for the fourteen data points; column 2 a representation of 

each individual data point; column 3 an indication of the microvalve/s 

degree/combination of induced tilt, where group B indicates the first two microvalves 

proceeding in the direction of the signal bias, were tilted as 10/90%, with the most distant 

valve tilted as 90/10%, and for the remaining groups A, C-E of column 3, the reflected 

tilts indicate all three microvalves retained the same degree of tilt; column 4 the specific 

signal shape with corresponding signal phase; column 5 the number of cantilevers 

actuated in collecting backpressure and flow rate data for each individual data point; 

column 6 to indicate whether or not the peristaltic signal bias was opposite the squeegee 

bias direction, where the chop signals are not applicable since these signals actuated the 

cantilevers in unison as previously discussed (i.e. with zero signal phase); column 7 to 

indicate whether or not the maximum backpressure reading was recorded at the actuation 
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frequency that produced the maximum attainable flow rate value (as determined from the 

flow rate vs. frequency plot), where it is noted the only exception is that of group D for 

data points 12 and 13; column 8 to indicate the microvalve tip sizes (see Chapter IV) 

employed for actuation of the micropump; column 9 displaying the number of 

experiments performed in averaging the flow rate vs. frequency plots (not presented 

within the current Chapter); and, column 10 representing the number of maximum 

backpressure readings recorded and averaged for each data point of column 2. 

 
1 2 3 4 5 6 7 8 9 10

Group Data Point Valve Tilt Signal/Phase # Cantilevers Reversed Signal Pmax Measured @ Qmax Valve Sizes (L x W) n for Q n for P
A 1 50/50% Square/120º 3 No Yes 3 mm - 250 μm 4 3

2 35/65% Square/120º 3 No Yes 3 mm - 250 μm 4 3
3 25/75% Square/120º 3 No Yes 3 mm - 250 μm 4 3
4 10/90% Square/120º 3 No Yes 3 mm - 250 μm 4 3
5 10/90% Square/120º 3 Yes Yes 3 mm - 250 μm 3 1

B 6 2@ 10/90%, 1@90/10% Square/120º 3 No Yes 3 mm - 250 μm 4 1
7 2@ 10/90%, 1@90/10% Square/120º 3 Yes Yes 3 mm - 250 μm 3 1

C 8 25/75% Sine/120º 3 No Yes 3 mm - 250 μm 4 3
9 10/90% Chop/0º 3 - Yes 3 mm - 250 μm 3 1
10 10/90% Chop/0º 2 - Yes 3 mm - 250 μm 3 1
11 10/90% Chop/0º 1 - Yes 3 mm - 250 μm 3 1

D 12 10/90% Chop/0º 3 - No 3 mm - 250 μm 3 1
13 10/90% Square/120º 3 No No 3 mm - 250 μm 4 1

E 14 25/75% Square/120º 3 No Yes 2 mm - 250 μm 3 1  
 
Table VIII-1:  Summary of micropump variables for each of the fourteen data points as plotted within 
Figures VIII-3 and VIII-6. 
 
 

Results and Discussion 

7) Micropump P-Q (H-Q) Plot 

The linear curve as shown within Figure VIII-3, is the relationship produced when 

flow rate and backpressure data is collected, with the micropump placed into fourteen 

different operating states.  A complete summary of the fourteen different micropump 

states is provided within Table VIII-1.  A detailed and complete discussion, is also 

provided above within the Experimental Methods section, for both Table VIII-1, and for 
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the creation of Figure VIII-3.   

 The linear curve shown within Figure VIII-3 obeys the relationship, ΔP = QR, 

with “ΔP” representing a pressure difference, “Q” representing a flow rate, and “R” equal 

to flow resistance.  It is noted data points 5-6, 10-11 of Table VIII-1, were characterized 

for a reverse flow, opposite that of the expected direction (i.e. direction expected for net 

bias provided by summation of both the peristaltic signal bias and microvalve squeegee 

bias).  Other than observation of a reversed flow, all other micropump operational 

characteristics were exactly as predicted and/or expected.  It is likely reversed flows were 

observed due to either, the complex dynamics associated with valve closure as discussed 

within Chapter VI, or due to recirculatory flow patterns producing a stronger bias in the 

reverse flow direction, when referenced with respect to the signal wave bias direction.  

Microvortice flows for traveling wave micropumps,1326 in addition to microfluidic 

reverse flows, opposite that of the traveling wave direction,1324, 1325, 1327, 1328 have been 

discussed elsewhere.  For the current Chapter however, a more detailed analysis and 

discussion is presented within Chapter VI, to account for these reversed flow 

observations. 

 The data points of Figure VIII-3 are expected to be slightly underestimated for the 

flow rate values recorded, due to recording these flow rate values with a capillary tube 

extension connected to the outlet line of the micropump (i.e. no capillary extension was 

used for backpressure characterization).  It is possible to plot a correction curve, however, 

for a steady state flow analysis using the formula, ΔP = QR, it is noted the added flow 

resistance contributed by the capillary tube extension, accounts for less than 1% of the 
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total resistance of the entire flow-through system of the current Chapter (i.e. combined 

length from a to e of Figure VIII-2).  It is expected the time-averaged pulsatile flow rates 

as plotted within Figure VIII-3, would scale similarly, in making the assumption that the 

time-averaged pulsatile flow rates are well approximated for a steady-state,           

infinite-length tube Poiseuille flow rate relationship.   Therefore, the plot of Figure VIII-3 

is expected to be a strong/close approximation of the actual time-averaged pulsatile flow 

rate values expected, when characterized without a capillary tube extension. 

 The immediate significance of Figure VIII-3, is to illustrate how this particular 

micropump can best be optimized, in outputting the highest possible flow rates and 

backpressures.  The micropump states as summarized within Table VIII-1, provide 

guidance in understanding how this micropump can best be optimized, for use within a 

particular microfluidic application.  The data points within Figure VIII-3, proceed with 

the trend: 5 > 4 > 13 > 9 > 8 > 6 > 3 > 14 > 2 > 7 > 10 > 1 > 11 > 12, representing the 

data points in descending order of magnitude for both flow rate and backpressure.   

 The data of Figure VIII-3 can additionally be referenced, in providing a measure 

of the micropump power output, using the formula, [Power = (Qmax x Pmax) / 2], with 

“Qmax” representing the maximum flow rate of the micropump, and “Pmax” representing 

the maximum working backpressure of the micropump.1361  Using this formula, the 

maximum power output recorded for this micropump equals 53 nW.  The slope of the 

curve within Figure VIII-3, can also be used to calculate the power output of the 

micropump, with the slope corresponding to a resistance (R), analogous to the resistance 

extracted from an electrical I–V [current (I) – voltage (V)] plot, expressing the 
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relationship obeyed by Ohm’s Law.  The backpressure values plotted within Figure   

VIII-3 were characterized for zero flow rate through the micropump, where potentially it 

may not be clear as to how the micropump power output could be obtained using the 

backpressure values plotted within Figure VIII-3.  A complete discussion however, is 

forthcoming within the Micropump Control Volume Analysis section that follows, that 

will clarify any such potential confusion. 

