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1)  Summary 

The three-dimensional structure of folded proteins is of enormous interest to the scientific 

community.  The structure is best determined with x-ray diffraction through a protein 

crystal, but it has proven extremely difficult to grow crystals large enough for this 

process [1, 2].  Significant challenges faced by protein crystallographers include the 

inability to sufficiently control the crystallization environment and the scarcity of protein 

available [3].   

 

Microfluidic devices, which allow ultra-precise fluid management and require 

significantly less reagent than traditional methods, constitute an ideal technology with 

which to overcome these crystallization challenges [4-7].  A microfluidic system has 

been designed to give a crystallographer precise management of the concentrations of 

several reagents (such as protein and a suitable precipitant salt) over time. 

 

To create components of the microfluidic system, two novel fabrication methods were 

developed:  photopolymer mold making and three-dimensional plate tectonics.  These 

methods are rapid, inexpensive, and do not require any special equipment.  A novel 

micropump and channel network suitable for the crystallization system were successfully 

created using these techniques. 
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2)  Background 

2.1.  Protein Crystals 

Proteins provide a vast array of life-sustaining services to every living organism, 

initiating and facilitating most biochemical and metabolic processes.  The physical 

shape(s) a protein assumes in vivo soon after synthesis determines its functional 

properties and mechanisms.  Knowledge of a protein’s structure—how it coils and folds 

in on itself—enables an intimate understanding of how the protein interacts with other 

chemicals.  This knowledge is of immense value to the scientific and commercial 

communities, particularly to drug designers who could leverage the information to create 

highly selective drugs with superb efficacy and little or no side effects [8-10]. 

 

2.1.1.  Crystallization Difficulties 

The structure of a protein can be found through several methods, including x-ray 

diffraction crystallography, NMR spectroscopy [11], and electron microscopy [12].  X-

ray crystallography is generally accepted as the best method and has been used six times 

as often as all other methods combined [13].  X-ray crystallography is a technique 

wherein the x-rays are radiated through a crystal and the resulting diffraction pattern 

(caused by the closely spaced atoms in the lattice) is recorded and analyzed [14].  The 

recorded diffraction pattern is the sum (constructive interference) of the diffraction 

pattern through many lattice repetitions.  Therefore, the resolution of the computer-

generated structure is determined primarily by the purity and size of the diffracted crystal 



3 

[9]; to achieve atomic resolution, a crystal at least 100µm is required—usually 200µm 

[15]. 

 

Of the approximately 400,000 proteins that exist in humans, the structure is known for 

fewer than 10,000 [13].  The limiting factor responsible for this slow progress is the 

creation of diffraction-quality protein crystals, which is notoriously difficult.   

 

Protein crystals are created by adding protein or precipitant (typically a salt) to an already 

saturated solution, inducing the now-supersaturated protein to precipitate out of the 

solution as a solid. 

 

The details of the crystal growth process are extremely complicated, but a simplified 

protein phase diagram (Figure 2.1) can illustrate the basic principles [16-18].  In the 

soluble/stable zone of the phase diagram, the solution is under-saturated, so crystals will 

dissolve and increase the saturation.  Increasing protein and/or salt concentration 

eventually moves the solution across the solubility (binodal) line into the metastable 

zone.  Here, the solution is supersaturated and crystals will grow, but the protein-protein 

affinity is not strong enough to favor formation of new crystal.  Further up the diagram is 

the labile region, where the higher degree of supersaturation will induce the spontaneous 

nucleation of new protein crystals from protein in solution.  The upper corner of the 

phase diagram, across the spinodal line, is the precipitation zone, where the solution is so 

supersaturated that proteins will quickly precipitate into amorphous, disordered solids. 



4 

 

To grow crystals optimally, the solution should spend a brief amount of time in the labile 

region to allow nucleation, then move into the metastable region to provide the nuclei 

slow, orderly growth with minimal impurities [19-21].  (Excessive time in the labile 

region would allow formation of too many nuclei, resulting in several small crystals.)  

While this crystallization plan seems simple enough, there are several factors that 

complicate the process including unknown phase diagrams, scarce protein availability, 

numerous affecting variables, and inconsistent effects of some variables on different 

proteins [9, 22]. 

