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DESCRIPTION 

APPARATUSES AND METHODS FOR MANIPULATING DROPLETS 

ON A PRINTED CIRCUIT BOARD 

RELATED APPLICATIONS 

This application is related to U.S. Patent Application Serial No.  

10/253,342, filed September 24, 2002 and U.S. Provisional Patent Application 

Serial No. 60/648,051, filed January 28, 2005; the disclosures of which are 

incorporated herein by reference in their entirety.  

TECHNICAL FIELD 

The presently disclosed subject matter relates generally to apparatuses 

and methods for performing micromanipulation of droplets on a printed circuit 

board (PCB) substrate. More particularly, the presently disclosed subject 

matter relates to apparatuses and methods for fabricating and operating 

droplet-based microfluidic systems based on conventional PCB technology 

wherein droplets are actuated upon the PCB surface by application of electrical 

potentials to electrodes defined on the PCB. The presently disclosed subject 

matter also describes the use of soldermask as an electrode insulator for 

droplet manipulation as well as techniques for adapting other traditional PCB 

layers and materials for droplet-based microfluidics.  

BACKGROUND 

Microfluidics is a rapidly advancing field which deals with the study of 

sub-microliter fluids. Microfluidic devices are increasingly finding application 

and acceptance in many fields of biology, chemistry, medicine, environmental 

monitoring, drug discovery, and consumer electronics. Miniaturization of 

traditional devices, particularly analytical devices, is expected to lead to many 

benefits including reduced consumption (and cost) of reagents and samples, 

higher throughput and automation, faster analysis times, and more reliable, 

inexpensive, and portable instrumentation. As more functionality becomes 
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embedded within these devices, fully integrated micro-total-analysis systems 
(pTAS) or labs-on-a-chip are becoming a reality and increasingly important.  

Lab-on-a-chip is an emerging paradigm which aims to miniaturize and 
integrate fluid-handling onto a chip. A lab-on-a-chip should enable fluid 
dispensing, transport, mixing, incubation, detection/separation, and waste 
disposal for it to be a truly self-contained unit. Microfluidic lab-on-a-chip 
systems can be broadly categorized into continuous-flow and discrete-flow 
systems. A continuous-flow system is self-descriptive and in discrete-flow 
systems the fluid is discretized into droplets. A common limitation of continuous 
flow systems is that fluid transport is physically confined to fixed channels, 
whereas droplet-based (or discrete-flow) systems can be either confined to 
physical channels or operate on planar and channel-less systems. The 
transport mechanisms generally used in continuous-flow systems are pressure
driven by external pumps or electrokinetically-driven by high-voltages.  
Continuous-flow systems can involve complex channeling and require large 
supporting instruments in the form of external valves or power supplies. In 
another approach to channel-based systems, centrifugal forces drive the fluids 
to flow uni-directionally in channels. The continuous-flow microfluidics 
paradigm has limitations in versatility, making it difficult to achieve high degrees 
of functional integration and control.  

Discrete-flow or droplet-based microfluidic systems have been 
progressing steadily to fulfill the promise of the lab-on-a-chip concept to handle 
all steps of analysis, including sampling, sample preparation, sample
processing including transport, mixing, and incubation, detection, and waste 
handling. These steps have been designed to be performed on-chip without 
significant off-chip support systems. A few discrete-flow approaches have been 
recently developed for manipulating droplets based on multilayer soft 
lithography, hydrodynamic multiphase flows, continuous electrowetting, 
electrowetting-on-dielectric (EWOD), dielectrophoresis, electrostatics, and 
surface acoustic waves. Some of the above techniques manipulate droplets or 
slugs in physically confined channels while other techniques allow manipulation 
of droplets on planar surfaces without any physically defined channels. The 
channel-less droplet-based approaches have been referred to as "digital 
microfluidics" because the liquid is discretized and programmably manipulated.  

-2-
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Droplet-based protocols are very similar to bench-scale biochemical 

protocols which are also generally executed on discrete volumes of fluids.  

Therefore, established protocols can be easily adapted to digital microfluidic 

format. Some of the distinguishing features of digital microfluidic systems 

include: reconfigurability (droplet operations and pathways are selected through 

a software control panel to enable users to create any combination of 

microfluidic operations on-the-fly); software programmability also results in 

design flexibility where one generic microfluidic processor chip can be designed 

and reprogrammed for different applications; conditional execution steps can be 

implemented as each microfluidic operation can be performed under direct 

computer control to permit maximum operational flexibility; multidirectional 

droplet transport since the channels only exist in the virtual sense and can be 

instantly reconfigured through software; small droplet volumes (< 1pL); 

completely electronic operation without using external pumps or valves; 

simultaneous and independent control of many droplets; and channel-less 

operation (where no priming is required).  

Many current lab-on-a-chip technologies (including both continuous-flow 

and discrete-flow devices) are relatively inflexible and designed to perform only 

a single assay or a small set of very similar assays. Due to the fixed layouts of 

current microfluidic chips, a new chip design is required for each application, 
making it expensive to develop new applications. Furthermore, many of these 

devices are fabricated using expensive microfabrication techniques derived 

from semiconductor integrated circuit manufacturing. As a result, applications 

for microfluidic devices are expanding relatively slowly due to the cost and effort 

required to develop new devices for each specific application. Although batch 

fabrication allows microfabricated devices to be inexpensive when mass

produced, the development of new devices can be prohibitively expensive and 

time consuming due to high prototyping costs and long turn-around time 

associated with standard semiconductor microfabrication techniques. In order 

to broaden the range of applications and impact of microfluidics in medicine, 

drug discovery, environmental and food monitoring, and other areas including 

consumer electronics, there is a long-felt need both for microfluidic approaches 

which provide more reconfigurable, flexible, integrated devices, as well as 
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techniques for more inexpensively and rapidly developing and manufacturing 

these chips.  

Over the past several years there have been advances utilizing different 

approaches to microfluidics based upon manipulation of individual nanoliter

sized droplets through direct electrical control. Examples of such systems can 

be found in U.S. Patent No. 6,911,132 and U.S. Patent Application Publication 

No. 2004/0058450, both to Pamula et al. (and commonly assigned to the 

Assignee of the present subject matter), the disclosures of which are 

incorporated herein by reference. These techniques offer many advantages in 

the implementation of the digital microfluidics paradigm as described above but 

current fabrication techniques to produce these microfluidic chips still depend 

on rather complex and expensive manufacturing techniques. These microfluidic 

chips are currently produced in microfabrication foundries utilizing expensive 

processing steps based on semiconductor processing techniques routinely 

used in the integrated circuit (IC) fabrication industry. In addition to higher cost 

for semiconductor manufacturing techniques, semiconductor foundries are not 

easily accessible and typically do not offer fabrication or prototyping turn

around times of as quick as 24 hours.  

Microfluidic chips are generally fabricated using custom processes based 

on traditional semiconductor microfabrication procedures. Devices are 

fabricated on glass substrates through repeated steps of thin film deposition 

and patterning using standard photolithographic techniques. Typically, at least 

two metal layers (one for electrodes and one for wiring),are required in addition 

to two or three insulator layers, as well as layers for forming the standoff 

between the top and bottom plates. Due to. the high cost of photomask 

fabrication and chip manufacturing, a single prototyping run producing up to 

100 devices can cost as much as $10,000 and require three months to 

complete depending on the number of photolithographic levels. Furthermore, 

since the process flow is not standardized, device yields tend to be very low 

during the first several attempts to fabricate any new design.  

The expense and time required for prototyping has been a serious 

impediment to the development and optimization of droplet-based microfluidics.  

Furthermore, the high chip costs and inability to rapidly customize or improve 

device designs is expected to dampen the commercial prospects of this 
-4-
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versatie technology. in tne short term, a more rapid, reliable and low cost 

fabrication technology is required to accelerate development and user 

acceptance of these devices. Since microfluidic structures tend to be relatively 

large and rarely test the limits of semiconductor manufacturing techniques, 

lower resolution, lower cost batch fabrication methods should be considered.  

In particular, printed circuit board (PCB) technology offers many 

capabilities and materials similar to traditional semiconductor microfabrication 

though at much lower resolution. Layers of conductors and insulators are 

deposited and photolithographically patterned and stacked together to create 

intricate multi-level structures. For the fabrication of digital microfluidic 

systems, it is believed that PCB technology offers an excellent compromise in 

terms of resolution, availability, cost and ease of manufacture. It is further 

believed that an additional advantage of using a PCB as a substrate is that 

electronics for sensing, controlling or analyzing the device can be easily 

integrated at very low cost.  

Typically, the copper line width and line spacing is measured in mils 

(25.4 pm) in a PCB process, which is orders of magnitude higher than the sub

micron features generally achieved in a semiconductor fab. Typically, PCB 

processing does not require an expensive ultra-clean environment as is 

required for semiconductor IC fabrication. The boards are also generally made 

out of reinforced plastic, glass fiber epoxy, TEFLON@, polyimide, etc. as 

compared to silicon or glass which are used as substrates for microfluidic 

devices microfabricated in a semiconductor fab. Also, in place of a 

semiconductor mask aligner, alignment can usually be performed manually for 

PCB processing. Inexpensive masks made out of transparencies or MYLAR 

sheets are used in place of expensive chrome-on glass photomasks used in 

semiconductor fabs. In PCB processing, via holes are drilled either 

mechanically or with a laser and then electroplated instead of etching and vapor 

deposition used in semiconductor processing which necessitates vacuum 

processing. Multiple wiring layers are generally obtained by bonding 

individually patterned single boards together as opposed to using a single 

substrate and building up the multiple layers or bonding wafers in a 

semiconductor fab. Broadly, these are the main differences between a PCB 

fabrication process and a semiconductor fabrication process even though high
-5-
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end PCB processes are moving towards adopting some of the semiconductor 

processes (such as physical vapor deposition).  

In today's highly competitive commercial environment, it is imperative 

that products reach the marketplace quickly and cost-effectively, particularly in 

consumer electronics and medical diagnostics businesses. The present subject 

matter is related to utilizing printed circuit board (PCB) manufacturing 

techniques which are widely available, reliable, inexpensive and well-defined.  