 There is further significance as to the meaning, and how Figure VIII-3 can be 

used to a technologist’s advantage, beyond that immediately apparent, with quick 

observation of Figure VIII-3.  A short diversion in providing a background discussion is 

necessary, to both realize and properly articulate, the additional lab on a chip science and 

engineering benefits, associated with the plot of Figure VIII-3. 

 

8) H-Q Plot Theory and Analysis 

A brief introduction to H-Q plot analysis, using centrifugal pumps within both 

laminar and turbulent flow regimes, is shown within Figure VIII-4, with supporting 

analysis provided within Figure VIII-5.  The plots shown within Figure VIII-4, illustrate 

generalized behavior and expected changes to both system curves, and centrifugal pump 

curves, when changes are made to either the centrifugal pump or the system.  Such plots 

are very commonplace, and widely utilized within industrial engineering applications, 

where turbopumps are employed.1278, 1362  The “H” for “H-Q”, represents a head of liquid, 

with “Q” representing a flow rate.  Typical units for head are expressed in either feet or 

meters.  A head of liquid is effectively an equivalent pressure taken at the base of a 

column of liquid, where the conversion between pressure and head using SI units is: 
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[Pressure (kPa) = (h x SG) / 0.102], with h = head of liquid (m), and SG representing the 

specific gravity of the liquid.  Expressing pressure in terms of head is a matter of 

convention, and nearly always employed within centrifugal pump analysis.  Pressures 

expressed in terms of head simplifies comparison between pumping systems, where a 

centrifugal pump will always develop the same head, in contrast to that of the pressure 

produced across a centrifugal pump, where the pressure will increase or decrease in direct 

proportion to a liquids specific gravity.  That is, a head of liquid within a column can be 

expressed such that the head is the same for any number of different columns/solutions, 

where the pressure at the bottom of these columns (for the same head of liquid) can vary 

quite substantially, depending on the difference in specific gravities for the liquids 

contained within each column.  
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Figure VIII-4:  Three generalized H-Q plots for a centrifugal pump.  Illustration A) considers a turbulent 
flow regime, with change of the system curve reflecting an added static suction lift.  Illustration B) 
considers a laminar flow regime, for a change in the system curve, reflecting a change in total dynamic 
losses throughout the piping system.  Illustration C) considers a laminar flow regime, for changes brought 
to a centrifugal pumps performance, such as that of rotational velocity or impeller diameter.  The shift in 
pump performance curves illustrates the effect of changing such pump variables.  These generalized plots 
are useful as instructive guides, in understanding a pumps performance in relation to that of a system load, 
when placed across the pump. 
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Characterization of a system curve and centrifugal pump performance curve is 

performed separately, and therefore creation of a centrifugal pump performance curve is 

performed without the system demands placed across the pump.  The general process 

used to characterize a centrifugal pump performance curve, is shown within Figure   

VIII-5A).  The centrifugal pump inlet is placed into a reservoir, where the pump is set to 

operate with a fixed rotational velocity.  The pressure/head differential across the 

centrifugal pump is characterized, for various control valve settings, with the control 

valve placed adjacent the outlet/discharge end of the pump.  The point at which the pump 

continues to operate, while producing zero flow throughout the system (i.e. with the 

control valve fully closed), is regarded as the pump shutoff head.  This point is seen as 

labeled within Figure VIII-4A).  Operation of a centrifugal pump within a turbulent flow 

regime will produce a nonlinear pump curve like that shown within Figure VIII-4A), and 

a linear curve for laminar flows, as shown within Figures VIII-4B) and VIII-4C).  Most 

centrifugal pumps operate within a turbulent flow regime, however linear centrifugal 

pump curves, do exist.1363, 1364 
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Figure VIII-5:  Illustrations of static vs. dynamic losses, in support of Figure VIII-4.  The control valve of 
illustration A), when closed, would increase the dynamic losses of a system, with the system curve shifting 
as shown within Figure VIII-4B).  Illustration B) delineates between suction and discharge static heads, and 
how the two are related to total static head.  A change in total static head is illustrated within Figure      
VIII-4A), for the added static lift scenario. 
 
 
 While experimentally characterized system curves have been reported,1365 most 

system curves are numerically created, using both equations and tabulated data.  A 

system curve is composed of two quantities, a static head, and a dynamic head.  A static 

head is independent of flow, and is a representation of the difference in vertical height 

between the flow systems liquid surface at the source, to that of the liquids surface at the 

destination.  The static head can further be broken down into a static discharge head and a 

static suction head (or static suction lift).  With zero flow through the pump                 

(i.e. no rotational velocity produced by the pump), a static suction head would be 

measured as the height from the liquid surface level of the source to that of the centerline 
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of the pump, with the static discharge head representing the vertical distance from the 

liquid surface level of the destination to the centerline of the pump.  The sum of the static 

suction head and the static discharge head equals the total static head of the system.  This 

discussion can be referenced with respect to Figure VIII-5B), where it can be seen the 

total static head of the system is equal to the difference in heights (z2 – z1).   

 Unlike that of static head, the dynamic head of a system is dependent upon flow 

through the system.  Dynamic head losses are the numerically calculated friction losses 

associated with moving a liquid throughout the system.  Dynamic losses are dependent 

upon: flow rate; the nature of the liquid; the size, condition, length, and type of pipe, and; 

the minor head losses that exist throughout the system, to include losses associated with 

any pipe fittings, tees, valves, pipe bends, and the like.  For a turbulent flow regime, the 

frictional flow losses are proportional to the square of the flow rate, where for laminar 

flow regimes, the frictional losses are proportional to the first power of the flow rate.  The 

difference in system curves for laminar vs. turbulent flow regimes can be observed when 

comparing Figure VIII-4A) to that of Figures VIII-4B) and VIII-4C). 

 The sum of all losses for a turbulent flow regime can be expressed as,                  

[h = (z2 – z1) + KQ2], with “h” representing the total head loss throughout the system,   

(z2 – z1) representing the total static head, “K” representing a constant that is dependent 

upon the physical characteristics of the piping system, and “Q” representing the flow 

rate.1278  A laminar flow system would take the same form, however “Q2 “ would be 

replaced by “Q.”   
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 After obtaining an experimental pump performance curve and a numerically 

calculated system curve, the two curves can be superimposed onto one another, to obtain 

the operating point of the pump.  The operating point will determine the flow rate 

produced throughout the system, and is further the point at which the system losses 

equals the increase in head across the centrifugal pump.  This point is labeled as shown 

within Figures VIII-4A) and VIII-4B).   

