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1. Developer Information
A. Primary submitting organization

Sandia National Laboratories 

7011 East Ave.

Livermore, CA  94550

USA

www.sandia.gov

2. Product Information
A. Product name

Sandia Digital Microfl uidic Hub

B. Product photo

Figure 1: Color droplets dispensed through capillary interfaces � lled with dye solutions onto the Sandia 
Digital Micro� uidic Hub.
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3. Brief  Description
The Sandia Digital Microfl uidic Hub — a droplet-handling router — enables the 

interconnection of diverse processing and analysis modules to automate complex 

microliter-scale molecular biology sample-preparation protocols.

4. First Marketed
The Sandia Digital Microfl uidic Hub was fi rst available for licensing and external 

evaluation in mid-2011. Technical advance SD#11945, “Digital Microfl uidic Platform 

and Method for Interface,” by Michael Bartsch, Mark Claudnic, Jim He, Hanyoup 

Kim, Kamlesh Patel, Ron Renzi, Jim Van de Vreugde, was submitted internally to 

Sandia’s Partnerships, Agreements, and Licensing System February 23, 2011.  

5. Has this product or an earlier version been entered in the 
R&D 100 awards competition previously? 
No.

6. Principal Developers
Hanyoup Kim

Postdoctoral Research Scientist

Sandia National Laboratories

7011 East Ave., MS 9292

Livermore, CA  94550

USA

925-294-3796

765-714-7762

Fax: 925-294-3020

hankim@sandia.gov, hanyoup@gmail.com

Michael S. Bartsch

Senior Member of Technical Staff

Sandia National Laboratories

7011 East Ave., MS 9292

Livermore, CA  94550

USA

925-294-6841

Fax: 925-294-3020

mbarts@sandia.gov
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Ronald F. Renzi

Principal Member of Technical Staff

Sandia National Laboratories

7011 East Ave., MS 9292

Livermore, CA  94550

USA

925-294-3606

Fax: 925-294-3020

rfrenzi@sandia.gov

Kamlesh D. Patel

Manager

Sandia National Laboratories

7011 East Ave., MS 9292

Livermore, CA  94550

USA

925-294-3737

Fax: 925-294-2990

kdpatel@sandia.gov

7. Product Price
The Sandia Digital Microfl uidic Hub, including its electrode-switching power 

supply and graphical user interface control software, costs less than $3,000 per 

unit based on current low-volume production approaches. In higher production 

quantities, we estimate this base unit cost would be reduced to $1,000. As 

currently manufactured in-house at Sandia, the reusable and/or semi-consumable 

electrode-patterned glass digital microfl uidic substrates cost approximately $50-

$75 each. Produced at scale outside Sandia, we estimate the cost per substrate 

could be less than $5.

Uniquely enabled by the capabilities of the Sandia Digital Microfl uidic Hub, 

the integrated automated molecular biology (AMB) system described below for 

performing the Nextera™ next generation sequencing library preparation protocol 

costs about $6,500 based on current low-volume implementation (detailed in 

Table 1). Assuming economies of scale in larger-volume production, the cost of 

this system is estimated to be approximately $4,000.
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Table 1: Cost Breakdown of  the Sandia Digital Micro� uidic Hub-based Nextera™ Library Preparation 
System (as currently implemented based on low-volume production and use of  commercial off-the-shelf  
[COTS] hardware )

8. Patents
Provisional patent US 61/478,641 was submitted April 25, 2011. As of February 

2012, full patent application is in preparation.

9. Primary Function
While microfl uidic techniques have long been viewed as a promising alternative 

to the expense and sample volume limitations of pipette-based automation, 

the complexity of molecular biology protocols have so far largely defi ed such 

solutions. The perennial vision of monolithically integrated “lab-on-a-chip” 

systems has proven particularly problematic in the sample-preparation arena, 

as no one microfl uidic technology (e.g., chip-based channel microfl uidics, fl ow-

injection analysis microfl uidics, electrowetting-on-dielectric digital microfl uidics, 

multiphase droplet microfl uidics) has been able to effectively replicate the 

diversity of operations required by these molecular biology protocols.

To address the challenges and limitations of current molecular biology automation 

options, our Sandia team has developed a novel Digital Microfl uidic Hub (Figure 1)

that enables modular — as opposed to monolithic — microfl uidic integration 

solutions to complex sample preparation workfl ows. Our Digital Microfl uidic Hub 

capitalizes on the unique features and benefi ts of digital microfl uidic technology 

by innovating in the key area that has until now limited broader real-world 

applications: connectivity.
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Digital microfl uidic (DMF) technology uses electrostatic and electrowetting forces 

to manipulate microliter-scale droplets sandwiched between closely spaced, 

hydrophobically coated substrates patterned with arrays of individually addressable 

electrode pads. By selectively applying voltage sequentially to these stepping stone-

like electrodes, droplets can be moved in discrete, stepwise fashion along the 

electrode-defi ned pathways. Droplet operations such as merging, splitting, mixing, 

and aliquotting can also be performed at microliter volume scales much smaller 

than those accessible to conventional pipette-based techniques. 