By fabricating reconfigurable microfluidic platforms with a reliable, easily 

accessible, and low-cost manufacturing technology, the development and 

acceptance of lab-on-a-chip devices for many potential applications in 

biomedicine and in other areas will be more widespread and rapid.  

The attractiveness of PCB technology as an inexpensive, well

established, flexible and easily accessible manufacturing process for the 

development of microfluidic systems has already been recognized by 

researchers working with more traditional continuous-flow microfluidic systems.  

For example, researchers have previously demonstrated a number of 

continuous-flow microfluidic devices based on PCB technology including a 

bubble detector, a pH regulation system, a micropump, and a capacitive 

pressure sensor. More recently, PCB devices for the manipulation and analysis 

of single cells by dielectrophoresis have also been reported, as have hybrid 

approaches in which a PCB is used to monolithically integrate silicon-based 

microfluidic devices. However, there remains a long-felt need for an 

inexpensive, flexible, and reconfigurable system for discrete-flow manipulation 

of droplets.  

SUMMARY 

The apparatuses and methods as disclosed herein comprise a novel way 

of utilizing a substrate fabricated in a standard printed circuit board (PCB) 

process for digital microfluidic droplet manipulation. This unconventional use of 

well-established PCB processes incorporates various novel aspects including: 

(1) the use of copper traces and pads on a PCB as electrodes for droplet 

manipulation wherein fluids in the form of droplets are routed (i.e., transported) 

on the outer surfaces of a PCB substrate by electrical means (as opposed to 

placing electronic components and routing electronic signals); (2) the use of 
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soldermask material as an electrode dielectric to act as an insulator for the 

electric-field induced droplet manipulation (as opposed to using the 

soldermask, as its name implies, to protect the copper wires from solder); (3) 

the use of photoimageable liquid or dry soldermask to make physical structures 

5 to hold fluids; (4) the use of via holes in the PCB for electrically connecting 

droplet control electrodes to each other or to contact pads; (5) the use of 

soldermask-filled via holes interior to the electrodes in the PCB to permit close 

packing of droplet control electrodes; (6) the filling of via holes interior to the 

electrodes with conductive epoxies to permit close packing of electrodes 

10 without loss of conductive area of the electrodes; (7) the filling of via holes 

interior to the electrodes with optically transparent epoxies for through-the

droplet optical measurements; (8) the use of copper traces adjacent to the 

electrodes, on the same surface of the PCB to provide a common reference 

potential (co-planar arrangement); (9) the use of copper embedded within the 

15 control electrodes and on top of the dielectric layer to serve as reference 

electrodes; (10) the use of drill-holes on the PCB for fluidic interfacing to permit 

input and output of fluids onto/off of the PCB; and (11) the use of copper lines 

as heating elements.  

Apparatuses for manipulating droplets are provided in accordance with 

20 the present subject matter.  

In one aspect there is provided an apparatus for manipulating droplets, 

the apparatus comprising: (a) a printed circuit board substrate comprising a first 

side surface and a second side surface; (b) an array of electrodes disposed on 

the substrate first side surface; (c) a dielectric layer disposed on the substrate 

25 first side surface and patterned to cover the electrodes; and (d) an electrode 

selector for dynamically creating a sequence of array electrode activation 

whereby a droplet disposed on the substrate first side surface is electrically 

manipulated, wherein the droplet is electrically manipulated using 

electrowetting mediated droplet operations.  

30 In another aspect there is provided an apparatus for manipulating 

droplets, the apparatus comprising: (a) a printed circuit board substrate 

comprising a first side surface and a second side surface; (b) an array of drive 

electrodes disposed on the substrate first side surface; (c) an array of one or 

more reference elements settable to a common reference potential disposed in 
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at least substantially co-planar relation to the drive electrode array; (d) a 

dielectric substance layer disposed on the substrate first side surface and 

patterned to cover the drive electrodes; and (e) an electrode selector for 

dynamically creating a sequence of array electrode activation whereby a 

5 droplet disposed on the substrate first side surface is electrically manipulated, 

wherein the droplet is electrically manipulated using electrowetting mediated 

droplet operations.  

In yet another aspect there is provided an apparatus for manipulating 

droplets, the apparatus comprising: (a) a printed circuit board substrate 

10 comprising a first side surface and a second side surface; (b) an array of drive 

electrodes disposed on the substrate first side surface; (c) an elongate 

reference element substantially parallel to and spaced apart from the substrate 

first side surface by a distance to define a space between the reference 

element and the substrate first side surface, wherein the distance is sufficient 

15 to contain a droplet disposed in the space; (d) a dielectric substance layer 

disposed on the substrate first side surface and patterned to cover the drive 

electrodes; and (e) an electrode selector for dynamically creating a sequence 

of array electrode activation whereby a droplet disposed on the substrate first 

side surface is electrically manipulated, wherein the droplet is electrically 

20 manipulated using electrowetting mediated droplet operations.  

In a further aspect there is provided an apparatus for manipulating 

droplets, the apparatus comprising: (a) a first printed circuit board substrate 

comprising a first side surface and a second side surface; (b) an array of drive 

electrodes disposed on the first printed circuit board substrate first side surface; 

25 (c) a dielectric substance layer disposed on the first printed circuit board 

substrate first side surface and patterned to cover the drive electrodes; (d) a 

second printed circuit board substrate comprising a first side surface and a 

second side surface, the second printed circuit board substrate being 

substantially parallel to and spaced apart from the first printed circuit board 

30 substrate by a distance to define a space between the second printed circuit 

board substrate second side surface and the first printed circuit board substrate 

first side surface, wherein the distance is sufficient to contain a droplet 

disposed in the space; (e) an array of drive electrodes and an array of one or 
more reference elements disposed on the second printed circuit board 

-8-



substrate second side surface; and (f) an electrode selector for dynamically 

creating a sequence of array electrode activation whereby a droplet disposed 

between the first printed circuit board substrate first side surface and the 

second printed circuit board substrate second side surface is electrically 

5 manipulated, wherein the droplet is electrically manipulated using 

electrowetting mediated droplet operations.  

Methods for actuating a droplet are also provided in accordance with the 

present subject matter.  

In one aspect there is provided a method for actuating a droplet, the 

10 method comprising the steps of: (a) providing a droplet on a surface of a 

printed circuit board substrate, the surface comprising an array of electrodes, 
wherein the droplet is initially disposed on a first one of the electrodes and is 

adjacent to a second one of the electrodes separated from the first electrode by 

a first gap; (b) biasing the first electrode to a first voltage and the second 

15 electrode to a second voltage different from the first voltage whereby the 

droplet moves towards the second electrode, wherein moving the droplet is 

effected via electrowetting mediated droplet operations.  

In yet another aspect there is provided a method for actuating a droplet, 
the method comprising: (a) providing a droplet on a surface of a printed circuit 

20 board substrate, the surface comprising an array of drive electrodes and an at 

least substantially co-planar array of one or more reference elements, wherein 

the droplet is disposed on a first one of the drive electrodes; and (b) biasing the 

first drive electrode to move the droplet from the first drive electrode to a 

second drive electrode, wherein moving the droplet is effected via 

25 electrowetting mediated droplet operations.  

In a further aspect there is provided a method for actuating a droplet, 
the method comprising: (a) providing a droplet between a surface of a printed 

circuit board substrate and an elongate reference element substantially parallel 

to and spaced apart from the printed circuit board surface, wherein the printed 

30 circuit board surface comprises an array of drive electrodes and the droplet is 

disposed on a first one of the drive electrodes; and (b) biasing the first drive 

electrode to move the droplet from the first drive electrode to a second drive 

electrode, wherein moving the droplet is effected via electrowetting mediated 

droplet operations.  
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In a still further aspect there is provided a method for actuating a droplet, 

the method comprising: (a) providing a droplet between a surface of a first 

printed circuit board substrate and a surface of a second printed circuit board 

substrate substantially parallel to and spaced apart from the printed circuit 

5 board, wherein the first printed circuit board surface comprises an array of drive 

electrodes and the droplet is disposed on a first one of the drive electrodes, 

and further wherein the second printed circuit board surface comprises an array 

of drive electrodes and an array of one or more reference elements; and (b) 

biasing the first drive electrode to move the droplet from the first drive electrode 

10 to a second drive electrode, wherein moving the droplet is effected via 

electrowetting mediated droplet operations.  

In another aspect, a method for actuating a droplet is provided on an 

array of drive electrodes on the surface of a printed circuit board without any 

physically distinct reference elements, wherein the droplet is disposed on a first 

15 one of the drive electrodes and moves towards a second or third drive 

electrode. The method further includes biasing second and third drive 

electrodes so that the droplet will be driven towards or away from either second 

or third electrodes due to the inhomogeneity in the electric field applied 

between them. In this case, the droplet may not move in a step-wise fashion, 

20 that is moving from one electrode to its adjacent electrode, but rather the 

droplet may move continuously in the inhomogeneous electric field gradient 

towards or away from the destination electrode utilizing a phenomenon known 

as dielectrophoresis.  

Methods for merging two or more droplets into one droplet and splitting a 

25 droplet into two or more droplets are also provided in accordance with the 

present subject matter.  

In accordance with an aspect there is provided a method for merging 

two or more droplets into one droplet, comprising the steps of: (a) providing first 

and second droplets on a surface of a printed circuit board substrate, the 

30 surface comprising an array of electrodes, wherein the electrode array 

comprises at least three electrodes comprising a first outer electrode, a medial 

electrode adjacent to the first outer electrode, and a second outer electrode 

adjacent to the medial electrode, the first droplet is disposed on the first outer 

electrode and is adjacent to the medial electrode, and the second droplet is 
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disposed on the second outer electrode and is adjacent to the medial 

electrode; (b) selecting one of the three electrodes as a destination electrode; 

(c) selecting two or more of the three electrodes for activation and de-activation 

based on the selection of the destination electrode; and (d) activating and de

5 activating the electrodes selected to move one of the first and second droplets 

toward the other droplet or both of the first and second droplets toward each 

other, whereby the first and second droplets merge together to form a 

combined droplet on the destination electrode, wherein moving the droplet is 

effected via electrowetting mediated droplet operations.  