 When the system curve or the pump performance curve is altered, a new operating 

point will be established.  Figure VIII-4A) is indicative of a scenario, where the system 

takes on an additional static head, where it is shown the total static head increases from 

Δh1 to, (Δh1 + Δh2).  The curves as shown represent no additional dynamic losses, and 

therefore are representative of the same system, with the added change being reflected as 

a new difference in height, (z2 – z1), as shown within Figure VIII-5B).   

 Figure VIII-4B) represents a laminar system curve change, when the dynamic 

losses are increased.  This change could manifest itself in many ways, but for the 

situation as shown, the increase in system losses reflects the effect produced when a 

system valve goes from being fully open, to partially closed, a process known as 

“throttling” a valve.  Such a situation could result with partial closure of the valve as 

shown within Figure VIII-5A).   

 Finally, the operating point could be altered by changing an operating 

characteristic of the pump itself.  Figure VIII-4C) represents a laminar flow regime, 

where it can be seen that both the operating point, as well as the pump shutoff head, are 

altered when the pump performance curve changes, in going from curve “A” to “B” to 
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“C.”  Changes to the impeller diameter, or an increase/decrease in the rotational velocity 

of the pump, are common centrifugal pump performance changes that would produce 

such shifts in the pump performance curve. 

 

9) Superimposed System Curve and Micropump Performance Curve/s 

The linear positive sloping solid curve of Figure VIII-6, is identical to that of 

Figure VIII-3.  As it turns out, the solid curve of Figure VIII-6, is not only a curve that 

can be used to optimize micropump flow rates and backpressures, but is also an 

experimentally characterized system curve (i.e. for sections a to e of Figure VIII-2).  The 

slope of the system curve represented as “R” within Figures VIII-3 and VIII-6, is a 

measure of the systems total resistance, at a particular flow rate through the system.  As 

previously discussed, this resistance along with the micropump flow rate value, can be 

used to calculate the power output of the micropump.  Additionally, the flat dotted lines 

of Figure VIII-6, connecting the pressure axis to the fourteen data points (details shown 

within Table VIII-1) of the system curve, are representations of the current peristaltic 

micropump performance curves.  The differential pressure across the micropump was not 

measured experimentally, however it is known differential pressure is conserved for 

diaphragm pumps, and therefore does not change in response to system changes, unlike 

that of a centrifugal pump.5, 6, 1362, 1366, 1367 
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Figure VIII-6:  Plot of micropump performance curves and system curve.  The solid linear curve 
represents an experimentally measured system curve, with the horizontal dotted lines representing the 
micropumps experimentally characterized performance curves.  The micropump performance curves are 
horizontal, since diaphragm pumps maintain a constant driving potential, when referenced with respect to 
the micropumps inlet and outlet.  The point at which the pump curves cross the system curve, defines the 
micropumps operating point. 
 
 
 

Experimental micropump P-Q (or H-Q) plots have been presented elsewhere to 

characterize a change in flow rate for a corresponding change in static head provided to 

the micropump inlet or outlet,1260, 1299, 1334-1336, 1361, 1368-1370 where it is noted the 

micropump presented within this Chapter would respond in a similar manner.  The P-Q 

plot of Figure VIII-6 however, not only provides a means to observe a change in 

micropump flow rate for a corresponding change in system losses, but also provides the 

additional benefit of being able to realize the analytical/numerical changes brought to the 

system curve, for a corresponding change in system losses.  With a diaphragm 

micropump performing as a constant pressure source (i.e. considered for one pump 

performance curve), it is possible to take a ratio of the formula, ΔP = QR, to predict a 
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systems increase in suction lift losses.  The net result would produce,                        

(ΔP1 / ΔP2) = (Q1 / Q2), with “Q1” and “Q2” representing characterized micropump flow 

rates, with corresponding gage pressure magnitudes, “ΔP1” and “ΔP2.”  In contrast, a 

change in dynamic losses with consideration of a single micropump performance curve, 

would alter the slope of the system curve.  The new slope could be determined with use 

of the formula, ΔP = QR.  Additional details pertaining to the system and experimental 

setup would be necessary, to determine whether the change in system losses was in the 

form of a static, or dynamic head change.  

 To provide a more rigorous discussion of the system curve and pump performance 

curves of Figure VIII-6, a control volume analysis using the linear momentum equation 

will be provided below.    

 

10) Micropump Control Volume Analysis 

For a control volume surface coincident with a system at any instant in time, the 

linear momentum equation states that, the time rate of change of the linear momentum of 

the system, is expressed as the sum of two components, to include; 1) the time rate of 

change of the linear momentum of the contents of the control volume, plus; 2) the net rate 

of flow of linear momentum through the control volume surface.  For steady flows 

through fixed, nondeforming control volumes with uniform properties across the inlets 

and outlets, and additionally the velocity normal to the inlet and outlet areas, the linear 

momentum equation can be expressed as shown within Equation VIII-1,1278  

 
 Σ Vout ρout Aout Vout – Σ Vin ρin Ain Vin = Σ Fcv  (Equation VIII-1) 
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where Vout and Vin are the vector components of the inlet and outlet flow velocities;     

ρout and ρin the density of fluid at the inlet and outlet; Aout and Ain the cross-sectional 

areas for the flow into and out of the control volume; Vout and Vin the fluid flow speed 

across the inlet and outlet of the control volume; and Fcv representing the summation of 

forces acting on the contents of the coincident control volume.  This form of the linear 

momentum equation, will be used for analysis of the current micropump, and associated 

capillary tube system (i.e. a to e of Figure VIII-2). 

 The current micropump control volume is depicted within Figure VIII-7, with the 

control volume taken as the liquid contents contained throughout the micropump from   

(a to e) of Figure VIII-2.  This control volume does not include the surfaces containing 

the liquid contents of the micropump flow system, from (a to e) of Figure VIII-2.   It is 

also noted the control volume of Figure VIII-7, does not reflect other minor losses such 

as those associated with entrance length effects, surface effects, and 

contractions/enlargements, where these effects are taken to be negligible for low 

Reynolds numbers.1278, 1345, 1350  The largest Reynolds number for the current work 

corresponds to, Re = 0.02.  As for the peristaltic wave placed across the control volume 

of Figure VIII-7, it is realized this is not fully consistent with the form of the linear 

momentum equation shown within Equation VIII-1.  It is noted however that the current 

flow system is dominated by laminar flow through a rigid capillary tube system, as 

shown by [(a-b) + (d-e)] of Figure VIII-2, and further understood for the linear system 

curve shown within Figure VIII-6.  For these reasons, the deforming PDMS membrane 

regions of the micropump are considered, but regarded as having a small effect upon the 
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control volume analysis that is forthcoming.  As previously noted, the time-averaged 

pulsatile flow rates are approximated as a steady-state flow system, and considered 

within the context of an infinite-length tube Poiseuille flow rate relationship.   Therefore 

in summary, the form of the linear momentum equation as expressed within Equation 

VIII-1 is considered for the above stated assumptions, and taken to be a very close 

approximation of the ideal form that would be representative of the micropump and 

capillary tube flow system, shown within Figure VIII-2 for sections (a to e).  