Figure 1 shows perhaps the most powerful connectivity feature of the Sandia DMF 

Hub, the in-plane capillary interface. With capillary tubes fi xtured between the 

two digital microfl uidic substrates, this unique interface provides the means to 

directly couple the interior of the DMF Hub and its discrete droplet manipulation 

capabilities to external fl uid handling elements (i.e., pumps and valves), as well as 

to off-hub sample processing or analysis modules. The inherently low volume of 

the in-plane capillary interconnects enables fl uidic transfers at microliter and even 

sub-microliter volumes, meaning that small, concentrated samples need not be 

diluted for transport or mixing as in many pipette-based bench-top processes.

Moreover, the seamless nature of droplet-to-capillary fl uid transfer means that 

the Sandia DMF Hub can reliably interconvert liquid samples between continuous 

fl ow, segmented bolus fl ow, and discretized droplet formats with no appreciable 

volume loss, providing added fl exibility in the design or selection of sub-

modules and in their modes of operation. The uniquely freeform fl uid handling 

capabilities of the digital microfl uidic array also allow it to effectively bridge the 

potentially disparate volume requirements of different attached subsystems, a 

feat virtually impossible to emulate in the small, fi xed volumes of pure chip- or 

capillary-based microfl uidic systems. Additionally, because droplets delivered to 

the Hub can be readily moved, rearranged, and “parked” for extended periods of 

time, the Hub provides a fl exible tool for scheduling, routing, coordinating, and 

even multiplexing the transport of multiple samples among external processing 

modules that may have substantially different processing times or duty cycles.

 

In keeping with the modular — rather than monolithic — integration paradigm 

described above, subsystems coupled to the Sandia DMF Hub can be individually 

optimized using the most appropriate technologies, microfl uidic or otherwise, to 

address their particular functional roles. In this way, the unique interface of the 

Hub enables it to function as a micro-scale fl uid distribution router, providing 
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at a fraction of 
the size, cost, 

and complexity.
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connectivity and functional integration across a collection of purpose-built sub-

modules to implement and automate molecular biology protocols.

In that role, the Sandia DMF Hub effectively replicates the function of a pipetting 

robot in a high-throughput laboratory automation workfl ow, but at a fraction of the 

size, cost, and complexity. It is this capability that sets the Sandia Digital Microfl uidic 

Hub apart from prior attempts at microfl uidic laboratory automation, and this 

capability, enabled by the unprecedented connectivity of the Sandia DMF Hub, 

that has both attracted interest from industry leaders (Illumina, Caliper, etc.) and 

garnered a Society for Laboratory Automation and Screening 2011 Innovation Award.

Automated Molecular Biology: the Nextera™ Library Preparation System

To demonstrate the unique capabilities of the Sandia DMF Hub and underscore its 

applicability to timely, real-world, laboratory automation problems, our team has 

built and tested an automated molecular biology (AMB) system (Figure 2) designed 

to perform the Nextera protocol for next generation sequencing (NGS) DNA library 

preparation. The Nextera AMB library preparation system combines a central 

Sandia DMF Hub coupled via in-plane capillaries to commercially available fl uid 

handling components and off-hub sample processing modules.

Figure 2: Schematic showing the con� guration of  the Nextera next generation sequencing DNA library 
preparation system built around the Sandia Digital Micro� uidic Hub.

Two syringe pumps with multiport valves and fl uid reservoirs (not shown) are used 

to deliver sample and reagents to the Sandia DMF Hub and to other capillary-

connected sub-modules. These modules include an off-the-shelf thermal cycler 
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for performing library enrichment by polymerase chain reaction (PCR), a magnetic 

bead-based DNA size-selection and clean-up module, and a high-temperature 

enzymatic microreactor module for performing DNA fragmentation. The system 

also provides the ability to perform a capillary electrophoretic separation directly 

through one of the in-plane capillaries as a method for providing online quality 

control monitoring of the library preparation process.

Figure 3 shows the steps involved in executing the full Nextera protocol using the 

AMB library preparation system — a dramatic validation of the modular Sandia 

DMF Hub-based approach to small-scale laboratory automation. Further validation 

of the approach was provided by the successful sequencing of the AMB-prepared 

library on an Illumina MiSeq© Personal Sequencing System. To our knowledge, 

this milestone represents the fi rst example of a non-robotic, microfl uidic system 

providing a viable path toward the full automation of next generation sequencing 

sample preparation.

Figure 3: Overview schematic and micrographs showing the steps performed in executing the full 
Nextera protocol using the automated molecular biology system.