10 In another aspect there is provided a method for splitting a droplet into 

two or more droplets, comprising the steps of: (a) providing a starting droplet on 

a surface of a printed circuit board substrate, the surface comprising an array 

of electrodes, wherein the electrode array comprises at least three electrodes 

comprising a first outer electrode, a medial electrode adjacent to the first outer 

15 electrode, and a second outer electrode adjacent to the medial electrode, and 

the starting droplet is initially disposed on at least one of the three electrodes 

and is adjacent to at least one other of the three electrodes; (b) biasing each of 

the three electrodes to a first voltage to position the starting droplet across the 

three electrodes; and (c) biasing the medial electrode to a second voltage 

20 different from the first voltage to split the starting droplet into first and second 

split droplets, whereby the first split droplet is formed on the first outer electrode 

and the second split droplet is formed on the second outer electrode, wherein 

splitting the droplet is effected via electrowetting mediated droplet operations.  

In yet another aspect there is provided a method for splitting a droplet 

25 into two or more droplets, comprising the steps of: (a) providing a starting 

droplet on a surface of a printed circuit board substrate, the surface comprising 

an array of electrodes, wherein the electrode array comprises at least three 

electrodes comprising a first outer electrode, a medial electrode adjacent to the 

first outer electrode, and a second outer electrode adjacent to the medial 

30 electrode, and the starting droplet is initially disposed on at least one of the 

three electrodes and at least partially overlaps at least one other of the three 

electrodes; (b) biasing the medial electrode to a first voltage to position the 
starting droplet, whereby the starting droplet at least partially overlaps the three 

electrodes; and (c) biasing the medial electrode to a second voltage and at 
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least one of the first and second outer electrodes to a third voltage, the second 

and third voltages different than the first voltage, to split the initial droplet into 

first and second split droplets, whereby the first split droplet is formed on the 

first outer electrode and the second split droplet is formed on the second outer 

5 electrode, wherein splitting the droplet is effected via electrowetting mediated 

droplet operations.  

It is therefore an object of the present subject matter to provide 

apparatuses and methods for fabricating and operating droplet-based 

microfluidic systems based on conventional printed circuit board (PCB) 

10 technology wherein droplets are actuated upon the PCB surface by application 

of electrical potentials to electrodes defined on the PCB.  

An object of the presently disclosed subject matter having been stated 

hereinabove, and which is addressed in whole or in part by the presently 

disclosed subject matter, other objects will become evident as the description 

15 proceeds when taken in connection with the accompanying drawings as best 

described hereinbelow.  

BRIEF DESCRIPTION OF THE DRAWINGS 

Embodiments will now be described, by way of example only, with 

20 reference to the accompanying drawings, in which: 

Figure 1A is a top plan and Figures 1B-1D are profile views of an 

embodiment of the present subject matter depicting a strictly co-planar 

arrangement on a PCB with filled or unfilled via holes within the electrodes; 

Figure 2A is a top plan and Figure 2B is a profile view of an embodiment 

25 of the present subject matter depicting a substantially co-planar arrangement 

on a PCB with filled or unfilled via holes within the electrodes; 

Figure 3A is a top plan and Figure 3B is a profile view of an embodiment 

of the present subject matter depicting an embedded co-planar arrangement on 

a PCB with filled or unfilled via holes within the electrodes; 

30 Figure 4A is a top plan and Figure 4B is a profile view of an embodiment 

of the present subject matter depicting a parallel-plate or bi-planar arrangement 

on a PCB with filled or unfilled via holes within the electrodes; 

Figure 5 is a perspective view of a droplet positioned on a dense array of 

electrodes with via holes on a PCB for droplet manipulation in accordance with 
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the present subject matter (liquid reservoirs not shown); 

Figure 6 is an illustration depicting the front side of a PCB chip used to 

test droplet transport performance of different shapes and sizes of drive 

electrodes in accordance with the present subject matter; 

5 Figures 7A-7D are illustrations depicting various electrode shapes in 

accordance with the present subject matter; 

Figures 8A-8B are illustrations of an embodiment of the present subject 

matter depicting front and back views, respectively, of a PCB chip design 

featuring a three-phase droplet conveyor and other structures for dispensing, 
10 storing and mixing droplets; 

Figures 9A-9B are illustrations of another embodiment of the present 

subject matter depicting front and back views, respectively of a PCB chip 

design featuring a three-phase droplet conveyor and other structures for 

dispensing, storing and mixing droplets; 

15 Figure 10 is a graph depicting droplet transport characteristics 

(frequency vs. threshold voltage) of different shaped 1.5 mm electrodes in 

accordance with the present subject matter; 

Figure 11 is a graph depicting droplet transport characteristics 

(frequency vs. threshold voltage) of different shaped 1.0 mm electrodes in 

20 accordance with the present subject matter; 

Figure 12 is a graph depicting voltage stability of droplet transport over 

time in accordance with the present subject matter; 

Figure 13 is a graph depicting minimum voltage requirements for droplet 

transport at a given switching frequency in accordance with the present subject 

25 matter; and 
Figures 14A-14D are illustrations depicting time-lapsed images 

demonstrating droplet transport and mixing in accordance with the present 

subject matter.  

30 DETAILED DESCRIPTION 
A printed circuit board (PCB), also sometimes called a printed wiring 

board (PWB), is a substrate used to interconnect electronic components using 
conductive pads and traces patterned on the substrate. Typically, PCBs are 

made by adhering a layer of copper over the entire substrate, sometimes on 
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both sides, (known as creating a "blank PCB") then removing unwanted copper 

(e.g., by etching in an acid) after applying a temporary mask, leaving only the 

desired copper traces. Electrical connections ("vias") between opposite sides 

of the substrate can be formed by drilling holes through the substrate either 

5 mechanically or with a laser and metallizing the interior of the drill hole to 

provide a continuous electrical connection between the two sides. Multilayer 

boards can be created by bonding together individually processed substrates.  

Electrode lines in the copper layer are usually defined by etching copper from a 

blank PCB in a subtractive process while some foundries use semi-additive and 

10 fully-additive processes where copper is built up on the substrate by 
electroplating or other techniques.  

As discussed above, digital microfluidics is a microfluidic approach in 

which discrete droplets of fluid are electrically manipulated upon a substrate 

containing an array on electrodes. In a commonly used configuration, the 

15 droplets are sandwiched between two parallel plates where the top plate 
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physically contines the droplets and the bottom plate contains an array of 

individually addressable drive or control electrodes (or elements) which are 

electrically insulated. Typically, one or more reference electrodes (or elements) 

are also required to control the electrical potential of the droplet. Reference 

electrodes may be either provided on the same substrate as the drive 

electrodes (co-planar) or on an opposite plate (bi-planar). The space between 

the two plates surrounding the droplet is generally open and may be filled with 

air or with an immiscible liquid to prevent evaporation. Examples of immiscible 

liquids that may be used with aqueous droplets include silicone oil, 

fluorosilicone oil or hydrocarbon oils. When the reference electrodes and drive 

electrodes are provided on the same substrate, the opposing plate does not 

serve as part of the electrical circuit, but serves only as a cover plate to 

physically contain the liquids and may not be required for operation of the 

device.  

Droplet actuation is achieved by applying a potential between the 

reference electrode and one or more of the drive electrodes. The applied 

potential can be DC or AC and the reference electrodes need not be physically 

distinct from the drive electrodes. A droplet adjacent to an activated control 

electrode will become attracted towards that control electrode and move 

towards it. Control electrodes may be sequentially activated using user-defined 

patterns (possibly using an electrode selector) to transport droplets along 

arbitrary pathways defined by contiguous control electrodes. In addition to 

transport, other operations including merging, splitting, mixing, deforming and 

dispensing of droplets can be accomplished based on the design of the control 

electrodes and patterns of activation.  

A digital microfluidic processor is essentially comprised of an array of 

control electrodes with one or more reference electrodes. A complete chip may 

include many other types of structures including channels, liquid reservoirs, top

plates, sensors, inlets, outlets, etc. The electrode array requires 

interconnections to electrically connect'certain electrodes together and to 

connect electrodes to contact pads for connection to external circuitry.  

Previously, digital microfluidic chips were fabricated on glass or silicon 

substrates using thin-film deposition and photolithography techniques borrowed 

from semiconductor manufacturing. Multiple levels of electrical interconnect for 
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wiring were built-up by depositing and patterning successive layers of 

conductors and insulators upon a single starting substrate. The present subject 

matter pertains to apparatuses and methods whereby digital microfluidic 

processors can be advantageously constructed in a standard PCB process as 

opposed to a- custom glass or silicon based process.  

The presently disclosed subject matter takes advantage of the ease with 

which multiple layers of conductors can be generated in a PCB process versus 

a glass or silicon based process. This is essentially the case because in PCB 

processing the metal layers are manufactured on separate substrates which are 

laminated together at the end rather than built up sequentially on a single 

substrate.  

The PCB digital microfluidic chip as envisioned herein can have one or 

more wiring layers. The conductor wiring patterns are transferred onto the PCB 

substrate by subtractive plating, panel plating, pattern plating, or additive 

plating. When only one layer of wiring is used, all the electrodes for droplet 

manipulation and the pads for electrical input/output connections are made on a 

single-sided board which does not require any via holes. Generally, two or 

more wiring layers will be required for complex droplet handling operations 

which necessitate using multilayer boards. Multilayer boards are assembled by 

bonding several double-sided boards or by built-up/sequential boards which do 

not require mechanical drilling of holes (e.g., via holes are chemically etched or 

laser drilled and then electroless plated). By definition, double-sided boards 

have wiring on both sides of the boards which can be further classified into 

boards without through-hole metallization and boards with through-hole 

metallization. The boards with through-hole metallization are further classified 

into plated through-hole metallization and filled through-hole metallization. In 

plated through-hole metallization, the holes are metallized by copper plating 

(e.g., electroplating or electroless plating or a combination thereof) and in filled 

through-hole metallization, the holes can be filled with conductive pastes such 

as copper paste, silver paste, conductive epoxy, etc.  

