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Directing Motion of Droplets Using Differential Wetting
BACKGROUND

[0001] This application claims from United States provisional App. Ser. No. 62/811,018, filed February
27,2019, titled Directing Motion of Droplets Using Differential Wetting, and United States provisional App. Ser.
No. 62/636,268, filed Feb. 28, 2018, titled Manufacturing Methods for Electrowetting Microfluidic Chip. These
applications are incorporated by reference.

[0002] This application relates to controlling and manipulating a liquid or gas in a device that is small,

typically milliliter to sub-microliter scale.
SUMMARY

[0002a] In an aspect, the present disclosure refers to a system for processing a sample, comprising: an
array comprising (i) a first plurality of electrodes, (i) a second plurality of electrodes, (iii) a liquid coating filling in
gaps between adjacent electrodes of said first plurality of electrodes and said second plurality of electrodes, (iv)
a dielectric disposed over said first plurality of electrodes, said second plurality of electrodes, and said liquid
coating filling in gaps between said adjacent electrodes, and (v) a liquid layer disposed over said dielectric,
wherein said liquid layer is configured to support a droplet on a surface of said liquid layer, wherein said droplet
comprises said sample, wherein said liquid layer comprises a liquid that has a wetting affinity characteristic for
said dielectric, wherein said liquid is immiscible with said droplet, and wherein said first plurality of electrodes and
said second plurality of electrodes are configured to supply an electric field to induce said droplet to motion along
a surface of said liquid layer; and a controller operatively coupled to said first plurality of electrodes and said
second plurality of electrodes, wherein said controller is configured to direct at least a subset of said first plurality
of electrodes and said second plurality of electrodes to supply said electric field to alter a wetting characteristic of
said surface of said liquid layer, to thereby induce said droplet to motion along said surface of said liquid layer.

[0002b] In another aspect, the present disclosure refers to a method for processing a sample,
comprising: (a) providing an array comprising: (i) a first plurality of electrodes, (i) a second plurality of electrodes,
(iii) a liquid coating filling in gaps between adjacent electrodes of said first plurality of electrodes and said second
plurality of electrodes, (iv) a dielectric disposed over said first plurality of electrodes, said second plurality of
electrodes, and said liquid coating filling in gaps between said adjacent electrodes, and (v) a liquid layer
disposed over said dielectric, wherein said liquid layer is configured to support a droplet on a surface of said
liquid layer, wherein said droplet comprises said sample, wherein said liquid layer comprises a liquid that has a

wetting affinity characteristic for said dielectric, and wherein said liquid is immiscible with said droplet; (b)
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introducing said droplet comprising said sample on said surface of said liquid layer disposed over said dielectric;
and (c) directing at least a subset of said first plurality of electrodes and said second plurality of electrodes to
supply an electric field to alter a wetting characteristic of said surface of said liquid layer, to thereby induce said
droplet to motion along said surface of said liquid layer.

[0003] In general, in a first example, the present disclosure features apparatus for controlling motion
of liquid droplets. A set of electrode pads is arranged in an array or in paths defining one or more tracks over
which liquid droplets may be induced to move over a sequence of the electrode pads. A surface over the
electrode pads is dielectric, smooth to within 2um, has a slide angle for a 5ul droplet of the liquid of no more
than 5 degrees, and has a wetting affinity to the liquid that can be altered by application of voltage to the
electrode pads. A control is designed to alter the wetting characteristic of portions of the surface over respective
electrode pads to effect induced motion of the droplets over the tracks, the wetting characteristic to be altered by
controlling charging and discharging of the electrode pads in a desired sequence.

[0004] Ingeneral, in a second example, the present disclosure features apparatus for controlling
motion of liquid droplets. A smooth, hydrophobic surface has portions with a wetting affinity to the liquid that can
be varied in a controlled manner. The varying-wettability portions are arranged in an array or in paths defining
one or more tracks over which liquid droplets may be induced to move over a sequence of the varying-wettability
portions. A control is designed to vary the wetting characteristic of varying-wettability portions of the surface to
effect induced motion of the droplets over the tracks. The apparatus is designed with the smooth hydrophobic
surface open, with no overlying or facing electrode or plate above the droplets.