Coupled directly to a MiSeq sequencer, fully automated, and including in situ 

library validation, the AMB system is expected to execute the Nextera process 
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in less than half the 4-hour time required for the bench-top protocol and with 

less than one-tenth the total starting DNA (5 ng vs. 50 ng). Owing to the unique 

benefi ts of the Sandia DMF Hub, our Nextera AMB system offers an unparalleled 

combination of operational fl exibility, functional capability, effi ciency, cost-

effectiveness, and sample-to-answer simplicity, paving the way for the new era of 

personalized genomics.

10. How It Operates
As described above, digital microfl uidic technology, sometimes referred to as 

electrowetting on dielectric, is a technique for manipulating small-volume 

droplets on hydrophobic surfaces under the infl uence of localized electric fi eld 

gradients and transients. Figure 4 shows a typical cross-section of a closed-format 

(i.e., lidded) digital microfl uidic device of the kind used in the Sandia Digital 

Microfl uidic Hub. Typically, one substrate (bottom) is patterned with an array of 

individually addressable electrodes that defi ne the paths along which droplets 

may be moved. This substrate is coated with a layer of insulating material to 

prevent shorting between neighboring electrodes. The conductive layer on the 

second (top) substrate is unpatterned, allowing it to function as a ground plane. 

Both substrates are coated with a hydrophobic layer to increase the contact angle 

between the droplet and the digital microfl uidic substrate, allowing the droplets 

to move more easily when actuated.

Figure 4:  Droplet actuation in a closed-format digital micro� uidic device.

In practice, under static conditions all digital microfl uidic electrodes are 

maintained in a grounded state. When droplet actuation is desired, the electrode 

nearest the droplet in the direction of desired motion is energized (Figure 4), 

causing the droplet to move stepwise onto the energized pad as a result of a 

phenomenon called electrowetting. Under the infl uence of the electric fi eld, the 

contact angle at the leading edge of the droplet is reduced, and the resulting 

imbalance in surface tension between the leading and trailing edges of the droplet 
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produces a net force in the direction of the actuated pad. For the Sandia DMF Hub, 

droplet actuation is typically accomplished by applying an AC voltage of 50 Vrms to 

150 Vrms at 15 kHz.

11. Building Blocks of  Our Technology
Anatomy of the Sandia DMF Hub

Figure 5 shows an exploded assembly view of the Sandia Digital Microfl uidic 

Hub. The primary elements of the Hub are a central manifold frame, two glass 

digital microfl uidic devices (electrode and ground plane), and a pair of outer 

compression frames.

Figure 5: Exploded view of  the Sandia Digital Micro� uidic Hub with capillary interface.

The manifold frame design embodies the key innovation in our approach to 

digital microfl uidics. Unlike most digital microfl uidic designs, which utilize 

spacer elements (often microscope coverslips or double-stick tape) between their 

electrode and ground plane substrates, our unique manifold frame provides 

self-aligning registration of top and bottom digital microfl uidic devices to achieve 

the precise substrate-to-substrate gap spacing required for reliable, reproducible 

digital microfl uidic droplet actuation. With the two compression frames installed, 

the Hub weighs 90 g and has dimensions of 120 mm × 80 mm × 30 mm (l/w/h).
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As depicted in Figure 5, the precision-machined polymer manifold frame has 

recesses on opposite sides sized to accommodate the 50 mm × 75 mm × 1 mm 

patterned electrode and unpatterned ground plane substrates. These substrates 

are fi xtured at 90 degrees relative to each other, yielding a 50 mm × 50 mm area 

of overlap (the droplet usable envelope of the device) with room for electrical 

connections and mechanical support along the 50 mm ends of each substrate. 

Substrates are placed in the recesses of the manifold frame with their electrically 

active, hydrophobically coated surfaces facing inward and are held against 

registration (datum) surfaces inside the manifold recesses by the aluminum 

backing frames, providing a fi xed substrate-to-substrate gap of 185 μm. As critical 

as precise substrate positioning is to reliable digital microfl uidic performance, the 

novel manifold frame design and open architecture provide a wealth of options 

for accessing the device fl uidically, optically, and electrically.

Fluidic Interface: In-Plane Capillaries

As Figure 5 shows, the manifold frame is fabricated with a row of seven ports on 

either side, coinciding with the long sides of the patterned electrode substrate. 

These ports are centered at the mid-plane of the gap between the two substrates 

and function as feedthroughs for introducing and precisely positioning capillaries, 

wires, fi ber optics, or other elements into the space between the digital 

microfl uidic substrates. These in-plane components can be swaged in place using 

standard CapTite™ capillary ferrules and can be left in position even when the 

top and bottom substrates are installed or removed from the manifold frame. As 

described above, the ability to fi xture in-plane capillaries to provide fl uidic access 

to the device has proven to be a particularly powerful feature, enabling a host of 

advanced functionalities impossible to achieve with more conventional digital 

microfl uidic designs.