In digital microfluidic chips, through-holes (or via holes) are drilled 

through the center of the drive electrodes on one side of a multi-layer board to 

make electrical connections on the opposite side of the board. The foot print of 

a droplet is defined by the area of a drive electrode. In order to obtain small 
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droplet volumes, the area of the drive electrodes need to be minimized. Since 

via holes are drilled through the drive electrodes, it is important to minimize the 

diameter of the via holes including the pad/land diameter. Therefore, via holes 

play an important role in defining the minimum volumes of droplets obtainable in 

a PCB process. The PCB industry is driving down the via hole sizes for a 

different reason which is to avoid blocking the wire routing channels and to 

maximize the PCB surface area available for traces. Many built-up processes 

use small vias which are formed by punching through using an excimer laser.  

There are a number of variations of the built-up processes used in the PCB 

industry including, but not limited to, Surface Laminar Circuits (SLC) where the 

vias are photoformed; DYCOstrateTM where the vias are dry-plasma etched in 
parallel; Film Redistribution Layer (FRL) where the outermost dielectric is 

photosensitive while inner layers constitute a regular multilayer board; 

Conductive Adhesive Bonded Flex (Z-Link); Built-up Structure System (IBSS) 
where the dielectric is photosensitive; Sequential Bonding Cores/Any-Layer 

Inner Via-hole (ALIVH) where a CO2 laser is used to drill the vias and the holes 

are then filled with silver paste; Carrier Formed Circuits where separate circuits 

are prepared on stainless steel carriers and then laminated onto an FR-4 

prepreg; Roll Sheet Buildup where single-sided epoxy coated foils are 

laminated by rolling heat and pressure; and Sheet Buildup which is similar to 

roll sheet buildup but double sided or multilayer circuits are laminated. In one 

embodiment of using a built-up board (Z-Link) for digital microfluidic chips, 
multiple flex boards consisting of polyimide-backed copper foils can be 

laminated together and then onto a rigid board to form a multi-layer board. In 

this case, the holes in each flex layer can be punched, laser-drilled or plasma

drilled. The holes interconnecting various layers can then be filled by 
conductive adhesive.  

GENERAL EMBODIMENTS 

With reference to Figures 1A-1D, 2A-2B, 3A-3B, 4A-4B, and 5, the 

requirements for adapting PCB processed substrates for droplet manipulation 
will now be discussed in more detail. As will be discussed in further detail 

below, Figures 1A-1D relate to a PCB digital microfluidic chip 10 including a 

strictly co-planar arrangement on a PCB with filled or unfilled via holes within 
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the electrodes; Figures 2A-2B relate to a PCB digital microfluidic chip 20 

including a substantially co-planar arrangement on a PCB with filled or'unfilled 

via holes within the electrodes; Figures 3A-3B relate to a PCB digital 

microfluidic chip 30 including an embedded co-planar arrangement on a PCB 

with filled or unfilled via holes within the electrodes; Figures 4A-4B relate to a 

PCB digital microfluidic chip 40 including a parallel-plate or a bi-planar 

arrangement on a PCB with filled or unfilled via holes within the electrodes; and 

Figure 5 depicts a droplet positioned on a dense array of electrodes with via 

holes on a PCB for droplet manipulation. Figure 5 generally shows the concept 

of the present subject matter wherein liquid samples are digitized into discrete 

droplet(s) D which can then be independently dispensed, transported, 

incubated, detected or reacted with other droplets (the approach of "digital 

microfluidics").  

In each of the embodiments shown in Figures 1A-1D, 2A-2B, 3A-3B, and 

4A-4B, and as will be described individually in more detail below, a PCB 

substrate board 12 is provided, the board having a top first side surface 13 and 

a bottom second side surface 14. Drive control electrodes (or elements) 16, 

such as copper trace drive electrodes, can be provided on top surface 13 of 

PCB 12, and reference electrodes (or elements) 18, such as copper trace 

reference electrodes or a parallel plate reference electrode, can also be 

provided in a variety of configurations for droplet manipulation. Soldermask, 

such as liquid photoimageable (LPI) soldermask, is typically used in traditional 

PCB processes as the outer layer to protect copper lines from the action of 

etchants or plating or from solder during the placement of electronic 

components. However, in its utility for driving droplets according to the present 

subject matter, this outer layer is an insulator 22 that serves to insulate the 

droplets from the potentials applied on drive and reference electrodes 16, 18.  

Drive electrodes 16 are completely insulated by insulator 22, preferably a LPI 

soldermask or some other dielectric including temporary soldermasks.  

Complete insulation means that drive electrode 16 is covered on all sides 

including the edges. Insulator 22 (LPI soldermask) is applied using 

conventional processes which include, but are not limited to, curtain coating, 

spin coating, spray coating, or screen printing. In case there is a need for a 
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reference electrode 18, some of the copper features can be left bare and not 

insulated to provide a direct reference potential to the droplets. This exposed 

portion is as close to drive electrodes 16 as permitted by the PCB process 

which is defined by the resolution of the copper features as well as the 

resolution of the soldermask and the registration of the soldermask layer to the 

copper layer. The exposed portion of reference electrode 18 may have an 

optional conductive surface finish which commonly includes immersion silver, 

immersion gold, and electroless nickel/immersion gold (ENIG).  

Substrate Material 

As discussed above, electrostatic microfluidic devices of the present 

subject matter include a substrate board 12 which can be fabricated on almost 

any board material commonly in use for the manufacture of PCBs. These 
TM materials include, but are not limited to, FR-2, FR-4, FR-5, polyimide, Kapton 

RogerSTM, DuroidTM, BT, cyanate esters and Polytetrafluoroethylene (PTFE).  

Rigid, rigid-flexible or flexible substrates can be used as base material 12 for 

the fabrication of these devices.  

Electrode Formation 

The outermost conductive copper layer of the PCB is patterned to form 

the drive electrodes required to manipulate liquid droplets by electric fields.  

Drive electrodes 16 may take a wide variety of shapes and forms depending on 

the particular application. For example, arrays of square-shaped electrodes, 

arrays of circular-shaped electrodes, arrays of hexagon-shaped electrodes, 

arrays of star-shaped and other interlocking or interdigitated electrode shapes, 

as well as elongated electrode structures can be used. Reference electrodes 

18 can also be patterned in the same conductive layer or in a separate 

conductive layer on the same substrate (co-planar) or can be provided on a 

separate substrate (bi-planar).  

In one embodiment as shown in Figures 1A-1 D, reference electrodes 18 

can be patterned in the same conductive copper layer as drive control 

electrodes 16 wherein insulator 22 is removed over portions of reference 

electrodes 18 to expose the conductive layer underneath. This pattern permits 

simultaneous electrical contact between reference electrodes 18 and the liquid 
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droplet. In this embodiment, reference electrodes 18 may be located adjacent 

to or in between drive control electrodes 16.  

In another embodiment as shown in Figures 2A-2B, reference elements 

18 can be formed as a separate conductive layer patterned directly on top of 

insulator 22. The conductive layer may be a thin metal film deposited by 
vacuum processing, electroless plating, electroplating, lamination or other 

means and patterned to form reference elements 18. Reference elements 18 
may take a variety of shapes and forms and may lie either directly above and/or 

to the side of drive elements 16 (i.e., reference elements 18 need not be 

precisely aligned to drive control elements 16). In one arrangement, reference 

elements 18 may form a grid or mesh of conductive lines superimposed over 

drive elements 16. In this arrangement, reference elements 18 could 

electrically shield control electrodes 16 where they overlap, so the overlap 

should ideally be minimized when sizing and locating reference elements 18 
relative to drive control elements 16. In another arrangement, the pitch of the 

grid is chosen to be less than, but not an integer factor of, the electrode pitch.  
This separate conductive layer arrangement may be realized using additive 

metal PCB processes where metal is deposited upon insulator 22 or 

alternatively could be realized using subtractive processes where reference 

elements 18 and drive elements 16 are formed on opposite sides of a thin 

flexible circuit substrate. In the latter case, the flexible circuit substrate serves 

as the insulation for drive control elements 16 and the flexible circuit can be 

laminated to a rigid substrate to provide mechanical rigidity and to provide 

electrical interconnections for the electrodes.  

In a further embodiment as shown in Figures 3A-3B, reference elements 

18 can be provided in an embedded co-planar arrangement within drive control 

elements 16. In such an arrangement, via holes 25 with plating 26 can function 

as reference elements 18 in areas not covered by insulator 22. Other via holes 

24 with plating 26 covered by insulator 22 can also be provided and function as 

described hereinbelow.  

In another embodiment as shown in Figures 4A-4B, reference elements 

18 can be provided on a separate substrate as a parallel plate. Typically, the 

substrate containing drive electrodes 16 and the substrate containing reference 
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elements 18 are placed in opposition to each other with a gap G between them 

to contain the liquid, thereby creating a sandwich structure. An additional 

parallel-plate arrangement can include two opposing surfaces that are 

electrostatic PCB microfluidic devices by themselves (the upper "plate" can be 

a PCB having a top first side surface 13' and a bottom second side surface 14') 

and have drive elements 16 on both surfaces and reference elements 18 on at 

least one surface.  

Because very little current is needed to charge drive electrodes 16 for 

electric field-based droplet manipulation, the conductive material forming the 
electrodes can be substantially more resistive than is typically acceptable for 
PCB applications. Thus, a wide range of different types of conductors, besides 
copper, may be used. This includes conductors which are typically considered 

unsuitable for forming pads and traces on PCBs. Similarly, the conductive layer 

may be substantially thinner than is typically favored for PCBs. Ideally, the 
conductive layer should be as thin as possible to minimize the topography of 
the conductive features which must be subsequently covered by the insulating 
layer. Additionally, minimization of the conductor thickness promotes planarity 
of the PCB surface which is desirable for consistent and reliable manipulation of 
droplets upon the surface. The conductor thickness may be minimized by using 

a starting substrate material with minimal conductor thickness (e.g., % oz. or 5 
pm layer of copper cladding) or by adding a polishing or etching step to reduce 
the conductor thickness prior to deposition of the insulator.  