 

2.1.2.  Crystallization Methods 

Despite the aforementioned complications, several protein crystallization techniques have 

been developed.  Vapor diffusion [23, 24] is the most common, though dialysis [25] is 

also used.  These methods afford researchers a limited ability to guide the solution along 

a desired path in the phase diagram (ideally, into the labile region and back out again.)  A 

newer method, free interface diffusion [4], juxtaposes pure protein and salt solutions in a 

tube, allowing them to diffuse into one another and, hopefully, create proper conditions 

for large crystal growth. 

 

The simplest method, known as the batch method [18], is to create a solution with 

specific protein and salt concentrations, seal it, and let it rest.  If the initial mixture is near 

the less saturated edge of the labile zone, this can lead to a diffraction quality crystal.  (A 
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crystal will form, removing protein from the solution and dropping it into the metastable 

region [26].)  The simplicity of the batch method, along with its effectiveness at small 

scales, makes it ideal for use in high-throughput robotic systems [27, 28]. 

 

Even with these methods available, protein crystallization remains a struggle.  The ideal 

crystallization system would allow a user to control the solution concentrations at will—

to move the solution through the phase diagram or hold it at specific concentrations—

even while crystals are forming.  Also, an ideal system would require only a tiny quantity 

of protein and have a high-throughput capacity.   With recent advances in 

microtechnology, a better crystallizer is now possible. 

 

2.2.  Microfluidics 

Since the advent of micro electro-mechanical systems (MEMS; sub-millimeter-scale 

devices fabricated by selectively depositing and removing thin layers from silicon 

wafers), every field of engineering has found ways to harness benefits of microscale 

devices [29-31].  One of the oldest and largest of these “micro-fields” is microfluidics—

the management and utilization of fluid volumes on the scale of a microliter or less [32].  

With such precise management of tiny fluid volumes, microfluidics offers great potential 

for protein crystal growth [33]. 

 

Like any regular macro-scale engineered fluid system, microfluidic systems are 

composed of several sub-systems or components, including pumps, valves, flow meters, 
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nozzles, diffusers, turbines, compressors, transport channels, mixers, etc.  By combining 

several of these micro systems in a well-engineered manner, complex laboratory 

processes can be completed in much less time, with less reagents, requiring less bench 

space—a veritable “lab-on-a-chip” [34]. 

 

2.2.1.  Scaling Effects 

Though microfluidic systems have similar parts as their big brothers, microsystems 

behave quite differently, often counter to natural intuition [35].  These behavioral 

changes can be understood by examining the equations that govern fluid flow in a 

channel: 

 Eq 1) Q = VA = ∆P

R
 

where Q is volumetric flow rate, V is the characteristic flow velocity, A is the cross-

sectional area of the channel, ∆P is the pressure drop across the channel, and R is the 

channel’s resistance, given, for example, by the following expressions for circular, nearly 

square (aspect ratio ≈1), and wide rectangular channels: 

 Eq 2) Rcircle = 8µL
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where µ is the absolute viscosity of the fluid, L is the channel length, r is the circular 

channel radius, and w and h are the width and height of the square and rectangular 

channels [36].  Thus, as a channel’s cross sectional area decreases, its resistance increases 

enormously (for example, decreasing the characteristic channel dimensions by a factor of 

ten in all three dimensions leads to a thousand-fold increase in resistance in all cases), 

slowing fluid movement in the channel to a trickle. 

 

One of the most important scaling effects for microfluidic systems is the reduction of the 

Reynolds number, the ratio of inertial forces to viscous forces, defined by 

 Eq 5) Re= ρυDh

µ
 

where ρ is the fluid’s density, υ is the fluid’s characteristic velocity, Dh is the 

characteristic (hydraulic) diameter of the flow.  Turbulent flow, characterized by a 

chaotic velocity profile and eddies, exists when Re exceeds some threshold value that 

depends on the system geometry (2300 in steady pipe flow).  The small lengths and 

velocities in microsystems makes Re quite small, often less than one—a decidedly 

laminar flow [36].  Therefore, in microchannels, parallel streams of fluid in a single 

channel will not convectively mix, nor will alternate boluses along the path of motion. 