Figure 6 shows how the in-plane capillary interface of the Sandia DMF Hub can be 

used to transfer small volumes of liquid in or out of the DMF device. For a manifold 

frame with a typical gap spacing of 185 μm, Tefl on®-coated fused silica capillaries 

with outer diameters of 170 μm or less can be fi xed in the interstitial space between 

the electrode and ground plane substrates. Because the exterior of the capillary is 

hydrophobic, aqueous liquids delivered through the capillary will initially form a 

ball at the capillary tip, growing as liquid is added until it is large enough to bridge 

the upper and lower digital microfl uidic substrates. Once the droplet grows large 

enough to be actuated by the digital microfl uidic electrodes, it can be pulled away 

from the capillary, and moved away for use elsewhere as depicted in the left panel 
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of Figure 7. Similarly, droplets already on the digital microfl uidic array can be 

actuated into contact with an in-plane capillary and aspirated into it for removal 

from the device as shown in the right panel of Figure 7.

Figure 6: Cross-sectional view of  an in-plane capillary dispensing or aspirating a droplet in the space 
between the digital micro� uidic substrates.

Figure 7: (Left) 2 µL droplet dispensed through a capillary onto the Sandia Digital Micro� uidic Hub and 
actuated away. (Right) 2 µL droplet actuated to the tip of  a capillary and aspirated into a capillary.

As Figure 8 illustrates, nanoliter-scale capillary-bound droplets too small to 

actuate independently on the digital microfl uidic array may be cleanly “plucked” 

off their capillaries by a passing full-size droplet, providing a method for easily 

obtaining arbitrarily variable mixtures of reagents. In contrast, early digital 

microfl uidic patents devoted considerable space to tabulating the particular 

number and combination of binary droplet merging and splitting operations 

that would be required to obtain a droplet with a given dilution of reagent. In 

conjunction with external syringe pumps, the in-plane capillary interface allows 

liquid to be transferred to and from the Sandia Digital Microfl uidic device with 

nanoliter precision, providing not only a method for coupling the Hub to external 

modules, but also the means to execute a variety of advanced on-DMF operations, 

including serial dilution, droplet sub-sampling, chaotic mixing, fraction collection 

and sorting, magnetic bead manipulations, and sample archiving. At the other end 

of the volume spectrum, while most electrode-sized digital microfl uidic-droplets 

are microliters in scale, droplets much larger than an individual electrode pad can 
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also be manipulated on the device, even bridging continuously pumped inlet and 

outlet capillaries to enable high-volume fl uid transfers.

Figure 8: A 2-µL droplet is mixed with three sub-microliter reagent droplets dispensed through capillaries 
by actuating horizontally along the capillary-interfacing pads. 

Fluidic Interface: Through-hole

Beyond the in-plane capillary interface, the Sandia DMF Hub provides additional 

options for moving liquid to and from the DMF device. One or both compression 

frames can be replaced with specially designed backing frames providing o-ring 

seals and fl uidic access to holes drilled through the DMF substrates themselves. As 

shown in Figure 9, the backing frame contains a fl uidic conduit that couples the 

o-ring face seal around the digital microfl uidic substrate through-hole to a CapTite 

capillary port at the top of the frame.

Although this approach does not offer the same fi ne control of fl uid delivery and 

removal as the in-plane capillary interface, it provides a convenient method for bulk 

addition and removal of liquids from the DMF device. The through-hole interface also 

makes it possible to seal the space between the digital microfl uidic substrates with a 

thin perimeter gasket as shown at right in Figure 9, while still preserving fl uidic access 

to the interior of the device. This approach offers the option of operating the Sandia 

DMF Hub hermetically sealed, fi lled with a particular gas mixture (e.g., for cell culture 

experiments), humidity controlled, pressurized, or even fl ooded with oil to allow 

water-in-oil digital microfl uidic applications. A variant of the through-hole interface 

backing frame (not shown) includes a receptacle sized to accept and seal around a 

20 μL pipette tip, allowing liquids to be delivered to the fully assembled Hub by either 

manual or automated pipetting, as well as by capillary interface.
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Figure 9: Cross-sectional schematics (top), solid model close-up section view (left) and photograph (right) 
of  the through-hole interface backing frame, an alternative to the in-plane capillary interface for � uid 
transfer. The image at right also shows the partially assembled digital micro� uidic Hub with a silicone 
perimeter gasket installed between the substrates.

Optical Access

As Figure 5 shows, the manifold frame of the Hub provides an essentially 

unrestricted fi eld of view of the two digital microfl uidic substrates from either side 

of the Hub. Moreover, the Hub provides enough physical space that short-working-

distance, high-numerical-aperture optics can be used for high-magnifi cation 

visualization of droplet manipulations. Two-sided optical access provides other 

benefi ts, particularly when the conductive layer of both digital microfl uidic 

electrode and ground plane substrates consists of transparent indium tin oxide 

(ITO). In this case, transmission and epifl uorescence microscopy can be employed, 

and analytical techniques like optical absorbance, laser-induced fl uorescence, and 

even Raman spectroscopy can be applied in situ to droplet-bound samples on the 

DMF device.