Electrode Interconnection and V/as 

Conductive traces on PCB substrate 12 are used to make electrical 

connections to drive electrodes 16 and reference elements 18. Each drive 

electrode 16 or reference element 18 can be connected to one or more other 

drive electrodes 16 or reference elements 18, to other electronic components 

on the same PCB substrate 12, or to pads for external connection. In one 

arrangement, pads for external connection are provided along an edge of the 

PCB and the PCB is adapted for use in an edge-card connector socket 28 (see 

Figures 8A-8B). In another arrangement, an array of pads is disposed on the 

surface of the PCB and the pads are contacted using spring-loaded pins, test 

clips or a strip of anisotropically conducting material 29 (see Figure 9A). In yet 
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another arrangement, a pin-header, socket connector or other discrete 

electronic component is connected to the PCB to facilitate connection to an 

external circuit.  

As shown in Figures 1A-1D, 2A-2B, 3A-3B, and 4A-4B, electrical 

connections between different conductive layers of substrate 12 can be made 

through PCB methods as known in the art, whereby a hole or via hole 24 is 

drilled through substrate 12 from the two conductive regions (top surface 13 

and bottom surface 14) on either side of substrate 12 and which are to be 

electrically connected. While shown as circles in the drawings, it is understood 

that via holes 24 can be any shape such as squares, ovals, etc. that could be 

formed in substrate material 12. The interior of hole 24 can also be metallized 

by electroless plating or electroplating or using other methods to form a plating 

26 (plated-through hole metallization) so that electrical continuity is established 

between the two opposite sides at the location of the via hole. As discussed 

above, conductive pastes (filled through-hole metallization) could also be used 

in lieu of plated through-hole metallization to establish electrical continuity.  

In order to establish electrical connections between electrodes and 

traces several approaches are available. In one approach, a wire or trace leads 

away from the electrode on the same side of the PCB, the wire can then be 

routed if necessary through the substrate at a via location remote from the 

electrode. In another approach, vias are made within the electrodes. In this 

case a means for filling or covering the drill hole may need to be provided to 

prevent liquid from entering or evaporating through the via drill hole. Via hole 

24 may be plated shut using electroless or electroplating or may be filled or 

covered using a variety of techniques and a variety of materials (conductive 

epoxy, non-conductive epoxy, transparent epoxy, or any other material). After 

filling the via holes with any of these filler materials, the surface of the PCB can 

then be covered with copper by electroless or electroplating to completely 

obscure the via hole to the droplets moving on the surface.  

In one approach, the hole is made small enough so that an insulator 

deposited in liquid form, such as a traditional liquid soldermask material, is 

prevented from penetrating the hole by viscous or surface tension effects, or it 

could be made large enough so that the liquid soldermask can enter the via 
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hole thereby forming a soldermask-filled via hole 24' (see Figure 1 B).  

Alternatively, an extra process step may be added to fill the drill holes with an 

epoxy or similar material prior to depositing the insulator, thereby forming an 

epoxy-filled via hole 24" (see Figure 1 C), or a transparent epoxy-filled via hole 

24' (see Figure 1 D). Another approach is to use a dry film insulator material 

which "tents" the drill hole, effectively covering it and sealing the chip surface.  

A possible disadvantage of several of these approaches is that they result in 

the formation of a non-conductive region within the border of the otherwise 

conductive electrode which reduces the area of that electrode that can be used 

for electric field generation. In order to address this issue, several techniques 

are available for producing a conductive filling, including the use of conductive 

epoxies to fill the hole and the use of electroless plating or electroplating to 

provide a conductive surface coating over a non-conductive filler material.  

Another alternative is to electroplate the drill hole so that it becomes completely 

filled with metal. This approach may require a planarization step to remove the 

excess metal deposited on the substrate surface by the greater amount of 

electroplating. Planarization and control of the conductor thickness on the 

substrate surface can be simplified in this case through the use of a "button

plating" process in which additional metal is only added in the region 

surrounding the via. The resulting "buttons" can be then be removed by 

polishing the surface of the PCB. In this method, substantial amounts of metal 

can be deposited within the drill-holes without increasing the final thickness of 

the metal on the PCB surface.  

Electrode Insulation 

Referring further to Figures 1A-1D, 2A-2B, 3A-3B, and 4A-4B, drive 

electrodes 16 are typically electrically insulated by insulator 22 to prevent the 

flow of direct electric current between the electrodes and the conducting liquid 

when a DC potential is applied to the drive electrodes. It should be noted that 

AC potentials could as well be applied to the drive electrodes to enable electric

field induced droplet manipulation. While any dielectric can be used, 

soldermask is typically used in traditional PCB processes to protect the copper 

lines on a PCB and to expose copper only where electronic components will be 

eventually soldered. The most straightforward approach for insulating drive 
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electrodes 16 is to use soldermask material (or other dielectric) as electrical 

insulator 22. Both liquid and dry-film soldermasks are suitable for use as 

electrode insulators 22. Photoimageable soldermasks are generally preferred 

because they can be readily patterned to provide electrical access to reference 

elements 18 or contact pads underneath insulator 22.  

Soldermasks are available in two varieties: liquid photoimageable (LPI) 

or dry film soldermask (DFSS). LPI is not conformal. DFSS offers near vertical 

sidewalls and has been reported for fabricating electroplating molds, sealing of 

fluidic channels and as a mask for powderblasting of microchannels. However, 

DFSS has not been used to form liquid reservoirs or as a gasket material to 

provide a stand-off or seal between two parallel plates as is envisioned in the 

present subject matter.  

In certain applications, soldermask materials may not exist with the 

desired combination of thermal, mechanical, electrical or optical properties. In 

these cases, the soldermask materials can be replaced with or combined with 

other types of insulator materials. For example, spin-on materials such as 

polyimide, dip or spin or spray or brush-coatable materials such as TEFLON@ 

AF and CytopTM, vapor deposited or sputtered materials such as silicon dioxide, 
and polymers such as parylene may be applied to the PCB substrate.  

As an alternative to soldermask for insulator 22, a thin layer of parylene 

could be deposited in a physical vapor deposition (PVD) process as a dielectric.  

Parylene is the generic name for a family of poly(para-xylylene) polymers 

which includes parylene C, D, and N. As used in this disclosure, parylene 

refers to any poly(para-xylylene) composition and mixtures thereof. A major 

advantage with parylene is that it can be deposited as a conformal layer and at 

a thickness much less than both LPI and DFSS. In PCB methods, LPI can be 

coated as thin as 0.5 mils (1 mil = 25.4 pm) while pin-hole free parylene can be 

coated as thin as 0.5 pm. Such a thin insulator layer reduces the required 

potential for droplet actuation. In some applications, the dielectric will have to 

be patterned to expose the copper electrodes. Parylene can be patterned by 

reactive ion etching, plasma ashing, chemical etching, or by laser ablation.  

Alternatively, parylene can also be selectively deposited by masking the regions 

that need to be exposed by a tape (for example, 3M@ Mask Plus I Water 
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Soluble Wave Solder Tape No.. 5414 which is used to mask gold fingers on 

PCBs during wave soldering). Other representative examples of materials that 

could be used as dielectrics include silicones, polyurethanes, acrylics, and other 

spin-coatable or depositable dielectrics.  

Generally, it is desirable to minimize the thickness of insulator 22 in 

order to reduce the voltage required for actuation of the liquid.  

Standoff Layers 

It is also envisioned that additional layers of soldermask material may be 

deposited and patterned to create physical structures on the PCB surface such 

as wells and channels (not shown) for use in pooling or directing liquid flow.  

ADDITIONAL PROCESSES 

Combination of Subtractive and Additive Processing 

In a further embodiment, a combination of subtractive and additive 

processes can be used to fabricate PCB droplet manipulation boards of the 

present subject matter. Subtractive processes can be used to fabricate a 

multilayer board that defines all the electrical routing and interconnections to 

the droplet control electrodes. A patternable dielectric layer can then be 

applied. Vias can be patterned in this dielectric by laser drilling or 

photomasking. In one embodiment, LPI can be used as a dielectric. The 

electrode pad exposed in the hole can be optionally plated to make it planar 

with the dielectric surface. At this point, an additive process can be used to 

define all electrodes using electroless copper deposition as a smaller line 

spacing could be obtained.  

Post Processing 

A finished device can include a combination of standard PCB processes 

and non-standard processes. For example, a one-step hydrophobic coating 

may be applied to a finished PCB to facilitate transport of droplets.  

Furthermore, the use of soldermask as a dielectric might be undesirable for 

certain applications, in which case uninsulated PCBs could subsequently be 

coated with specialty materials not available in a standard PCB process.  

However, in such cases, the use of a PCB as the starting substrate and PCB 

processes to form the conductive traces still provides many, if not most, of the 

benefits of a fully PCB-compatible process.  
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In one embodiment, all the conductor lines required for electrical routing 

can be fabricated on a multi-layer PCB. Some or all of the outer layer of copper 

can then be removed by polishing or chemical etching. This PCB, which 

contains all the electrical wiring required for droplet manipulations, can then 

serve as a substrate for further processing to pattern drive and reference 

electrodes with finer line spacing. In order to obtain fine line spacing, the 

control electrodes may be patterned using semiconductor processing 

techniques including thin film deposition and photolithography.  

Plating up of Coplanar Reference Elements 

In an embodiment where reference electrodes 18 are also patterned in 

the same layer as drive electrodes 16 (see, for example, Figures 1A-1 D), there 

can be a significant dimple in the LPI soldermask as it only covers the drive 

electrodes and leaves the reference electrodes open. This dimple could affect 

the reliability of operation as the droplet may not be in contact with the 

reference element. In this case, the reference electrodes can be plated up 

such that the surface of the reference element is planar with the LPI 

soldermask (not shown). This plating step could be performed prior to the 

surface finish with copper or nickel.  

Reference Electrodes on Outer Surface 

In one embodiment, after all the copper electrodes are formed as 

described hereinabove, the LPI coating can then be used as an inter-level 

dielectric and another copper layer can be patterned over the LPI to serve as 

reference electrodes. The dielectric can also be a thin (2 mil or less) prepreg 

PCB board in a typical multilayer construction or it could be a flex board with 

copper features to serve as reference electrodes on the outermost layer. The 

copper layer just beneath this outermost copper layer has copper features that 

define the drive electrodes.  