 

On the other hand, diffusion, usually irrelevant on the macroscale, is relatively rapid in 

the microscale.  Diffusion in one dimension can be modeled as 

 Eq 6) x 2 = 2Dt  
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where x is the root-mean square (RMS) distance diffused, D is the coefficient of 

diffusion, and t is time.  To illustrate the dramatic difference between macro and 

microscale, consider the diffusion of hemoglobin in water (D= 7x10-7 cm2 s-1):  10 µm is 

reached after only 1 second, but 1 cm requires 11.6 days [35]. 

 

Other values that become significantly larger at the micro scale are the surface-area-to-

volume ratio and surface tension [37].  Because of all these differences, attempts to apply 

traditional part designs to microsystems usually fail [38].  Instead, new designs must be 

made that harness the physics of the scale. 

 

2.2.2.  Micropumps 

Perhaps the most researched components of microfluidics are micropumps.  Over 200 

unique designs with a wide variety of pumping techniques have been reported in 

scientific journals.  (Figure 2.2 shows the types of pumps available.)  The reason for this 

proliferation of designs is that micropumps are needed for a great variety of applications 

with widely varying performance requirements, and unlike the centrifugal pump, which 

meets the vast majority of macroscale needs, no one micropump has risen to the top.  

(The centrifugal pump is a perfect example of a macroscale design that scales down 

poorly.  At low Re, inertial effects are negligible, so the pump would not function since it 

depends on the inertia of the fluid to create pressure.) 
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Most micropumps are engineered for a specific application and are never used outside 

their designer’s lab, making micropump selection and procurement a difficult task.  In an 

effort remedy this, several extensive micropump review papers have been published [39-

45], but obtaining a pump with an adequate combination of flow rate, pressure, size, 

power consumption, biocompatibility, and pumping method is still a major project. 

 

By far the most common type of micropump is the two-valve reciprocating displacement 

pump, the basic design of which is illustrated in Figure 2.3 [46].  A deformable 

membrane atop a fluid chamber is cyclically actuated, alternately increasing and 

decreasing the chamber pressure.  Two one-way valves connect the chamber to the 

channel network; one valve allows flow into the chamber, the other allows outward flow 

only.  The membrane can be actuated with a variety of methods, including piezoelectric 

(lateral) [46-48], piezoelectric (axial) [49, 50], electrostatic [51, 52], electromagnetic [53, 

54], pneumatic [55-57], thermo-pneumatic [58, 59], and with shape-memory alloys [60].  

Also, various valve types have been used, such as cantilever flaps [59, 61, 62], ball valves 

[63], nozzle-diffuser pairs [64-66], and diaphragm flaps [46, 48, 53].  Further, different 

materials can be used for the membrane, valves, and body.  Of course, the design 

elements can be changed as well:  diaphragm geometry, chamber layout, valve 

configuration, etc. 

 

Quite different than the displacement micropumps, several dynamic pumps that employ 

the unique physics of the microscale have been designed.  Electrohydrodynamic (EHD) 
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pumps [67-69] use arrays of electrodes along a microfluidic channel to induce mirror 

charges in inhomogeneous or adjacent insulating fluids, and then drive these charges with 

electrostatic forces (ion drag).  Magnetohydrodynamic (MHD) pumps [70, 71], on the 

other hand, work on fluids with electrically conducting ions.  By applying a magnetic 

field perpendicular to the channel and an electric field perpendicular to the channel and 

the magnetic field, MHD pumps impart a Lorentz force on the ions, pushing them along 

the direction along channel.  (The ions create a current between the electrodes.  Currents 

in a magnetic field create a transverse force, the Lorentz force.)  A third dynamic pump 

type is the electroosmotic (EO) pump [72-75].  Liquids and solids in contact often 

develop charged layers along the interface.  EO pumps apply an electric field in the 

direction of fluid flow to electrostatically drive the charged fluid layer. 

 

Dynamic pump designs rely heavily on the nature of the fluid, so are not practical for 

systems that will pump a variety of fluids or solutions.  Also, the dynamic pumps often 

use high voltages and powerful magnetic fields, requiring equipment that adds to the 

pump’s total cost and effective size.  Displacement pumps require very little external 

equipment and can be made very small, but require expensive clean room fabrication.  