Electrode Design, Interface, and Control

Figure 10 shows the arrangement of electrodes, conductive traces, and contact 

pads for a typical digital microfl uidic substrate used as part of the Sandia DMF 

Hub. Digital microfl uidic substrates are fabricated using 50 mm × 75 mm × 1 mm 

glass slides coated on one side with either transparent, conductive ITO or a 

conductive metal fi lm such as chrome or gold. Photolithographic patterning and 

wet chemical etching are used to defi ne digital microfl uidic electrodes connected 

to contact pads arrayed near the short ends of the substrate. Typical digital 

microfl uidic electrode pads are 2.5 mm square, corresponding to a nominal digital 
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microfl uidic droplet volume of roughly 1.2 μL for a manifold frame with a gap 

spacing of 185 μm. After electrodes are patterned, substrates are coated with a 

4 μm conformal layer of vacuum-deposited parylene-C for electrical insulation, 

then spin-coated with a thin layer of Tefl on® AF to render their surfaces 

hydrophobic. Ground plane substrates are fabricated by simply applying a Tefl on 

AF coating to an unpatterned, ITO-coated glass slide.

Figure 10: Schematic illustration of  the layout of  one digital micro� uidic electrode substrate design used 
in the Sandia Digital Micro� uidic Hub.

Currently, up to 46 independently addressable connections to the digital 

microfl uidic substrates are made by arrays of spring-loaded pogo pins at the non-

overlapping ends of each substrate. Pogo pins are coupled to an off-Hub switching 

power supply through a pair of circuit boards and compact cable connectors 

integrated into the manifold frame assembly. The power supply includes a 

function generator and compact AC high-voltage amplifi er to produce typical 

droplet actuation voltages of 50 Vrms to 150 Vrms at ~15 kHz. Aromat-style solid-

state relays are used to dynamically assign one of three possible voltage states 

(high, ground, and fl oat) to each of the 46 electrodes on the Sandia DMF Hub.

Voltage switching and digital microfl uidic electrode state assignments are 

communicated to the power supply using custom control software, which 

includes a graphical user interface (Figure 11) with options for both manual 

electrode actuations and automation through scripting. A simple scripting 
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interface provides a small vocabulary of pad actuation primitive operations, 

allowing even complex sequences of droplet maneuvers to be scheduled and 

executed effectively. For more advanced laboratory automation tasks, device 

driver modules provide the ability to control and sequence the actuation of 

pumps, valves, heaters, and other system components in coordination with 

droplet actuations on the Sandia DMF Hub.

Figure 11: Droplet actuation graphical user interface control software implemented on a tablet PC (iPad) 
for remote operation of  the Sandia DMF Hub.

12. Product Comparison
At present, there is no commercially available equivalent to the Sandia Digital 

Microfl uidic Hub or the open-architecture capability it offers to seamlessly bridge 

discretized droplet-based microfl uidic operations and continuous-fl ow capillary or 

lab-on-a-chip fl uidics. While companies like Advanced Liquid Logic have produced 

laboratory instruments featuring digital microfl uidic elements, they typically 

have been implemented as consumable cartridges operating in isolation as part 

of a predefi ned and narrowly prescribed protocol inside the “black box” of the 

instrument, thus entirely inaccessible to the user.

In contrast, the operation of the Sandia DMF Hub is intended to be as transparent, 

fl exible, and accessible as possible to the user, providing the means to effectively 

and inexpensively integrate commercially available or custom-built fl uidic 

components, instruments, and processing modules to enable the automation 

and optimization of arbitrarily complex sample preparation protocols. While no 

direct analog exists in the commercial marketplace, the role fi lled by the Sandia 
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DMF Hub most closely parallels pipette-based sample transfers, either performed 

manually by a laboratory technician or in automated fashion by a pipetting robot.

Accordingly, to better compare the benefi ts offered by the Sandia DMF Hub 

in context, we return to the specifi c automated molecular biology example 

presented above, namely the execution of the Nextera next generation 

sequencing library preparation process. As the product comparison matrix shows, 

a number of vendors are now selling integrated systems for performing next 

generation sequencing library preparation, including robot-based systems by 

Beckman-Coulter (SPRIworks Fragment Library System I), Caliper (Sciclone NGS 

Workstation), and IntegenX (Apollo 324). The one next generation sequencing 

sample preparation system currently available that does not rely on a pipetting 

robot is the NuGEN Mondrian SP, a digital microfl uidic-based system developed in 

conjunction with Advanced Liquid Logic.

Comparison Matrix

Improvements upon competitive products 

From the standpoint of integrating disparate laboratory instruments, subsystems, 

and operations into a unifi ed workfl ow, the closest approximation to the 

functionality provided by the Sandia DMF Hub is offered either by a laboratory 

technician transferring samples from one station to the next by manual pipetting 

or by an expensive pipetting robot performing much the same function in much 

the same way. In either case, such a laboratory workfl ow can incorporate only unit 
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operations that are both amenable to pipette transfer and accessible to the robot 

or technician.