Integration of Electronics and Detection onto the PCB 

In a further embodiment, it is envisioned that the PCB of the present 

subject matter may also consist of electronic components in the areas which 

are not used for liquid handling. The electronic components can include 

microcontrollers, relays, high voltage multiplexers, voltage converters (DC-DC 

to step up the voltage, DC-AC, AC-DC, etc.), electro-optical elements such as 

LEDs, photodiodes, photo-multiplier tubes (PMT), heating elements, 
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thermistors, resistance temperature devices (RTDs), and other electrodes for 

electrochemical measurements. Copper traces can also be used for 

impedance measurements of the droplets. Resistive heating elements are 

realized by meandering copper traces and the resistive heating characteristics 

will be dependent on the dimensions of the copper lines. In one embodiment, a 

PCB containing an optical detector, such as a PMT or a photodiode, can be 

used as a parallel plate to form a sandwich with the droplet manipulation PCB 

board. In another embodiment, gold coated electrodes obtained in a standard 

PCB process can be used for electrochemical measurements.  

Drill Holes for Fluidic Input/Output 

Mechanically drilled holes on a PCB are used typically for affixing or 

securing the board to another surface. It is further envisioned in the PCB 

microfluidic chip of the present subject matter that these drill holes can be used 

to serve as fluidic input/output ports for the addition and removal of liquids to or 

from the surface of the PCB substrate. It is further envisioned that these drill 

holes can be mated with a source of liquid including, but not limited to, flexible 

tubing, syringes, pipettes, glass capillary tubes, intra-venous line, or 

microdialysis lumen. The liquid in these tubes can be driven by pressure or any 

other means. A continuous flow of liquid from the tubing can be interfaced to 

the PCB through these drill holes which can be discretized into droplets either 

directly from the flow or through an intermediate reservoir on the PCB.  

For instance, in one embodiment, metallized drill holes (see, for 

example, drill holes 32 in Figures 9A-9B) can be located adjacent to control 

electrodes in order to serve as fluidic input/output ports for placing or removing 

liquids onto the electrode surface. In another embodiment, non-metallized drill 

holes (see, for example, drill holes 34 in Figures 9A-9B) can be provided for 

fluidic input and output and can be connected to a channel etched in solder 

mask which then leads to a reservoir (not shown). This reservoir can have 

electrodes for dispensing, such as by using electric-field mediated droplet 

dispensing techniques. In yet another embodiment, metallized drill holes 

provided for fluidic input/output can be covered by a dielectric and in addition 

have concentric rings of electrodes around the drill hole. In this case, droplets 

may be dispensed radially out of the hole by pressuring the liquid through the 

hole and then using an electric field to dispense droplets on the electrodes. In 
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an additional embodiment, drill holes can be used to output liquid into a waste 

reservoir or any other container off-chip by collecting the droplets in the hole 

area and allowing the droplets to drip by gravity into a container placed 

underneath the hole.  

Out of Plane Droplet Extraction from Via Holes 

Generally, droplets moved on apparatuses of the present subject matter 

are manipulated within a horizontal plane in a sandwich structure with one or 

both of the plates comprising PCBs. In a further embodiment, the holes drilled 

on a PCB could be used to extract droplets out of the sandwich structure in a 

vertical plane. Droplets can be extracted through the holes in a variety of ways.  

In one method that exploits the pressure difference between a droplet confined 

in a sandwich structure and a large hole, droplets could be passively pushed 

through a hole with a diameter larger than the radius of the droplet by just 

positioning underneath the hole. Droplets could also be extracted by electrical 

means where another plate is added to the sandwich structure and the droplets 

can be pulled out of one sandwich structure into the newly-formed sandwich 

structure by applying an electric potential. In this case, to simplify the extraction 

process, a sandwich structure can be formed between a coplanar PCB 

substrate and another substrate with electrodes. While both these plates form 

a parallel-plate arrangement, the droplets will be touching only the coplanar 

PCB substrate and will move vertically onto the other substrate when an electric 

potential is applied on the other substrate to electrostatically pull the droplet out 

of plane. Droplet could also be moved vertically with gravity for stamping onto 

another plate. Applications for such vertical actuation of droplets include DNA or 

protein stamping applications. Droplets extracted from such holes can also be 

used to increase the path length for absorbance measurements and to 

transport into another sandwich structure to enable transport in another layer.  

Biochemical Synthesis and Analysis 

A number of biochemical reactions can be performed through the 

manipulation of liquids on PCB substrates as disclosed in the present subject 

matter. As disclosed herein, the present subject matter provides an apparatus 

for detecting a target analyte in sample solutions by optical and electrical 

means of detection. The sample solution may comprise any number of items, 

including, but not limited to, bodily fluids (including, but not limited to, blood, 
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sweat, tears, urine, plasma, serum, lymph, saliva, anal and vaginal secretions, 

semen, of virtually any organism, with mammalian samples being preferred and 

human samples being particularly preferred); food and environmental samples 

(including, but not limited to, air, agricultural, water, and soil samples); biological 

warfare agent samples; research samples; purified samples, such as purified 

genomic DNA, RNA, proteins, cells, etc.; and raw samples (bacteria, virus, 
fungus, etc). The types of assays that can be performed on the PCB substrate 

as disclosed herein include enzymatic assays, DNA amplification isothermally 

or by thermocycling, immunoassays, including sandwich and homogeneous 

arrangements, and cell-based assays with optical and electrical means of 

detection. The analytes measured in the physiological samples includes 

metabolites, electrolytes, gases, proteins, hormones, cytokines, peptides, DNA, 
and RNA.  

In one embodiment, a human physiological sample can be input into a 

reservoir on the PCB. The reservoir could be defined by the dry film 

soldermask. The sample can then be dispensed into droplets which will be 

mixed with the appropriate reagent droplets provided on the PCB or input onto 

the PCB. Some of the enzymatic assays can then be monitored optically (e.g., 

by absorbance, reflectometry, fluorescence, and luminescence). In the case of 

absorbance, the via holes can be filled with an optically transparent material so 

that the light can pass through a droplet positioned on one of these via holes for 

absorbance measurements.  

In another embodiment, biochemical samples can also be synthesized 

on a PCB substrate using droplet manipulation techniques described herein.  

For example, on the PCB, a number of protein droplets can be dispensed from 

a reservoir and mixed with different reagents and incubated to automate finding 

conditions to crystallize a protein.  

Sidewall Transport 

In a further embodiment, copper traces with thickness on the same order 

as the droplet height can be used so that the droplet is contained between the 

traces lying on the same substrate and covered with an insulator. The droplet 

is actuated through electric fields applied primarily in the plane of the substrate 

rather than perpendicular to it. Unlike the coplanar arrangement, where the 

droplet sits on the coplanar drive and reference electrodes and parallel-plate 
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arrangement, where the droplet is sandwiched between the drive electrodes on 

a substrate and a common reference electrode on a parallel substrate, in this 

structure a droplet is sandwiched between the coplanar drive and reference 

electrodes.  

SPECIFIC EMBODIMENT 

While general embodiments and processes of the present subject matter 

have been discussed hereinabove, more specific embodiments of fabrication of 

an apparatus to manipulate micro-volume liquid samples wherein the apparatus 

comprises a printed circuit board substrate will now be discussed.  

In a preferred embodiment, a FR-4 substrate is laminated with a 1/4 Oz 

(-9 pm) copper foil on both sides. 8 mil via holes are drilled through the 

substrate. These via holes are then electroplated with copper and filled with 

soldermask or an epoxy. Preferably, the via holes are button-plated to a 

thickness of about 5 pm where the via holes are specifically plated while the 

rest of the board is covered by a mask. The buttons are mechanically 

planarized and then the via holes are filled with soldermask or a non-conductive 

epoxy. After processing the via holes, a flash plating step is performed to a 

thickness of less than 5 pm. In case unfilled via holes are required, another 

step of drilling can be performed to obtain unfilled holes and plating is 

performed if necessary. At this stage, the designed electrode pattern is 

transferred onto the copper with a minimum line spacing of 2 mils by etching it 

through a mask. LPI is patterned and coated to a thickness of about 0.5 mils.  

Finally, a dry film soldermask is laminated and patterned to form the physical 

structures (e.g., wells and/or channels) to hold liquids and also to serve as a 

stand off material. In other embodiments, the stand off layer can also be 

obtained by using one of more LPI soldermask coatings or by laminating and 

etching a copper foil.  

EXPERIMENTAL TESTING AND RESULTS 

Experiments were conducted wherein a two-layer single-board design for 

an electric field-mediated droplet manipulator as disclosed herein was 

submitted to a commercially available electronics PCB manufacturer and 

tested. The design consisted of arrays of different control electrode shapes for 
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transport and mixing of liquid droplets as well as specialized electrode shapes 

for dispensing of droplets from a larger liquid volume. The electrodes were 

connected to contact pads by conductive traces patterned in the same layer of 

copper on the surface of the PCB. Where necessary, the traces were routed 

between the two sides of the board using conventional vias at remote locations 

from the control electrodes. Several different chip designs and interconnection 

schemes were tested.  

Some chips contained multiple copies of a single linear array of 

electrodes where the corresponding elements in each copy of the array were 

connected to the same electrical signal - thus multiple identical arrays could be 

controlled simultaneously. Other chips contained an electrode "bus" or 

conveyor structure where every fourth electrode in a contiguous line of control 

electrodes was connected to the same control signal. The use of such a 

structure allows arbitrarily long transport pathways to be controlled using a fixed 

number of control signals. Multiple droplets can be switched onto or off of the 

bus and synchronously transported. The contact pads were arranged along the 

side of the PCB and were designed to be contacted either using a standard 

edgecard connector or a standard SOIC test clip.  

Figures 6, 7, 8A-8B, and 9A-9B illustrate several examples of chips 

manufactured for experimental purposes. Figure 6 illustrates the front side of a 

PCB chip used to test droplet transport performance of different shapes 

(circular 16a, square 16b, star with small curvature 16c, star with larger 

curvature 16d) (see Figure 7) and sizes of control electrodes (results discussed 

in reference to Figures 10-12 below). The chip illustrated in Figure 6 contains 

16 different linear electrode arrays. Figures 8A and 8B are front and back 

views of a chip design featuring a three-phase droplet conveyor as well as other 

structures for dispensing from an on-chip reservoir, storing and mixing droplets.  