Indeed, very few inexpensive micropump designs exist.  For applications that require 

several micropumps, an inexpensive per-pump design is required, but has yet to be 

realized. 
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2.2.3.  Microchannels 

Since MEMS fabrication is based on technology developed for making computer 

microchips, the fabrication processes are all essentially two-dimensional.  Design options 

for features in the third dimension are extremely limited, typically requiring a complex 

series of alternating structural and sacrificial layers, the latter of which is later dissolved 

with a chemical etchant, releasing the patterned structural layers, a process known as 

surface micromachining. 

 

For microchannel networks, however, surface micromachining fails because the etchant 

can not adequately penetrate the long, thin channels.  Few alternative strategies to create 

three-dimensional structures have been developed.  Jo et al. used sandwich-molded 

PDMS layers with carefully placed holes to act as vertical shafts between other layers 

[76].  Anderson et al. developed a clever way to connect two PDMS channel networks 

with a shaft layer, but the fabrication requires an expensive and difficult mold-making 

process [77].  Thus, further development in this area is required. 
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3)  Crystallizer Design Overview 

The crystallization system being developed is illustrated in Figure 3.1.  The system 

consists of three primary components:  pumps, channels, and flowmeters. 

 

Pumps 

To manage the conditions inside the crystallization chambers, the feed rates for the three 

inlets need to be controlled.  This will be accomplished with several micropumps, one for 

each inlet to each reaction chamber.  Therefore, one requirement for the pump is low unit 

cost; preferably, it could be fabricated from a molding process.  The pump should be able 

to deliver low flow rates reliably and should require only a small volume of working 

fluid. 

 

Fluid Channels 

At first glance, the connecting fluid channels may seem a trivial component of the 

system.  However, some mechanism must be employed to allow channels to cross, as it is 

impossible to connect three or more (input and output) reservoirs to multiple reaction 

chambers without crossing channels.  Since traditional microfluidic fabrication methods 

are limited to two dimension, a novel technique is required. 

 

Flow meters 

Flow meters will be needed to monitor flow rates and provide feedback to the pump 

controller.  Feedback is important to maintain proper flow rates over the course of the 
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crystallization, which could take several days.  Closed-loop pump control is particularly 

important in light of the fact that micropump performance is often transient and 

unreliable.  Further, for optimal crystallization control, the flow rates will be altered at 

specific times during the crystallization; a closed-loop feedback control of the pump will 

ensure accurate and precise flows for all necessary rates. 

 

4)  Pre-Existing Fabrication Methods 

4.1.  Photolithography 

Photolithography, developed in the 1960s for printing computer circuit boards [78, 79], is 

the most fundamental microfabrication technique.  Lithography is the process of 

transferring a pattern from a master mask to a substrate; photolithography uses 

radiation—typically UV light—to cause a chemical change in the substrate surface that is 

not protected by the mask.  There are many variations on the process depending on the 

pattern resolution, materials used, and subsequent plans for the substrate, but the basic 

steps are always the same [29-31]: 

 

1)  Prepare substrate:  Before starting, the substrate (silicon wafer) must be thoroughly 

cleaned and then heated (pre-bake) to drive out surface moisture.  The cleaned wafer is 

then exposed to HMDS (hexamethyl disilazane) to promote adhesion of photoresist. 

 

2)  Apply photoresist:  A small amount of photoresist is poured onto the wafer center, 

which is then spun rapidly to spread the resist evenly on the surface—a process known as 
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spin-coating.  By altering the spin speed and duration, the spinner system can be 

programmed to leave a specific resist thickness. 

 

3)  Soft Bake:  Heating the resist helps eliminate solvents, improves adhesion, and cures 

the photoresist to prevent it from sticking to the mask during a contact-type exposure.  

Under-baking the photoresist may prevent UV light from completely reaching the 

substrate, causing under-exposure; over-baking will degrade the photosensitivity of the 

photoresist, which could cause overexposure. 

 

4)  Align and expose:  The substrate and photomask are loaded into an alignment system.  

The mask is precisely aligned to existing features on the substrate using alignment marks 

and magnifying cameras.  (The very first exposure does not require alignment since the 

wafer is initially unpatterned.)  Once aligned, the substrate is exposed. 