 
 

Fpump

Fviscous

P Ain in P Aout out

System Control Volume

Peristaltic Wave

 
 
Figure VIII-7:  Schematic of micropump control volume.  The particular control volume as shown, is 
representative of the control volume taken for sections (a to e) of Figure VIII-2A).  This control volume 
does not include the surfaces containing the liquid contents of the piping system.  The same control volume 
was considered for all control volume analysis provided within the current Chapter, with the change in 
forces discussed within the context of supporting section discussions. 
 
 
 

The control volume analysis for the linear system curve shown within Figures 

VIII-3 and VIII-6, begins by considering the fourteen data points experimentally 

characterized within these Figures.  As previously noted, the fourteen data points were 

collected using the experimental methodology as shown within Figure VIII-2, and 
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characterized for the micropump variables as summarized within Table VIII-1.  

Considering Equation VIII-1, it is noted the control volume of Figure VIII-7 is taken for 

the entire system (i.e. from a to e) of Figure VIII-2A).  With the velocity components of 

the flow equal at the inlet and outlet of the micropump, and further the inlet and outlet of 

the micropump equal to atmospheric pressure, Equation VIII-1 reduces to, 

 
 FMP = Fv1  (Equation VIII-2) 
 
 
where “Fv1” represents the viscous drag force shown within Figure VIII-7, and “FMP” 

representing the driving force of the micropump as shown within the same Figure.  It is 

noted the driving force of the micropump is dependent upon the driving force of the 

peristaltic wave, which is a function of the peristaltic waves amplitude, shape, frequency, 

wavelength, and phase, and further, the viscous drag force is effectively a measure of all 

system losses, including those taken to be negligible, as previously discussed. 

 Figure VIII-2B), for the pressure sensor connected to the outlet line of the 

micropump, is considered for the same control volume of Figure VIII-7 (and Figure  

VIII-2A)).  The control volume of Figure VIII-7, minus the viscous drag force, “Fv1,” 

would represent the external forces acting upon the contents of the control volume 

considered for Figure VIII-2B).  That is, Figure VIII-2B) is considered for a gage 

pressure reading, with zero flow velocity produced by the micropump.  Thus, Equation 

VIII-1 reduces to, 

 
 FMP = Ps A  (Equation VIII-3) 
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where “Ps” represents the gage pressure reading of the pressure sensor, with “A” 

corresponding to the cross-sectional area of the pressure sensor transducer.  It is noted the 

driving force of the micropump remains unchanged for both setups as shown within 

Figures VIII-2A) and VIII-2B), and further that the total driving force produced by the 

peristaltic wave of the micropump, is proportional to the gage pressure reading of the 

pressure sensor.  Combining Equations VIII-2 and VIII-3, one attains, 

 
 Fv1 = Ps A  (Equation VIII-4) 
 

where it is shown the gage pressure reading is proportional to the retarding viscous force 

produced by flow through the entire system, from (a to e) of Figure VIII-2. 

 The same flow rate and backpressure data collection process would be repeated 

for the remaining data points of Figure VIII-6, to produce the linear system curve as 

shown.  Equation VIII-4 for each remaining data point would provide a measure of the 

systems total losses, as determined from the gage pressure reading of the pressure sensor.  

Superimposing the flat micropump performance curves onto the linear system curve as 

previously discussed, allows an experimentalist to evaluate a micropump and system 

together, as one combined entity, where optimal conditions and performance can be 

determined for a particular microfluidic platform.  A new control volume analysis is next 

considered for an extended version of the methodology presented within Figure VIII-2.  

This analysis, along with Figure VIII-6, can be used to quantify the suction lift 

requirements associated with performing rodent brain direct-sampling neuroscience 

experiments.  A very high fluidic extraction resistance likely exists for the               
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direct-sampling methodology, and is expected as a result of the small gap junctions 

between brain cells, in addition to the tortuosity that exists within an in vivo brain.1245, 

1246, 1255  Obtaining such a suction lift number would prove highly useful, as the Author is 

unaware of any such quantitative suction lift measurement associated with the         

direct-sampling methodology. While the following section is placed into a               

direct-sampling context, the analysis is applicable to any fluidic piping system where 

pumps exist, and therefore can be applied in a general sense to analytically understand a 

micropump in relation to a system, where dynamic changes are occurring over time. 

 
 

11) Rodent Brain Suction Lift Quantitation using Peristaltic Micropump 

After collecting the data of Figure VIII-6, an experimentalist could employ the 

methodology as depicted within Figures VIII-8A) to VIII-8C), to attain the suction lift 

requirements associated with the direct-sampling methodology.  The micropump state, 

“S1,” is reflected as remaining constant, in proceeding sequentially from the method step 

of Figure VIII-8A), to that of Figure VIII-8C).  The flow system shown within Figure 

VIII-8A), is also identical to that of Figure VIII-2A), and therefore the pump 

performance curves and system curve of Figure VIII-6, would be the identical curves 

produced for the setup as illustrated within Figure VIII-8A).   
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Figure VIII-8:  Illustration of direct-sampling experimental methodology, with proposed capillary 
electrophoresis neurotransmitter analysis.  Sections (a to e) are taken identical to that of the same sections 
depicted within Figure VIII-2.  The sequential method steps from A) to C) would be employed to 
characterize the suction lift associated with direct-sampling neuroscience experiments.  Step A) would first 
characterize a flow rate through the micropump, with the maximum backpressure for the micropumps 
operating state being obtained from Figure VIII-3 or VIII-6.  Step B) illustrates the process of inserting the 
inlet capillary tube of the micropump into the brain of an anesthetized rodent, where a new flow rate would 
be measured.  After measuring this new flow rate, the outlet capillary tube line of the micropump would be 
inserted into a pressure sensor, where a gage pressure reading would be recorded.  The suction lift could 
then be computed directly by subtracting the gage pressure values of method steps A) and C).  Conversely, 
it is possible to obtain the suction lift indirectly, using the methodology as shown within Figure VIII-9.  
Step D) represents the process of performing direct-sampling of a rodent’s brain, with in-line capillary 
electrophoresis – laser-induced fluorescence neurotransmitter analysis. 
 
 
 
 Direct-sampling suction lift quantitation would first begin by operating the 

micropump with state “S1,” to produce a system flow rate “Q(s),” as shown within Figure 

VIII-8A).  This flow rate is further illustrated within the generalized plot of Figure    

VIII-9, where an initial operating point, “OP(s),” would be established.  If the outlet 

capillary tube line of the micropump (as shown within Figure VIII-8A)) was connected to 

a pressure sensor, a gage pressure reading “P(s)” would be recorded, with this value 
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indicated as shown within Figure VIII-9.  As previously discussed, this gage pressure 

reading would correspond to the driving force of the peristaltic wave, as expressed within 

Equation VIII-3.   
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Figure VIII-9:  Generalized P-Q plot utilized for micropump direct-sampling methodology.  
Quantification of rodent brain suction lift is determined by the magnitude of the system curve shift, with 
the suction lift indicated as ΔPbrain.  Supporting analysis and discussion can be found within Figures      
VIII-8A) to VIII-8C). 
 