Vias 24 are used to route the electrical signals from the backside of the PCB to 

the control electrodes on the front side and electrical contact is made through 

edgecard connector socket 28 located along one side of the PCB. Figures 9A 

and 9B are front and back views of another chip design featuring a three-phase 

droplet conveyor as well as other structures for dispensing from a fluidic 

input/output port 32, storing and mixing droplets. Vias 24 are used to route the 
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electrical signals from the backside of the PCB to the control electrodes on the 

front side and electrical contact is made through an array of pads designed to 

be contacted using an SOIC test clip 29.  

The arrays of control electrodes were designed with a pitch of either 1.0 

mm or 1.5 mm and a nominal 2 mil spacing between adjacent electrodes. The 

substrate material was FR-4 with 1/4 oz. copper cladding. The copper was 

patterned to form the control electrodes, traces and contact pads. The nominal 

minimum linewidth/spacing of the process used was 2 mil/2 mil, which was the 

spacing used between adjacent electrodes as well as the trace width between 

the control electrodes and contact pads. A liquid photoimageable soldermask 

material, CARAPACE@ EMP 110 (available from Electra Polymers & 
Chemicals, Ltd.) was used as the electrode insulator. The nominal thickness of 

the soldermask insulator was 0.6 mil. After the PCBs were received from the 

manufacturer a thin hydrophobic coating of TEFLON@ AF was applied to the 

top surface of the chip. TEFLON@ AF was applied by spin-coating a 1% 

solution in FC-75 at 3000 rpm for 20 seconds onto the PCB surface, followed 

by a 30 minute cure at 150 0C.  
The PCBs were assembled as a sandwich with an indium-tin-oxide 

coated glass top-plate. The top-plate was also coated with a thin layer of 

TEFLON@ AF so that all interior surfaces in contact with the droplet were 

hydrophobic. The conductive indium-tin-oxide film on the top-plate was used as 

the reference electrode. The PCB and top-plate were separated by a gap of 

approximately 0.8 mm. One or more droplets of electrolyte (0.1 M KCI) were 

injected into the sandwich structure and deposited on a control electrode. The 

volume of the droplet was sufficient to cover a single electrode and was 

approximately 2.2 pL for the 1.5 mm pitch electrodes and 1.1 pL for the 1 mm 

electrodes. The remaining volume between the two plates was filled either with 

air or with low viscosity (1 cSt.) silicone oil.  

Referring to Figures 6, 7, and 10-12, tests on the transportation of 

droplets by sequential activation of the control electrodes as described in U.S.  

Patent No. 6,911,132 and U.S. Patent Application Publication No.  

2004/0058450, both to Pamula et al., were performed. Using a PCB similar to 

that shown in Figure 6, tests were performed on 4 different electrode shapes 

(circular 16a, square 16b, star with small curvature 16c, star with larger 
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curvature 16d) (see Figure 7) in each of the two electrode sizes (1.0 mm and 

1.5 mm pitch).  

For each electrode size and shape the maximum rate at which droplets 

could be transported between adjacent control electrodes was determined as a 

function of the applied voltage, as shown in Figures 10 and 11. Droplets were 

successfully transported at voltages less than 40 V (for 1.0 mm electrode size) 

with transport speed increasing with voltage beyond that threshold. Higher 

voltages were required for droplet actuation than previously reported in other 

systems because of the use of the thicker soldermask insulator. For instance, 

the soldermask insulation is approximately 16 times thicker than the insulation 

used with previous microfabricated devices, and therefore approximately four 

(4) times as much voltage is required owing to the electrostatic energy (1/2CV 2) 
dependence of the transport mechanism.  

As expected, beyond the initial threshold voltage, the speed of transport 

and consequently the maximum speed at which the droplet could be switched 

increased with voltage. The range of voltage tested was from roughly 0 - 200 

V for the 1.5 mm electrodes and 0 - 100 V for the 1.0 mm electrodes, and 

droplet transport rates up to 24 Hz were observed. The resulting test curves 

exhibited an expected general shape - the higher the voltage applied the higher 

the possible transfer frequency. However, the curves for the 1.5 mm electrodes 

(Figure 10) were not very smooth and there appears to be a significant effect of 

the shape of the electrode. Alternatively, the curves for the 1.0 mm electrodes 

(Figure 11) are quite predictable and do not exhibit large dependence on 

electrode shape. In addition, there was a scaling effect where the threshold 

voltages of the 1.0 mm electrodes were 10-20 V lower than the 1.5 mm 

electrodes at corresponding frequencies.  

As shown graphically in Figure 12, a further test was performed to 

determine the stability of droplet transport over time. A droplet was 

programmably cycled across four 1.5 mm square electrodes at the minimum 

voltage required to sustain transport at a switching frequency of either 4 Hz or 8 

Hz. At five minute intervals the minimum voltage for continuous transport was 

tested and adjusted. The tests which were performed for an hour or more 

demonstrate a general trend of increasing voltage requirement over time which 

is presumably due to degradation of the insulator and contamination of the 
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insulator surface. However, in each case over 20,000 cycles of droplet 

transport were performed during the experiment.  

With reference to the graph shown in Figure 13, tests were also 

conducted to determine the minimum voltage requirements for droplet transport 

5 at a given switching frequency. Digital microfluidic chips for both an open (i.e., 

co-planar without a top plate) and a confined (i.e., bi-planar with a top plate) 

structure on a PCB were used (see Figures 1 B and 4B, respectively).  

Electrodes (1.5 x 1.5 mm2) were patterned in copper to a final thickness of 

-25pm. 150pm via holes were drilled into each electrode to provide electrical 

10 contacts to the backside of the board. Grounding rails were patterned 

alongside all the drive electrodes to provide a continuous ground connection to 

the droplets, and a liquid photoimageable (LPI) solder mask (-17 pm) was 

patterned to act as an insulator, exposing only the rails. As the only post

processing step, TEFLON@ AF was brush-coated to render the surface 

15 hydrophobic. Droplets of a polarizable and conducting liquid (1M KCI) were 

transported in both the open (co-planar) and confined (bi-planar) systems. For 

the open system, each droplet was 6pl in volume and a small drop of silicone 

oil (2pl) was added and appeared to surround the droplet. For the confined 

system, the volume of each droplet was 2.5pl, and the entire chip was filled 

20 with silicone oil to facilitate transport.  

The minimum actuation voltages required to successfully transport 

droplets were measured for each system at switching frequencies ranging from 

1 to 32 Hz. As shown graphically in Figure 13, the operating voltages for 

droplets in the confined (bi-planar) and open (co-planar) systems ranged from 

25 140-260V and 125-220V, respectively, depending on the switching frequency of 

the droplets. This appears to suggest that droplet actuation is facilitated by the 

absence of a confining top plate, possibly due to the reduced drag experienced 

by the unconfined droplet. Electrolysis of the droplets, typically due to improper 

coverage of the insulator, was not observed using LPI solder mask as an 

30 insulator up to the maximum tested voltage of 350V. Insulator charging, 

however, was experienced beyond 300V.  

Referring to Figures 14A-14D, top views of various sequences of time-lapsed 

images demonstrating droplet transport and mixing are shown. Figures 14A 

and 14C depict droplet transport and mixing, respectively, for droplets confined 
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by a top plate (600pm) (bi-planar). Figures 14B and 14D depict droplet 

transport and mixing, respectively, for droplets in an open system (co-planar).  

Mixing was performed at a switching frequency of 8 Hz and was completed 

within 5 seconds for two 2.5pl "confined" droplets, and within 1.8 seconds for 

5 two 6pl droplets in an "open" system. Thus, the mixing rates (volume per unit 

time) observed in the open (co-planar) system is nearly seven times greater 

than in the confined system (bi-planar). This improved mixing may be attributed 

to increased circulation experienced within the thicker droplet, as circulation 

has previously been shown to worsen as droplets get thinner.  

10 
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CLAIMS 

An apparatus for manipulating droplets, the apparatus comprising: 

(a) a printed circuit board substrate comprising a first side surface 

and a second side surface; 

(b) an array of electrodes disposed on the substrate first side 

surface; 

(c) a dielectric layer disposed on the substrate first side surface and 

patterned to cover the electrodes; and 

(d) an electrode selector for dynamically creating a sequence of 

array electrode activation whereby a droplet disposed on the 

substrate first side surface is electrically manipulated, wherein 

the droplet is electrically manipulated using electrowetting 

mediated droplet operations.  

2. The apparatus according to claim 1 wherein the printed circuit board 

substrate comprises a plurality of substrate apertures defined therein 

and extending from the substrate first side surface to the substrate 

second side surface and each electrode comprises an electrode 

aperture, wherein each electrode aperture is aligned with one of the 

plurality of substrate apertures to define a plurality of via holes through 

the apparatus.  

3. The apparatus according to claim 2 wherein the via holes are filled with 

a dielectric substance.  

4. An apparatus for manipulating droplets, the apparatus comprising: 

(a) a printed circuit board substrate comprising a first side surface 

and a second side surface; 

(b) an array of drive electrodes disposed on the substrate first side 

surface; 

(c) an array of one or more reference elements settable to a 

common reference potential disposed in at least substantially 

co-planar relation to the drive electrode array; 

(d) a dielectric substance layer disposed on the substrate first side 

surface and patterned to cover the drive electrodes; and 
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(e) an electrode selector for dynamically creating a sequence of 

array electrode activation whereby a droplet disposed on the 

substrate first side surface is electrically manipulated, wherein 

the droplet is electrically manipulated using electrowetting 

mediated droplet operations.  

5. The apparatus according to claim 4 wherein the array of reference 

elements comprises a grid of elongate structures.  

6. The apparatus according to claim 5 wherein the height of the grid of 

elongate structures is at least equal to the height of the droplet 

disposed on the substrate first side surface.  