Pipette-based approaches can deliver volumes as small as 100 nL, but become 

increasingly imprecise as working volumes drop below about 10 μL. Pipetting 

accuracy and precision can also be compromised by fl uids with different viscosity 

or surface tension characteristics, further complicating operations with very 

small volumes. Additionally, the comparatively “open” format required for top-

down pipette-based automated liquid handling (e.g., 96-well plates) provides 

opportunities for evaporation and contamination while fundamentally limiting 

the kind of fl uidic operations that can be performed on samples. Moreover, 

robotic pipetting systems for laboratory automation tend to be very expensive, 

making them impractical for use in smaller facilities without dedicated, high-

throughput sample-processing workfl ows.

In the world of pipette-dominated laboratory automation, all sample processing 

tools must conform to the interface requirements and volume limitations of the 

pipetting robot. The fact that the Sandia DMF Hub imposes no such restrictions 

means that virtually any kind of sample processing device can be effectively 

adapted to operate in a digital microfl uidic-enabled automation workfl ow. Not 

only does this paradigm allow automation systems built around a central digital 

microfl uidic hub to utilize a broader cross-section of commercially available 

elements in assembling modular subsystems, it also provides extraordinary 

fl exibility in designing and optimizing custom modules tailored to perform 

specifi c sample preparation operations. As a result, the open architecture and 

near-universal interface capabilities offered by the Sandia DMF Hub eliminate the 

need to compromise on either performance or cost effectiveness in the interest of 

pipette-compatibility when assembling laboratory automation solutions.

Therefore, the Sandia DMF Hub represents a truly unprecedented reinvention 

of small-scale liquid handling and sample processing technology. As such, there 

simply is no directly comparable or competitive technology currently available 

that offers the same level of connectivity, fl exibility, and sample-effi ciency.

Limitations and criticisms

The Sandia Digital Microfl uidic Hub itself is not a standalone turnkey instrument, 

and therefore does not present, on its own, an apples-to-apples comparison to 

the kind of purpose-built instruments described above in the product comparison 
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matrix list of “competitors.” Nevertheless, as the Nextera library prep example 

illustrates, the fl exibility of the Sandia Hub provides a wealth of cost-effective 

options and opportunities for implementing small- to intermediate-scale 

laboratory workfl ow automation solutions. In this sense, the primary limitation of 

the Sandia DMF Hub — its reliance on supplemental hardware to address specifi c 

applications — is also its greatest strength. Instead of a large, expensive system 

tailored to a very specifi c application, the Sandia DMF Hub provides a compact, 

fl exible means to coordinate and integrate the functionality of a number of 

individually optimized, application-appropriate, modular subsystems.

Competitors might observe that the reusable substrate paradigm of the Sandia Hub 

poses risk of run-to-run sample carry-over that could be avoided in a disposable 

format. This is not a fundamental limitation of our technology, but rather 

refl ects a decision to emphasize operational fl exibility while incorporating robust 

decontamination strategies to prevent cross-contamination. Competitors might also 

note the relatively high cost of the reusable Sandia digital microfl uidic substrates. 

As suggested above, these costs refl ect the limitations of our current in-house 

fabrication processes, and would be substantially reduced in mass production. 

Even at the current substrate price point, however, the reduced consumption of 

expensive enzymatic reagents due to the very small sample volumes required by 

the Sandia DMF Hub (one-tenth the typical volume for pipette-based systems) could 

quickly offset the cost of the digital microfl uidic substrates.

13. Product Use
Principal applications 

The advent of next generation DNA sequencing technology has yielded a quantum 

leap in the fi eld of genetic analysis — what once required a decade-long, 

multibillion dollar Human Genome Project can now be reproduced in 1-2 weeks 

for less than $5,000. Despite advances in these sequencing technologies, upstream 

library (sample) preparation protocols, which require numerous sample processing 

steps and hours of hands-on laboratory time, have not benefi tted from comparable 

increases in speed or effi ciency. While automation of the library preparation process 

can help overcome this widely recognized bottleneck, current approaches rely on 

large and expensive pipetting robots designed for use in dedicated high-throughput 

sequencing facilities. To fully realize the promise of next generation sequencing 

for more ubiquitous, individualized, decentralized applications (e.g., personalized 

genomic medicine, point-of-care diagnostics, and public health screening), 

technologies automating next generation sequencing sample preparation must also 

become more affordable and accessible. The Sandia Digital Microfl uidic Hub was 
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designed specifi cally to address the laboratory automation and sample preparation 

needs of just such small and medium-sized facilities and applications.

As indicated in the product comparison matrix, the Nextera automated molecular 

biology prototype system exemplifi es the practical benefi ts offered by the Sandia 

DMF Hub for integrating and automating realistic sample preparation workfl ows 

generally, and workfl ows relevant to next generation sequencing in particular. The 

estimated cost of the Nextera automated molecular biology system is less than 

one-fi fth that of its closest competitor and is at least an order of magnitude less 

expensive than any robot-based system currently available on the market. Moreover, 

the least expensive commercially available system, the NuGen Mondrian SP, does 

not perform key next generation sequencing library construction steps, such as DNA 

fragmentation, library enrichment by PCR, or size-based target selection.