 

5)  Develop:  The exposed substrate is submerged in a developer solution to quickly 

dissolve the exposed (positive) or unexposed (negative) photoresist.  The substrate is then 

immediately rinsed for several minutes. 

 

6)  Hard Bake:  The substrate is once again baked to drive out moisture and harden the 

resist prior to further deposition or etching. 

 



15 

7)  Deposition and etching:  Depending on the etchant, the photoresist can sometimes act 

as the etch mask.  In other cases, a two-step etch is required, using, for example, a silicon 

nitride layer deposited prior to the resist application.  The resist pattern would be the etch 

mask for the etching of the nitride, which would then be the etch mask for the underlying 

material.   

 

4.2.  Microfluidic Plate Tectonics 

Originally developed by Beebe et al. [80], microfluidic plate tectonics is an extremely 

rapid and inexpensive fabrication technique based on traditional photolithography 

(Figures 4.1-4.2).  A polymer solution that crosslinks under UV light (Loctite 363, 

Henkel Technologies, acrylic-type polymer) is poured onto a solid base plate.  A UV-

transparent acrylic sheet (Acylite OP-4, 0.125 in thick) is placed atop the liquid polymer, 

using a few solid spacers (for example, glass cover slips) to keep the acrylic sheet 

suspended above the base plate.  A standard overhead transparency, with a pattern printed 

by a computer printer, serves as the feature-defining photomask. 

 

The mask-acrylic-polymer-base assembly is placed in a UV flood system (Electro-Lite 

ELC-4001.)  The exposed Loctite polymer solution crosslinks into a solid polymer layer, 

but the unexposed polymer, protected by the ink on the transparency photomask, remains 

a liquid. 
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After a brief initial exposure (15-30 sec), the unexposed liquid is flushed out of the 

assembly with acetone via pre-drilled access holes in the acrylic layer.  The exposed, 

solid polymer adheres strongly to the acrylic and the base, holding the assembly together 

during the flush.  Water is used to rinse out the remaining acetone, and the assembly is 

again exposed until completely solid (40-90 sec). 

 

Microfluidic plate tectonics enables a wide range of channel sizes.  The printed lines 

define channel width, whereas height is defined by the acrylic-base spacer thickness.  

Though these dimensions can be quite small as assembled, the liquid polymer becomes 

difficult to flush out (after the initial exposure) when any dimension is less than 150µm. 

 

4.3.  Polymer Molding 

Molding is an excellent fabrication method for making several identical polymer devices.  

A mold is first created using traditional photolithographic techniques with a highly 

viscous photoresist such as SU-8.  The higher viscosity resist allows taller features (larger 

aspect ratios).  Once the mold is created, any liquid polymer can be formed to the mold as 

shown in Figure 4.3.   

 

Poly-dimethylsiloxane (PDMS; Dow Corning Sylgard 184) is a popular polymer for this 

method due to its elasticity, biocompatibility, and chemical stability [81].  Liquid PDMS 

is mixed with its curing agent at a 10:1 ratio by weight, mixed thoroughly, and poured 

into the mold.  Excess liquid is removed with a straight edge, creating a flat surface level 
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with the edge walls of the mold.  The PDMS cures inside the mold (forty-eight hours at 

room temperature, one hour at 100 ºC), after which it is carefully removed. 

 

5)  Novel Fabrication Methods 

5.1.  Photopolymer Mold Making 

Inspired by the plate tectonics fabrication method, a rapid and inexpensive mold making 

process has been developed (Figure 5.1).  Like plate tectonics, the process begins with a 

Loctite polymer sandwich assembly.  Thin spacers are arranged on a solid bottom base 

plate and liquid Loctite is poured in between them.  Then the upper layer—composed of a 

transparency mask and UV-transparent acrylic sheet—is carefully placed on top.  Care 

must be taken to ensure that no air bubbles become trapped.  Applying firm pressure to 

the top plate squeezes out excess liquid polymer, ensuring that the Loctite layer thickness 

is defined by the spacer thickness, not the amount of Loctite that was poured. 

 

Unlike the plate tectonics method, the base plate is a solid solid surface that repels the 

liquid polymer, such as a sheet of hardened PDMS. 