 
 With a rodent placed under anesthesia, the inlet capillary tube line of the 

micropump would next be placed into the rodent’s brain, as shown within Figure       

VIII-8B).  The added suction lift associated with direct-sampling of cerebral spinal fluid 

from the rodent’s brain, would force the micropump to operate with a decreased flow rate     
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“Q(s + b),” as shown within Figure VIII-8B).  This decreased flow rate is also reflected 

within Figure VIII-9, where it is also shown a new operating point, “OP(s + b),” is 

established.  The subscript notation (s + b), is to reflect the meaning, (system + brain).  

This new operating point would be established in response to the additional static suction 

lift demands, associated with the direct-sampling methodology.  Additionally shown 

within Figure VIII-9, the system curve slope would remain unchanged.  An alternative 

graphical representation of the direct-sampling methodology can be seen with the 

connecting arrow of Figure VIII-8B).  This graphic representation illustrates the suction 

head, “hbrain,” is equivalent to the difference in static head represented as, (z2 – z1), as 

shown within the Figure.  For convenience, the formula for converting a head of liquid to 

a pressure is also provided within Figure VIII-8B). 

 To obtain a quantitative measure of the suction lift associated with                

direct-sampling, the methodology shown within Figure VIII-8C) would be employed, 

where it can be seen the outlet capillary tube line of the micropump would be connected 

to the pressure sensor, with the direct-sampling probe remaining untouched within the 

rodent’s brain, as initially established within Figure VIII-8B).  With the peristaltic pump 

performing as a diaphragm pump, the pressure differential across the pump would remain 

conserved for the process shown within Figure VIII-8C), and therefore remain as “P(s),” 

when performing direct-sampling of the rodent’s brain.  The pressure sensor shown 

within Figure VIII-8C) however, would output a new gage pressure reading reflected as         

“P(s + b),” within Figure VIII-9, with the subscript notation identical to that as previously 

discussed.   The difference in gage pressures, “P(s),” and “P(s + b),” reflected as “ΔPbrain,” 
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would be the change in pressure (or head) associated with the direct-sampling technique.  

Therefore, for a micropump performing with a constant state “S1,” it is possible to obtain 

“ΔPbrain,” by measuring a gage pressure reading as shown within Figure VIII-2B), and 

subtracting this value from the gage pressure reading obtained within Figure VIII-8C). 

 A control volume analysis, for the fluid contained within the system shown from 

(a to e) of Figure VIII-8B), would correspond to the control volume diagram of Figure 

VIII-7, with an added suction lift resistive force in the “Fviscous” direction.  For the 

pressure within the rodent’s brain taken as atmospheric pressure, with the inlet and outlet 

flow velocities equal, the momentum equation would reduce to, 

 
 FMP = Fv2 + Fbrain  (Equation VIII-5) 
 
 
with “FMP” representing the driving force of the micropump, “Fv2” representing the 

viscous drag force, and “Fbrain” representing the resistive direct-sampling force, all 

considered for Figure VIII-7.  

 The control volume analysis corresponding to the system shown within Figure 

VIII-8C) for sections (a to e), is considered for the rodent’s brain taken equal to 

atmospheric pressure, with zero inlet and outlet flow velocities.  The momentum equation 

for this control volume would yield, 

 
 FMP = P(s + b) A + Fbrain  (Equation VIII-6) 
 
 
with “FMP” representing the driving force of the micropump, “P(s + b)” representing the 

gage pressure reading of the pressure sensor, “A” corresponding to the cross-sectional 
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area of the pressure sensor transducer, and “Fbrain” representing the resistive             

direct-sampling force, all considered for Figure VIII-7.  

 It is noted “FMP” of Equations VIII-2-3, VIII-5-6 is identical, since the state of the 

micropump remains constant as, “S1,” and therefore rearranging Equation VIII-6, with 

substitution of Equation VIII-3, yields, 

 
 Fbrain = [P(s) – P(s + b)] A    (Equation VIII-7) 
 
 
Therefore the pressure values “P(s)” and “P(s + b),” of this control volume analysis, are 

shown to correspond one-for-one with the pressure values shown within Figure VIII-9.  

Obtaining experimental gage pressure readings, would allow an experimentalist to 

quantitate the suction lift resistance experienced by a peristaltic micropump, when 

working against the excess demands required of a direct-sampling load. 

 Another approach could be employed, to obtain a quantitative measure of the 

resistance associated with the direct-sampling methodology.  This approach would 

associate a change in flow rates, to the expected change in gage pressure readings, before 

and after direct-sampling is performed.  Starting from the equation, ΔP = QR, one may 

subtract this equation from itself, with this equation considered for both, before, and after 

direct-sampling.  The before and after data collection steps would correspond to flow 

rates obtained for Figures VIII-8A) and VIII-8B), respectively.  The results would yield, 

 
 Δ[P(s) – P(s + b)] = [Q(s) – Q(s + b)] R  (Equation VIII-8) 
 
 
where it is noted this case would correspond to measuring the difference in flow rates, 
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and therefore provide an indirect measure of the expected change in gage pressure 

readings.   

 An alternative approach of using the ΔP = QR equation, would be to divide this 

equation by itself, for the before and after recorded flow rates associated with the    

direct-sampling methodology.  This approach would yield, 

 
 ΔP(s + b) = ΔP(s) [Q(s + b) / Q(s)]  (Equation VIII-9) 
 

 
After obtaining a quantitative measure of the suction lift requirements associated 

with the direct-sampling methodology, this information can further be used to obtain a 

quantitative measure of the neurotransmitter concentrations within the brain, when the 

micropump outlet capillary tube line is connected to a chemical analysis instrument, such 

as that of a capillary electrophoresis instrument, with laser-induced fluorescence        

(CE-LIF).  This experimental setup is depicted within Figure VIII-8D), where it is easily 

observed how time-resolved neurochemical transmission events within the brain of a 

rodent, could be analyzed and quantitated over time, as shown with the generic 

electropherogram of Figure VIII-8D).  Such CE-LIF experiments using microdialysis 

probes have proven effective in obtaining a better understanding of brain neurochemical 

dynamics within rodents.1084, 1244 

 Direct-sampling has great potential, to provide significant improvements upon 

many of the limitations associated with microdialysis.  Direct-sampling probes can 

provide in excess of a 5000-fold improvement in spatial resolution, over that of 

microdialysis probes.  This decrease in sampling/surface area of the probe, would in turn 
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be expected to yield less trauma to the rodent’s brain, and therefore likely yield improved 

accuracy of neurochemical information.1092  Lastly, it would be expected that           

direct-sampling would provide for a better understanding of absolute neurotransmitter 

concentrations within a rodent’s brain, since bulk cerebral spinal fluid would be extracted 

from the brain for analysis, as opposed to a microdialysis probe, where sampling of the 

cerebral spinal fluid occurs across a diffusive region, adjacent the microdialysis 

membrane.1072, 1073 

 

Conclusions 

A peristaltic micropump was fabricated, characterized, and analyzed using control 

volume analysis, within the current Chapter.  The micropump was fabricated in-part 

using injection molding technology, where a handheld PDMS injection molding 

apparatus was employed.  The micropump was actuated using PZT cantilevers, with a 

precision machined microvalve attached to the tip of each cantilever.  In-house fabricated 

micropositioners were employed to register the external microvalves over the PDMS 

microchannel.  The micropositioners were assembled in-part with commercially available 

micropositioner bodies, which provided an array of microvalve adjustment capabilities.  