As a direct result of the unique fl exibility and connectivity of the Sandia DMF 

Hub, our sample Nextera automated molecular biology implementation is the 

only system to date that can execute the full end-to-end library construction 

process including all key steps, as summarized in the product comparison matrix. 

Fully automated with in situ library validation and integrated to personalized 

sequencers (Illumina MiSeq or Life Technologies’ Personal Genome Machine), we 

expect that future Sandia DMF Hub-based automation solutions will pave the way 

for a new era of personalized genomics.

Moreover, using the Sandia system, the entire Nextera library preparation process 

takes only 2 hours to complete — less than half the time of the next fastest 

competing system. The sample volume effi ciency benefi ts of the Sandia DMF Hub 

also mean that the Nextera automated molecular biology system requires only 

one-tenth the sample and reagent volumes required by the commercially available 

systems. The Sandia Nextera system also requires only 5 nanograms of input DNA 

versus the 50 to 5000 nanograms required by competing approaches, including manual 

bench-top processing. This increased effi ciency is especially benefi cial in sample-

constrained applications like criminal forensics or environmental sampling and in 

clinical applications where obtaining smaller samples is less invasive to the patient.

Other applications

While molecular biology, and specifi cally library preparation for next generation 

sequencing, was the initial application targeted for the Sandia Digital Microfl uidic 

Hub, its fl exible interface capabilities and unique design features make it well 

suited to a range of other applications.

We expect the 
future Sandia 

DMF Hub-based 
automation 

solutions will 
pave the way 
for a new era 

of personalized 
genomics.
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Forensic DNA Fingerprinting

The U.S. Army is currently funding the development of a portable, automated DNA 

sample preparation and genotyping system for in-theater criminal investigation 

and intelligence gathering applications. The left image of Figure 12 shows how a 

system based on the compact DMF Hub can be packaged in a portable form factor 

for use in the fi eld.

•  The Sandia DMF Hub provides the unifying interface between individually 

optimized DNA extraction, quantitation, PCR amplifi cation, and 

electrophoretic separation modules.

•  The ability to manipulate and utilize very small samples allows the DMF Hub-

based system to effectively exploit trace forensic samples.

•  The complex genotyping protocol can be executed as a single-button, sample-

to-answer procedure requiring no hands-on user involvement beyond the 

initial introduction of the forensic sample.

Global Biosurveillance

The low-cost, low-power operation, automation capabilities, and compact form 

factor of the Sandia DMF Hub make it well suited to process infectious samples in 

remote, low-resource locations, facilitating efforts to identify and interdict disease 

outbreaks at their source before they become widespread.

•  The DMF Hub can enable automated manipulation, neutralization, pre-

screening, and packaging of infectious samples to enable early identifi cation 

of emerging pathogens in remote locations.

•  In a closed and fully automated workfl ow, infectious clinical samples are 

rendered non-infectious and pathogen RNA/DNA are extracted and stabilized 

for transport to centralized facilities for analysis and identifi cation.

•  The small size and automation capabilities of the DMF Hub also enable its use 

in processing highly infectious samples in laboratory biosafety enclosures at 

high-resource centralized facilities (e.g., Centers for Disease Control). 

Automated Cell Culture

The droplet manipulation capabilities and interface options offered by the Sandia 

DMF Hub provide a unique option for automating the repetitive and labor-

intensive manual procedures typical of cell culture maintenance, as shown in the 

right image of Figure 12.

•  Adherent cells can be cultured in situ on the DMF device, while droplets 

containing fresh media are brought to them.

•  Droplets containing cells in suspension can be readily moved, split, merged, 
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and mixed with cell-free droplets to maintain culture viability.

•  The fl uidic interface of the DMF Hub provides options for dosing cells in place for 

pharmacological studies, viral transduction, or tagging with fl uorescent markers.

•  Using the through-hole interface and a perimeter gasket, the DMF Hub can 

expose cultured cells to controlled humidity or gas mixture environments.

•  Two-sided optical access enables in situ fl uorescence microscopy of cultured 

cells or controlled illumination for studying photosynthetic organisms.

Figure 12: (Left) Sandia DMF Hub-based system packaged for deployment in the � eld. (Right) DMF Hub 
for automated cell culture processing in a biosafety containment hood. The embedded graph shows the 
high cell viability cultured on the DMF hub. The remote operation through a handheld GUI interface 
provides safe but real-time experimental control of  potentially infectious or hazardous samples.

R&D Tool

By reducing the barrier to entry and making digital microfl uidic technology readily 

accessible to a wide cross-section of potential users, the Sandia DMF Hub could 

catalyze innovation and complete the transformation of digital microfl uidics from 

laboratory curiosity to mainstream technology.  