 

The liquid Loctite is then crosslinked under UV light until the exposed liquid completely 

solidifies (50-90 secs).  During this time, the Loctite forms strong bonds to the acrylic 

sheet, but not the base plate.  Thus, after exposure, the acrylic sheet and attached exposed 

Loctite can be lifted off the base and rinsed clean with acetone and water. 
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As shown in Figure 5.1, the outer wall of the mold is then at the same height as the 

features (as defined by the spacer thickness).  Often, it is desirable to have an elevated 

outer wall so that a membrane forms above the mold-defined features.  Consecutive 

layers of scotch tape or transparency trimmings can be assembled onto the outer wall.  

The extra height provided by these layers defines the resulting membrane thickness over 

the mold features. 

 

5.2.  Three-Dimensional Plate Tectonics 

To create an array of three or more crystallization chambers, some mechanism must be 

employed to allow fluid channels to cross, as illustrated in Figure 5.2.  A novel 

fabrication method, 3-D tectonics, has been devised to allow vertically stacked 

microchannel layers to interconnect via otherwise separating shaft layers.  Careful design 

and planning allows fabrication of highly complex three-dimensional microfluidic 

networks. 

 

A 3-D tectonic construct is a vertical assembly of multiple double-layers, each consisting 

of a cross-linked polymer microchannel layer and a pre-drilled acrylic shaft layer 

(Figures 5.3-5.4).  Fabrication begins with the lowest double-layer, which is built using 

standard plate tectonics on a solid base plate.  The result is a fluid network in the loctite 

polymer layer which is accessible via holes drilled in the upper acrylic layer. 
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This first double layer then serves as the base plate for the next double layer, which is 

assembled directly on top of the first.  Spacers are placed on top of the previous double 

layer and are arranged so as not to block the access holes (vertical shafts) in the acrylic.  

Liquid Loctite is poured around the spacers, the pre-drilled acrylic sheet and transparency 

mask are placed on top, and the assembly is exposed to UV to crosslink the liquid 

polymer, binding the assembly together.   

 

When assembling a new double layer, it is essential that the lower layers be entirely filled 

with water.  Otherwise, the liquid polymer being sandwiched on top will fall into the 

networks below where it can be crosslinked, plugging the lower channels.  Precise 

alignment of the layers is also essential to ensure that the vertical shafts in the acrylic 

align with the proper locations in the fluid networks above and below.  Each mask and 

shaft layer, therefore, has a small (#67 gauge wire drill bit; ~813µm) hole in opposite 

corners, allowing all layers to be aligned and securely held in place with needles 

(physical positive alignment.) 

 

6)  Component Devices  

6.1.  VRDR Micropump 

As mentioned in section 3, many micropumps will be operated simultaneously in the 

crystallization system, so the pumps’ unit cost must be extremely low.  Toward that end, 

a pump has been developed that is fabricated by molding PDMS to a mold made with the 

inexpensive photopolymer process described in section 5.1. 
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The concept for the valveless reciprocating differential-resistance micropump (VRDR) is 

shown in Figure 6.1.  Similar to pumps tested by Hickerson et al. [82], but driven by a 

different fundamental mechanism, the VRDR pump consists of two separate but adjacent 

flexible membranes in an otherwise rigid channel.  These two membranes are identified 

as the piston (larger) and the reaction membrane (smaller).  The piston has a flat 

permanent magnet embedded in it that can be driven up and down by an external 

electromagnet.  During the piston’s upstroke (out of the channel), the pressure in the 

channel drops, causing the fluid to flow towards the piston.  This pressure drop 

simultaneously pulls the reaction membrane into the channel, attenuating flow past it.  

Thus, more fluid enters the pump from the piston side, where resistance is unchanged.  

During the piston's downstroke (into the channel,) the pressure near the piston increases, 

causing effluent flow.  Again, the reaction membrane reacts to the pressure change, this 

time deflecting out of the channel, lowering channel resistance.  Thus, flow leaving the 

pump preferentially passes the reaction membrane, where resistance is lower.  The entire 

process creates a net flow towards the reaction membrane side. 

 

The VRDR’s lack of valves could cause it to fail when pumping against even small 

pressures, but offers the large benefit of being able to recover fluids within the pump.  