The concept of microvalve “tilt,” was introduced, whereby this adjustment capability 

provided a means to position the microvalve/s over the PDMS microchannel, so that a 

“plowing” or “squeegee” effect could be employed as a part of the microvalve/s actuation 

mechanism.  “Tilted” microvalves are coined within Chapter VI as, “squeegee 

microvalves.” 

 A tilted microvalve (i.e. degree of squeegee bias), in addition to the microvalve 
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tip dimensions, the number of cantilevers actuated, and actuation signal/shape/frequency, 

was used to define a micropump, “state.”  Fourteen micropump states were characterized 

for both flow rate and backpressure.  This information was plotted as a P-Q (or H-Q) plot, 

with “P” representing gage pressure, and “Q” representing flow rate.  The use and 

advantages of the linear relationship produced within the P-Q plot were discussed.  The 

P-Q plot was shown to be simple, yet potent, in serving as a 5-for-1, in terms of how the 

linear curve could be leveraged to a scientist or engineer’s benefit.  The single linear 

curve produced within the P-Q plot provided for: 1) a means to understand how the 

micropump “state” can best be optimized, to produce the most desirable flow rates and 

backpressures, for any particular microfluidic application, 2) an experimentally 

characterized system curve, 3) a set of experimentally characterized micropump 

performance curves, 4) a quantitative measure of the micropump power output, and        

5) a means to acquire a quantitative measure of the suction lift requirements associated 

with direct-sampling neuroscience studies.  A background discussion was provided for 

centrifugal pump performance curve and system curve analysis, to facilitate discussion of 

the current micropump performance curve and system curve analysis.  The change 

brought to the simple piping system as presented within, was placed into a               

direct-sampling neuroscience context, however, this pump performance curve and system 

curve analysis is directly applicable to any fluidic piping system where pumps exist.  

Such analysis can be applied to other more complicated microfluidic formats, to better 

understand dynamic changes brought to a fluidic piping system. 
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 An in-depth discussion was provided for the direct-sampling methodology, which 

encompassed a control volume analysis.  This control volume analysis was used to 

articulate how the P-Q plot would be employed in practice, for obtaining a quantitative 

measure of the suction lift associated with micropump in vivo direct-sampling of a 

rodent’s brain.  The direct-sampling analysis as presented within this Chapter, is expected 

to yield critical information, in allowing for a better understanding of the use of       

direct-sampling probes within neuroscience studies.  When compared to microdialysis, 

direct-sampling is expected to provide significant improvements in both spatial and 

temporal resolution, and therefore in turn, provide a better correlation of neurotransmitter 

release information, with in vivo experimental variables. 
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Chapter IX :  Research Significance and Future Directions 
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Research Summary and Significance 

A micropump was successfully designed, fabricated, and characterized for use as 

an analytical add-on attachment device to an already existing CE-LIF instrument.  The 

micropump performs and passes all benchmark tests of: 1) biocompatibility, with inert 

activity towards CSF, 2) possessing low dead volumes, 3) implementation of interconnect 

technology that is fully compatible with macro-sized CE-LIF instrumentation,                

4) successful implementation of a direct-sampling probe, with a spatial resolution 

corresponding to a 40 µm diameter circle, 5) integration of adjustment capabilities, that 

allows the micropump device to be adjusted in accordance with system load demands,   

6) stable and reproducible output performance, and 7) nL/min flow rate performance, 

with high working backpressures. 

The micropump was characterized for flow rates ranging from 2.6 - 289 nL/min, 

with working backpressures recorded as high as 51.5 kPa.  The stability and 

reproducibility of these numbers, is understood with observation of the averaged flow 

rate curves, as presented within previous Chapters.  It is noted, standard errors are 

represented as error bars for the flow rate curves, where it can be observed flow rate error 

is in the range of very small to not visible, at most actuation frequencies. 

A control volume analysis was provided, to articulate a methodology that can be 

employed, to obtain a quantifiable measure of the suction lift demands associated with 

the direct-sampling technique.  The Author is unaware of any such quantified suction lift 

number reported within the academic literature.  Therefore, the significance of this 

methodology is considerable, in advancing the utility and practicality of the             
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direct-sampling method.  An experimentally characterized suction lift value will allow 

proper design of in-line microfluidic pumps, when used to extract CSF directly from the 

brain of a living rodent, for subsequent neurochemical analysis.  Successful design, 

characterization, and implementation of a direct-sampling microfluidic pump, will allow 

analytical chemists/neuroscientists to push the envelope of possibilities in asking bigger 

and better questions, in the continued quest to further unravel and understand the 

biological basis of both healthy and diseased states, within the human brain.  

 

Future Research Experiments 

The micropump as discussed within previous Chapters, was successfully 

designed, fabricated, and characterized.  The micropump was characterized as a       

stand-alone analytical add-on attachment device, for future integration into an already 

existing and fully functional CE-LIF instrument.  Currently, the micropump is 

immediately available, and ready for integration into the CE-LIF instrument.   

 

1) Initial Integration of Micropump with CE-LIF Instrument 

A first set of experiments is proposed, for integration of the micropump into the 

CE-LIF instrument.  Acquisition of preliminary performance data for the fully integrated 

micropump-CE-LIF instrument would prove favorable, in gaining a broader 

understanding of the instrument as a whole.  Figure IX-1 illustrates the general concept 

for these proposed experiments.   
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Figure IX-1:  Schematic of fully integrated micropump-CE-LIF instrument.  Schematic illustrates 
proposed first set of experiments, to fully characterize the integrated instrument as a single operational 
entity. Crossed-out dotted “X” would be the instrumental components removed, when the micropump is 
integrated into the current fully functional CE-LIF instrument.  (Figure IX-1 adapted from Ciriacks Klinker 
and Bowser, 2007)1371 
 

 
This Figure represents a generalized schematic, showing the functional components of 

the CE-LIF instrument.  It is shown within this Figure, where the micropump would be 

inserted and integrated, for future use within direct-sampling studies.  When integrated 

into the CE-LIF instrument, the micropump must be capable of pushing fluid from the 

micropump inlet capillary tube line into a reaction-cross.  The reaction-cross is used to 

mix a fluorescent label with the CSF fluid, so that analytes of interest can be detected.  It 

is expected the micropump will experience a backpressure, when pushing fluid into the 

reaction-cross.  To test the ability of the micropump to overcome the expected increase in 

backpressure, a fluorescent solution would first be pulled from a beaker using the    

direct-sampling probe.  For a set of calibrated micropump and CE-LIF parameters, 
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fluorescence and time delay from the start of pumping to the time of detection, would 

provide valuable flow rate information for both the micropump and CE-LIF instrument, 

when integrated as a single functional entity. 