7. An apparatus for manipulating droplets, the apparatus comprising: 

(a) a printed circuit board substrate comprising a first side surface 

and a second side surface; 

(b) an array of drive electrodes disposed on the substrate first side 

surface; 

(c) an elongate reference element substantially parallel to and 

spaced apart from the substrate first side surface by a distance 

to define a space between the reference element and the 

substrate first side surface, wherein the distance is sufficient to 

contain a droplet disposed in the space; 

(d) a dielectric substance layer disposed on the substrate first side 

surface and patterned to cover the drive electrodes; and 

(e) an electrode selector for dynamically creating a sequence of 

array electrode activation whereby a droplet disposed on the 

substrate first side surface is electrically manipulated, wherein 

the droplet is electrically manipulated using electrowetting 

mediated droplet operations.  

8. The apparatus according to either of claims 4 or 7 wherein the printed 

circuit board substrate comprises a plurality of substrate apertures 

defined therein and extending from the substrate first side surface to 

the substrate second side surface and each drive electrode comprises 

an electrode aperture, wherein each drive electrode aperture is aligned 

with one of the plurality of substrate apertures to define a plurality of via 
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holes through the apparatus.  

9. The apparatus according to claim 8 wherein the via holes are filled with 

the dielectric substance.  

10. The apparatus according to claim 8 wherein the via holes are filled with 

a resin.  

11. The apparatus according to claim 10 wherein the resin is a conductive 

epoxy or an optically transparent epoxy.  

12. The apparatus according to any of claims 1, 4 or 7 wherein the 

substrate defines at least one droplet inlet port adjacent with at least 

one of the electrodes of the electrode array.  

13. The apparatus according to claim 12 wherein the at least one droplet 

inlet port is in communication with a liquid flow source selected from 

the group consisting of a flexible tube, a syringe, a pipettor, an external 

fluidic pump, a glass capillary tube, an intra-venous line, and a 

microdialysis lumen.  

14. The apparatus according to either of claims 1 or 12 wherein the 

substrate defines at least one droplet outlet port adjacent with at least 

one of the electrodes of the electrode array.  

15. The apparatus according to claim 14 wherein the at least one droplet 

outlet port is in communication with a liquid flow source selected from 

the group consisting of a flexible tube, a syringe, a pipettor, an external 

fluidic pump, a glass capillary tube, an intra-venous line, and a 

microdialysis lumen.  

16. The apparatus according to claim 7 wherein the elongate reference 

element is an array of one or more wires.  

17. The apparatus according to claim 7 wherein the elongate reference 

element is a plate.  

18. The apparatus according to claim 17 wherein the reference element 

plate comprises a plate surface facing the substrate surface, and the 

plate surface is hydrophobic.  
19. The apparatus according to any of claims 3, 4 or 7 wherein the 

dielectric substance is a soldermask material, spin-on material, dip
coatable material, brush or spray-coatable, vapor depositable, or 
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sputtered material.  

20. The apparatus according to claim 19 wherein the soldermask material 

is selected from the group consisting of liquid photoimageable 

soldermask (LPI) and dry film soldermask (DFSS).  

21. The apparatus according to any of claims 1, 4 or 7 further comprising 

an electronic component operatively connected to the printed circuit 

board substrate, the electronic component being selected from the 

group consisting of microcontrollers, relays, high voltage multiplexers, 

voltage converters, light emitting diodes (LEDs), photodiodes, photo

multiplier tubes (PMT), heating elements, thermistors, resistance 

temperature devices (RTDs), and electrochemical measurement 

electrodes.  

22. An apparatus for manipulating droplets, the apparatus comprising: 

(a) a first printed circuit board substrate comprising a first side 

surface and a second side surface; 

(b) an array of drive electrodes disposed on the first printed circuit 

board substrate first side surface; 

(c) a dielectric substance layer disposed on the first printed circuit 

board substrate first side surface and patterned to cover the 

drive electrodes; 

(d) a second printed circuit board substrate comprising a first side 

surface and a second side surface, the second printed circuit 

board substrate being substantially parallel to and spaced apart 

from the first printed circuit board substrate by a distance to 

define a space between the second printed circuit board 

substrate second side surface and the first printed circuit board 

substrate first side surface, wherein the distance is sufficient to 

contain a droplet disposed in the space; 

(e) an array of drive electrodes and an array of one or more 

reference elements disposed on the second printed circuit board 

substrate second side surface; and 

(f) an electrode selector for dynamically creating a sequence of 

array electrode activation whereby a droplet disposed between 
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the first printed circuit board substrate first side surface and the 

second printed circuit board substrate second side surface is 

electrically manipulated, wherein the droplet is electrically 

manipulated using electrowetting mediated droplet operations.  

23. A method for actuating a droplet, the method comprising the steps of: 

(a) providing a droplet on a surface of a printed circuit board 

substrate, the surface comprising an array of electrodes, 

wherein the droplet is initially disposed on a first one of the 

electrodes and is adjacent to a second one of the electrodes 

separated from the first electrode by a first gap; 

(b) biasing the first electrode to a first voltage and the second 

electrode to a second voltage different from the first voltage 

whereby the droplet moves towards the second electrode, 

wherein moving the droplet is effected via electrowetting 

mediated droplet operations.  

24. The method according to claim 23 wherein the second voltage is a 

ground state.  

25. The method according to claim 23 wherein the applied bias is either 

DC or AC.  

26. A method for actuating a droplet, the method comprising: 

(a) providing a droplet on a surface of a printed circuit board 

substrate, the surface comprising an array of drive electrodes 

and an at least substantially co-planar array of one or more 

reference elements, wherein the droplet is disposed on a first 

one of the drive electrodes; and 

(b) biasing the first drive electrode to move the droplet from the first 

drive electrode to a second drive electrode, wherein moving the 

droplet is effected via electrowetting mediated droplet 

operations.  

27. The method according to claim 26 wherein the second electrode is 

adjacent to the first electrode along a first direction, the electrode array 

comprises one or more additional electrodes adjacent to the first 

electrode along one or more additional directions, the droplet is 
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adjacent to the one or more additional electrodes, and the method 

comprises the steps of: 

(a) selecting the first direction as a desired direction along which the 

droplet is to move; and 

(b) selecting the second electrode for biasing based on the 

selection of the first direction.  

28. A method for actuating a droplet, the method comprising: 

(a) providing a droplet between a surface of a printed circuit board 

substrate and an elongate reference element substantially 

parallel to and spaced apart from the printed circuit board 

surface, wherein the printed circuit board surface comprises an 

array of drive electrodes and the droplet is disposed on a first 

one of the drive electrodes; and 

(b) biasing the first drive electrode to move the droplet from the first 

drive electrode to a second drive electrode, wherein moving the 

droplet is effected via electrowetting mediated droplet 

operations.  

29. A method for actuating a droplet, the method comprising: 

(a) providing a droplet between a surface of a first printed circuit 

board substrate and a surface of a second printed circuit board 

substrate substantially parallel to and spaced apart from the 

printed circuit board, wherein the first printed circuit board 

surface comprises an array of drive electrodes and the droplet is 

disposed on a first one of the drive electrodes, and further 

wherein the second printed circuit board surface comprises an 

array of drive electrodes and an array of one or more reference 

elements; and 

(b) biasing the first drive electrode to move the droplet from the first 

drive electrode to a second drive electrode, wherein moving the 

droplet is effected via electrowetting mediated droplet 

operations.  

30. A method for merging two or more droplets into one droplet, comprising 

the steps of: 
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(a) providing first and second droplets on a surface of a printed 

circuit board substrate, the surface comprising an array of 

electrodes, wherein the electrode array comprises at least three 

electrodes comprising a first outer electrode, a medial electrode 

adjacent to the first outer electrode, and a second outer 

electrode adjacent to the medial electrode, the first droplet is 

disposed on the first outer electrode and is adjacent to the 

medial electrode, and the second droplet is disposed on the 

second outer electrode and is adjacent to the medial electrode; 

(b) selecting one of the three electrodes as a destination electrode; 

(c) selecting two or more of the three electrodes for activation and 

de-activation based on the selection of the destination electrode; 

and 

(d) activating and de-activating the electrodes selected to move one 

of the first and second droplets toward the other droplet or both 

of the first and second droplets toward each other, whereby the 

first and second droplets merge together to form a combined 

droplet on the destination electrode, wherein moving the droplet 

is effected via electrowetting mediated droplet operations.  

31. A method for splitting a droplet into two or more droplets, comprising 

the steps of: 

(a) providing a starting droplet on a surface of a printed circuit board 

substrate, the surface comprising an array of electrodes, 

wherein the electrode array comprises at least three electrodes 

comprising a first outer electrode, a medial electrode adjacent to 

the first outer electrode, and a second outer electrode adjacent 

to the medial electrode, and the starting droplet is initially 

disposed on at least one of the three electrodes and is adjacent 

to at least one other of the three electrodes; 

(b) biasing each of the three electrodes to a first voltage to position 

the starting droplet across the three electrodes; and 

(c) biasing the medial electrode to a second voltage different from 

the first voltage to split the starting droplet into first and second 
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split droplets, whereby the first split droplet is formed on the first 

outer electrode and the second split droplet is formed on the 

second outer electrode, wherein splitting the droplet is effected 

via electrowetting mediated droplet operations.  

32. A method for splitting a droplet into two or more droplets, comprising 

the steps of: 

(a) providing a starting droplet on a surface of a printed circuit board 

substrate, the surface comprising an array of electrodes, 

wherein the electrode array comprises at least three electrodes 

comprising a first outer electrode, a medial electrode adjacent to 

the first outer electrode, and a second outer electrode adjacent 

to the medial electrode, and the starting droplet is initially 

disposed on at least one of the three electrodes and at least 

partially overlaps at least one other of the three electrodes; 

(b) biasing the medial electrode to a first voltage to position the 

starting droplet, whereby the starting droplet at least partially 

overlaps the three electrodes; and 

(c) biasing the medial electrode to a second voltage and at least 

one of the first and second outer electrodes to a third voltage, 

the second and third voltages different than the first voltage, to 

split the initial droplet into first and second split droplets, 
whereby the first split droplet is formed on the first outer 

electrode and the second split droplet is formed on the second 

outer electrode, wherein splitting the droplet is effected via 

electrowetting mediated droplet operations.  
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