That is, if anything should fail during an experiment, the valuable protein solution will 

never be trapped within the pump cavity.  Another benefit of this pump design is that it is 

easily driven by small electromagnets no larger than the pump itself.  Further, these 
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electromagnets can be controlled with a function generator or computer hardware to alter 

the pump performance in real time. 

 

VRDR pumps have been fabricated and are presented in Figure 6.2.  Initial testing 

indicates that the pump can operate against backpressures up to 3.5mm of water and can 

generate flowrates that far exceed the requirements of the crystallization system. 

 

6.2.  Fluid Channels 

The 3-D tectonics fabrication method was successfully employed to construct a four 

chamber, three reservoir (two in, one out) array, as shown in Figure 6.3.  Yellow and blue 

dyes were pumped into the inlets, met in the reaction chambers, descended into the exit 

network, and eventually reached the outlet port as a mixed green solution.  The sharp, 

unmixed interface between the yellow and blue in the reaction chambers is indicative of 

the laminar flow regime that dominates microfluidics.  Indeed, the blue and yellow 

remain unmixed through most of the exit channels, evident photo detail (Figure 6.3b).  

Mixing within the chambers would only occur under extremely low flow rates, allowing 

the fluids sufficient time to diffuse together. 

 

The device in Figure 6.3 not only shows the success of the fabrication method, but also 

demonstrates how it can be used to make devices of experimental value.  The positions of 

the yellow inlets to the central chambers are varied across the array, resulting in different 

yellow-blue interface profiles.  Thus, in a single trial, several values of a single variable 
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can be tested to see that variable’s effect(s).  (Another example: rate of fluid delivery can 

be varied by changing the channel widths, so a larger two-dimensional array could be 

made that tested a “grid” of conditions on a phase diagram. 

 

6.3.  LAPS Flowmeter 

Shramik Sengupta recently developed a lag-after-pulsed-separation (LAPS) flow meter 

ideal for use in this protein crystallization system [83, 84].  Since this is a key component 

of the crystallization system, it will be briefly described here. 

 

Conceptually based on existing time-of-flight flow meters [85], the LAPS flow meter 

operates as shown in Figure 6.4.  A pair of separator electrodes immediately prior to a 

split in the channel can be activated with a DC voltage, electrophoretically driving the 

charged proteins to one side of the channel.  Meanwhile, a pair of sensing electrodes, one 

on each side of the bifurcation, continuously measures the impedance of the fluid in each 

branch with AC circuitry.  At some time, the affected portion of the flow reaches the 

sensors, and the arm with more protein will show a lower impedance than the protein-

reduced arm.  By dividing the time duration between the separation event and the sensing 

event by the distance between the event locations, the average flow rate during that time 

can be determined. 

 

The LAPS meter has several distinct advantages for use in the crystallization system:  the 

flow meter can be fabricated with the same techniques as the rest of the system, making it 
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easy to integrate; the solution flowing through the meter is unaffected by any physical or 

chemical disturbance that might alter the proteins; and the split channels are rejoined 

after the sensing electrodes, so the separated proteins will eventually diffuse back to an 

even distribution in the channel. 

 

7) Future Directions 

The next steps in the development of the continuous flow protein crystallization system 

are to refine and fully characterize the micropumps, connect the pumps to flow meters 

and establish a control system, and then connect the pump / flowmeter assemblies to 

reaction chambers to complete the system. 

 

The VRDR micropump design can be optimized for better performance.  Significant 

gains in flow rate or backpressure may be realized by altering the shape of the two 

membranes, the ratio of their areas, or their distance apart.  Once favorable design 

parameters are determined, the pump’s performance should be characterized.  Of 

particular interest is how changing the driving frequency can control flow rate, since this 

will be the mechanism that controls the crystallization chamber reagent concentrations. 

 

Although the LAPS flow meter is an excellent fit for the crystallization system, it has not 

yet been implemented in the fully-automated form necessary for use.  Future 

development will require creation of a control scheme that monitors the flow rates and 

alters the micropump driving frequency.  This feedback control loop will enable the 
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precise flow rates.  The control system will also vary the flow rates with time to create 

the changing crystallization conditions ideal for crystal nucleation and growth. 
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