 It is expected the micropump will need performance adjustment, so that optimal 

interaction with the current flow gate (the gap between the reaction and separation 

capillaries) design can be successfully achieved.  Current flow velocities through the 

connecting 40 μm ID capillary tubing of the CE-LIF instrument while performing in vivo 

microdialysis, are typically 0.17-0.33 μm/min.  Depending on the backpressure resistance 

experienced by the micropump, the flow velocity through the micropump may be smaller 

than desired, and therefore have the effect of increasing the time it would take for CSF to 

reach the separation capillary for plug injection.  This increase in time could create 

negative consequences such as decreasing temporal resolution, and possibly causing 

dilution of the injected plug with flow gate buffer.  To compensate for these potential 

negative offsets, the flow gate width (distance from reaction to separation capillary) 

could be decreased, with the expectation that this change in width would decrease the 

time needed to fill the flow gate region with CSF for plug injection.  A decrease in flow 

gate width could also in turn allow CSF to enter the separation capillary when the flow 

gate is turned on.  To offset this effect, the fluid velocity through the flow gate could be 

increased, so that contents within the reaction capillary are washed away to waste, as 

opposed to unnecessarily being pulled into the separation capillary. 

 
 
 
 



 

 294 

2) Micropump Temporal Resolution Characterization 

To characterize the micropump temporal resolution, the inlet capillary tube  

direct-sampling probe would first be inserted into a beaker of water, and therefore the 

rodent as shown within Figure IX-1, would be substituted for the beaker of water.  With 

actuation of the micropump, a small amino acid liquid plug could be drawn into the 

micropump inlet capillary tube probe, by quickly transferring the inlet probe to a 

standardized amino acid solution, with rapid transfer back into the beaker of water.  The 

plug flowing through the capillary tube interconnects would simulate an extracted plug of 

directly-sampled CSF.  This amino acid plug would undergo derivatization within the 

reaction cross, and thereafter electrophoretic separation within the separation capillary 

column.  The fluorescent signal would be detected with the photo multiplier tube (PMT), 

and thereafter converted into an electronic readout for quantitative peak analysis of the 

amino acid electropherogram.  This set of experiments would allow an experimentalist to 

characterize the temporal resolution of the micropump direct-sampling technique. 

 

3) In vivo Potassium Stimulation Experiments 

After standardized amino acid liquid plug temporal resolution characterization of 

the micropump-CE-LIF instrument, a set of in vivo potassium stimulation experiments is 

proposed.  These experiments would place the direct-sampling capillary tube probe 

directly into an in vivo rodent brain, in contrast to that as proposed above, with placement 

of the direct-sampling probe into a standardized amino acid solution contained within a 

beaker.  These set of experiments are best understood with reference to Figure IX-1.  A 

potassium stimulation is performed by applying a potassium solution to the surface or 
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interior of a rodent’s brain.  This external neurological stimuli is a well known excitatory 

neuroscience experiment, that is often used to characterize the release levels of glutamate 

and other neurotransmitters, in response to a potassium solution.1088, 1372-1375  The basal 

concentration for glutamate has been reported to be in the range of 0.55-0.80 μM, when 

measured using a microdialysis probe.1082, 1084  

Performing an in vivo potassium stimulation requires surgical removal of a skull 

section over the rat’s cortex.  The animal would be placed under anesthesia using 

Halothane, with the anesthesia delivered through a mask placed over the rodent’s muzzle.   

A surgical platform with a built-in stereotaxic frame would be used to secure the rat’s 

head firmly in place.  To inject the high concentration potassium solution, a second 

micropump or external syringe pump could be used to push the potassium solution 

through a second capillary tube line that runs adjacent to the micropump direct-sampling 

probe.  A flow rate of around 10 nL/min would be used to inject a bolus of 145 mM 

potassium chloride solution.  This second capillary tube line would degrade the spatial 

resolution by a factor of two, however this offset is unavoidable if a high concentration 

potassium solution is to be injected at the sampling site.  A second potassium delivery 

method reported within the literature uses a microdialysis probe while performing reverse 

dialysis.1090  This approach however would create considerably more damage since the 

microdialysis probe has mm length dimensions, versus a second capillary tube line with 

micron-length dimensions. 

Direct-sampling potassium stimulation data is expected to yield valuable 

information.  This data can be used for comparison purposes, and compared with 
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microdialysis data that was collected using the same potassium stimulation experimental 

conditions.  As opposed to a microdialysis probe that samples analyte across a diffusive 

gradient, a direct-sampling probe extracts bulk CSF from the rat’s brain.  As a result of 

this difference in physical sampling mechanisms, a contrast in neurotransmitter 

concentrations is expected.1092  The exact magnitude of the expected difference in 

concentration levels would be extremely difficult to predict without undertaking a 

theoretical study of both direct-sampling and microdialysis probes.  However, 

experiments injecting high potassium solutions have reported a change in glutamate 

release to be in the 600-700% range, when measured using a microdialysis probe.1084  

The percentage change for direct-sampling is expected to give similar to moderately 

different results of ±20%.   

 

 4) Histological Examinations, for Characterization of Direct-Sampling Probe 

Placement Accuracy and Neurological Tissue Damage 

Histological examination of brain slices is proposed to characterize the extent of 

probe damage, and further to characterize direct-sampling probe placement accuracy.  

Many methods have been reported within the literature for sectioning and staining of 

brain slices.1376-1378  The protocol proposed for these experiments begins by providing a 

lethal dose of Halothane to the rodent, and then perfusing the rodent transcardially with 

saline and 10% formalin solution.  After fixing, the brain would be removed and sliced 

into 40 μm coronal sections and stained with potassium ferrocyanide.  This first staining 

reaction would form a blue product.1376  A second counterstaining would be performed 

using thionin, where this reaction would reveal the location of the lesion induced by 
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probe insertion into the brain.  A light microscope would be used to characterize the 

extent of probe damage, and also the exact location of probe insertion into the brain.  

Brain slices would also be examined under an electron microscope, to characterize the 

fine microarchitectural damage induced by probe insertion.  It is expected that cellular 

damage will be observed along the edges of the bore where the probe was inserted, but 

not at the tip of the probe where direct-sampling takes place. 