•  Its low-cost, robust operation, and plug-and-play capabilities make the Sandia 

DMF Hub ideal as a “discovery platform” or digital microfl uidic “developer’s 

kit” for amateurs and professionals alike.

•  A basic discovery kit including a Hub, power supply, software, and DMF 

substrates would enable even non-technical users to perform simple droplet 

manipulations.

•  Advanced users could leverage the connectivity of the DMF Hub to perform 

complex experiments, develop DMF-enabled product prototypes, or 

implement small-scale do-it-yourself laboratory automation solutions.
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14. Summary
Molecular biology provides the crucial tools and techniques that have enabled the 

current revolution in biotechnology, bioinformatics, and genomics. Rapid growth 

in these fi elds, combined with the advent of demanding high-throughput and next 

generation sequencing techniques in particular, have motivated an industry-wide 

effort to streamline and automate the often time- and labor-intensive molecular 

biology sample preparation protocols, which increasingly represent the critical 

bottleneck in these workfl ows. The Sandia Digital Microfl uidic Hub overcomes 

this bottleneck by functioning as a sample distribution nexus that enables the 

interconnection of diverse processing and analysis modules to automate complex 

microliter-scale molecular biology sample-preparation protocols.

In many ways, current molecular biology laboratory practices resemble an offi ce 

in which all data is transferred by someone with a USB fl ash drive walking from 

computer to printer to fax machine and back. By analogy, current pipette-based 

laboratory automation approaches amount to buying an expensive robot to do 

the walking. In the context of our notional laboratory automation workplace, the 

Sandia Digital Microfl uidic Hub is the inexpensive network router that enables 

all the offi ce productivity tools to interact and communicate seamlessly via offi ce 

intranet — without the robot and all the walking.

What technology bene� ts will it provide?

•  The Sandia Digital Microfl uidic Hub represents an entirely new automation 

paradigm and enabling technology. The advanced connectivity, operational 

fl exibility, and small-volume sample manipulation capabilities of the Sandia 

DMF Hub constitute a compelling alternative to the “tyranny of the pipette” 

for molecular biology automation.

•  The small form factor of the DMF Hub makes it practical for use in 

distributed and fi eld-deployable applications such as global biosurveillance, 

expeditionary forensics, and point-of-care diagnostics, where small size, 

portability, scale-appropriate sampling, and reduced cost are paramount.

•  The open architecture, robust operation, low cost, and plug-and-play 

simplicity of the Sandia Digital Microfl uidic Hub make it ideal as a 

“developer’s kit” for prototyping and evaluating custom automation systems 

tailored to address specifi c problems in the life sciences.

•  The unprecedented connectivity options offered by the Sandia Digital 

Microfl uidic Hub represent a revolutionary reimagining of what digital 

The Sandia 
Digital 

Micro� uidic 
Hub represents 
an entirely new 

automation 
paradigm 

and enabling 
technology.
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microfl uidic technology itself can accomplish — a fulfi llment of its promise 

and a transcendence of its longstanding limitations.

What � nancial bene� ts will it provide?

Because the Sandia DMF Hub can effectively manipulate sample and reagent 

volumes at scales at least an order of magnitude smaller than those required for 

pipette-based operations, systems incorporating the DMF Hub can dramatically 

reduce assay costs due to the consumption of expensive reagents.

•  Because it operates entirely at the microliter scale, our DMF Hub-enabled 

automated molecular biology system can perform the full, end-to-end Nextera 

NGS library construction protocol in less than 2 hours, dramatically reducing 

the cost of sequencing-based research and diagnostics.

•  The Nextera library preparation example further illustrates how the low cost, 

unique connectivity, and modularity of the Sandia Digital Microfl uidic Hub make 

it possible to construct fully integrated, cost-competitive laboratory automation 

systems by leveraging inexpensive, commercially available components.

•  The open architecture, robustness, and modularity of the Sandia DMF Hub 

uniquely position it to serve as a common framework or “universal” standard 

for sample preparation and microliter-scale fl uid manipulation. Widespread 

adoption of the DMF Hub would dramatically reduce the time and expense 

of implementing and integrating new laboratory automation systems and 

protocols relevant to molecular biology and other small scale applications.

Wow! Factor

The Sandia DMF Hub effectively replicates and improves upon the sample 

manipulation functionality of a pipetting robot in a laboratory automation 

workfl ow, but at a fraction of the size, cost, and complexity. The universal 

interface and modular integration capabilities of the DMF Hub uniquely 

enable the kind of innovative, effi cient, and economical “sample-in, 

answer-out” automation solutions needed to make the revolutionary vision 

of ubiquitous, personalized genomic medicine a reality.
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15. Af� rmation
By submitting this entry to R&D Magazine I affi rm that all information submitted 

as a part of, or supplemental to, this entry is a fair and accurate representation of 

this product.

Hanyoup Kim
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