 

5) Initial Barrel Cortex Direct-Sampling Experiments 

After direct-sampling optimization of the micropump-CE-LIF instrument using an 

in vivo rodent brain, it is possible for an analytical chemist/neuroscientist to utilize the 

integrated instrument in such a way, so as to ask very specific and detailed neuroscience 

questions.  A set of experiments designed to test the one barrel-one vibrissa hypothesis, 

would be an excellent choice of experiments to undertake, in utilizing the       

micropump-CE-LIF instrument as a means to address current and relevant in vivo brain 

science questions.  As discussed within Chapter I, rodent somatosensory cortex barrels 

range in size from approximately 50 – 400 µm in diameter, with each barrel 

corresponding one-for-one to individual vibrissa on the contralateral vibrissa pad.  The 

fact that a direct-sampling probe measures 105 / 40 µm (OD/ID), in comparison to barrels 

with diameters of 50 – 400 µm, would be of great significance in correlating the probes 

placement, to that of a barrels neurological response.  The link between stimulation of a 

single predetermined vibrissa, and response of a discrete barrel, places the barrel cortex 

as an ideal candidate to study and advance humanities understanding of healthy, diseased, 

and injured somatosensory cortex states, using the micropump-CE-LIF instrument.   
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A first set of broadly-based barrel cortex experiments is proposed.  For these 

experiments, the direct-sampling probe would be inserted into the posteriomedial barrel 

subfield (PMBSF) region of the barrel cortex, with the animal placed under anesthesia.  

Mechanical stimulations would be applied to the whiskers on the contralateral side of the 

whisker pad using an air-puff system.1181, 1185  This stimulus would vigorously deflect 

many whiskers at once.  Direct-sampling would be performed to establish a correlation 

between vibrissa deflection and PMBSF neurotransmitter release.  It is hypothesized  

sub-10 second temporal resolution would be observed for the expected increase in 

glutamate concentration.  Establishing a correlation between whisker stimulation and 

increased neurotransmitter release, would provide the necessary platform to undertake 

more challenging barrel cortex experiments, such as that of testing the                        

one barrel-one vibrissa hypothesis. 

 

6) One Barrel-One Vibrissa Hypothesis Direct-Sampling Experiments 

Testing the one barrel-one vibrissa hypothesis using a direct-sampling probe 

would start by plucking all but one facial pad whisker from the rodent.  After determining 

the surface location of the barrel that correlates to the solo remaining whisker, the probe 

would be inserted into layer IV for this chosen barrel.  Detection of neurotransmitter 

release when mechanical deflections are provided to the individual whisker, would allow 

an experimentalist to validate proper placement of the direct-sampling probe.  If a 

relationship was not established for whisker deflection and neurotransmitter release, the 

probe could be placed in nearby barrels to identify which barrel corresponds to the solo 

remaining whisker on the rodent’s facial pad. 
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After establishing a one-to-one correlation between whisker deflection and 

neurotransmitter release within the rodent’s barrel cortex, it is possible to study more 

complex barrel cortex variables.  It is known the response of a barrel is different for a 

variety of stimulus parameters such as angular direction, velocity, amplitude, and 

frequency.1175-1185  There have been reports of stimulating individual vibrissa using PZT 

cantilevers, to study these and other variables.1175-1177  It is also possible to use an electric 

stepper motor to create controlled vibrissa deflections.  Correlation of brain activity in the 

barrel cortex of rodents for experimental parameters such as vibrissa deflection 

frequency, amplitude, and velocity, would comprise a set of novel neuroscience data, as 

no such experiments have ever been undertaken using direct-sampling probe technology.  

Temporal resolution is expected to be sub-10 seconds for an increase in glutamate 

concentration. 

 

7) Micropump and Micropump-CE-LIF Modeling / Computational Studies 

Future proposed experiments beyond the set of experiments proposed above, 

would depend upon the results and data obtained.  It is likely both the micropump and 

micropump-CE-LIF instrument would stand to benefit from modeling and/or 

computational studies.  Numerical optimization of both the micropump and    

micropump-CE-LIF instrument as a whole, would provide for an additional means to 

further refine the direct-sampling methodology. 
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Preliminary Direct-Sampling Results 

Preliminary direct-sampling data was obtained with use of a euthanized rodent.  

The micropump was used as a stand-alone microfluidic CSF extraction device, where the 

micropump inlet direct-sampling capillary tube probe was placed within the rodent’s 

brain, and characterized for CSF extraction.  The micropump was not connected with the 

already-existing CE-LIF instrument, in executing these preliminary pilot study        

direct-sampling experiments.  It is also noted, these pilot study experiments were not 

performed using highly refined techniques, and therefore as a crude first approach, crude 

results were not unexpected.    

Figure IX-2 is a partial summary of the direct-sampling proof-of-concept pilot 

experiments.  After inserting the direct-sampling probe into the brain of a euthanized 

rodent, the micropump was actuated to output its maximum attainable flow rate, and 

therefore maximum operating backpressure as well.  It is visualized the micropump was 

capable of generating enough suction lift, to core the rodent’s brain.  To a neuroscientist 

focused on elucidating the biochemical mechanisms at work within native brain tissue, 

Figure IX-2 would quite frankly be perceived as, frightening.  To an analytical 

chemist/engineer focused on advancing microfluidic device instrumentation, for future 

application within in vivo brain science studies, Figure IX-2’s pilot data was most 

certainly received with, pure joy.  At the start of this research, it was not fully clear if the 

resistance created by the brains tortuosity, would be in excess of the micropumps 

performance capabilities.  Had a quantitative measure of the direct-sampling suction lift 

requirements been reported or found within the academic literature, it would have been 
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possible to assess the output performance of the micropump in relation to the demands 

associated with the direct-sampling methodology.  With the micropump capable of coring 

a rodent’s brain, it is hypothesized the micropump will generate sufficient suction lift to 

extract CSF directly from the brain of an anesthetized rodent.  It is expected however, 

that optimization of the direct-sampling methodology will be quite challenging.  An 

extensive characterization process will likely be necessary, to understand how one can 

best obtain neurochemical information, with the highest possible temporal resolution. 

 

PDMS
Microchannel

Cored Rodent
Brain

Micropump Inlet
Capillary Tube  

Figure IX-2:  Pictorial image of cored rodent brain.  Experiment was undertaken as a proof-of-concept 
pilot experiment, to prove viability of the direct-sampling methodology.  The direct-sampling experiment 
was performed by placing the inlet of the micropump into the brain of a euthanized rodent.  The 
micropump was actuated to produce its maximum possible flow rate, and therefore, maximum possible 
working backpressure as well. 
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Figure A-1:  High voltage circuit schematic.  Circuit design fabricated to power and drive piezoelectric 
actuator elements.  (Figure A-1 adapted from D. J. Simons, 2005) 
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Figure A-2:  Wiring diagram for electronic apparatus used to power and drive micropump piezoelectric 
cantilever actuators. 
 
 
 
 