[0005] Ingeneral, in a third example, the present disclosure features apparatus for controlling motion
of liquid droplets. A solid surface is textured to hold a thin layer of a second liquid that is immiscible with the
liquid of the droplets, an upper surface of the second liquid forming a liquid-liquid surface that is slippery with
respect to the liquid droplets, having a slide angle for a 5ul droplet of the droplet liquid of no more than 5
degrees, and having a wetting affinity to the droplet liquid that can be varied under control, the varying-wettability
portions being arranged in an array or in paths defining one or more tracks over which the liquid droplets may be
induced to move over a sequence of the varying-wettability portions. A control is designed to vary the wetting
characteristic of varying-wettability portions of the liquid-liquid surface to effect induced motion of the droplets

over the tracks.
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[0006] In general, in a fourth example, the present disclosure features apparatus for controlling motion
of liquid droplets. A set of electrode pads is arranged in an array or in paths defining one or more tracks over
which liquid droplets may be induced to move over a sequence of the electrode pads. A surface over the
electrode pads is dielectric, smooth to within 1um, the smooth surface being formed as a thin layer of a second
liquid that is immiscible with the liquid of the droplets, an upper surface of the second liquid forming a liquid-liquid
surface that is hydrophobic, having a slide angle for a 5ul droplet of the liquid of no more than 5 degrees, and
having portions whose wetting affinity to the liquid that can be individually varied in a controlled manner by
application of voltage to respective electrode pads, the varying-wettability portions being arranged in an array or
in paths defining one or more tracks over which liquid droplets may be induced to move over a sequence of the
varying-wettability portions. The second liquid is laid as a thin layer on a surface of an underlying solid substrate
that is textured to hold the second liquid stable against gravity. A control is designed to alter the wetting
characteristic of varying-wettability portions of the surface over respective electrode pads to effect induced
motion of the droplets over the tracks, the wetting characteristic to be altered by controlling charging and
discharging of the electrode pads in a desired sequence. The apparatus is designed with the smooth
hydrophobic surface open, with no overlying or facing electrode or plate above the droplets.

[0007] In general, in a fifth example, the present disclosure features a method. A liquid droplet is
introduced onto a surface over a set of electrode pads arranged in an array or in paths defining one or more
tracks over which the liquid droplet may be induced to move over a sequence of the electrode pads. The surface
is dielectric, hydrophobic, smooth to within 2jum, and has a slide angle for a 5l droplet of the liquid of no more
than 5 degrees, and has a wetting affinity to the liquid that can be altered by application of voltage to the
electrode pads. The varying-wettability portions are arranged in an array or in paths defining one or more tracks
over which liquid droplets may be induced to move over a sequence of the varying-wettability portions. The
wetting characteristic of portions of the surface over respective electrode pads is controlled to effect induced
motion of the droplet over the tracks, the wetting characteristic to be altered by controlling charging and
discharging of the electrode pads in a desired sequence. The surface is designed with the smooth hydrophobic
surface open, with no overlying or facing electrode or plate above the droplets.

[0008] Examples of the present disclosure may include one or more of the following features. The motive
voltage may be less than 100V, less than 80V, less than 50V, less than 40V, less than 30V, or less than 20V. The
electrodes may be printed on a substrate using printed circuit board technology, or manufactured using thin-film transistor
(TFT), active matrix, or passive matrix backplane technology. Various levels of smoothing may be preferred, from 5um,
2um, 1um, 500nm, 200nm, or 100nm. The surface may be smoothed to within 1jum by polishing. The surface may be
smoothed to within 1um by applying a coating, the coating applied by at least one of spin coating, spray coating, dip coating,
or vapor deposition. The surface coating may be of a material that is both dielectric and hydrophobic. The surface may be
smoothed to within 1um by application of a sheet of a polymer stretched to remove wrinkles. The slide angle may be
imparted to the surface by patterning or texturing to induce hydrophobicity. The slide angle of a 5ul droplet may be no more

than 5°, 3°, 2°, or 1°. A set of
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electrode pads may be arranged in an array or in paths defining one or more tracks over which liquid droplets
may be induced to move over a sequence of the electrode pads, the varying-wettability portions being a dielectric
surface over the electrode pads. The wettability of the varying-wettability portions of the surface may be varied
via application of light. The varying-wettability portions of the surface may operate by optoelectrowetting. The
varying-wettability portions of the surface may operate by photoelectrowetting. The smooth surface may have
one or more holes, for example, to introduce liquid droplets or reactants, or to allow passage of light. The
apparatus may include stations for one or more of, or two or more of, or three or more of, or four or more of, the
group consisting of dispensing, mixing, heating, cooling, application of magnetic field, application of electric field,
addition of reagent, optical inspection or assay, and isolation or purification of proteins, peptides, or any other
biopolymer. An acoustic transducer may be configured to introduce to introduce liquid droplets into the
apparatus. A microdiaphragm pump may be configured to introduce to introduce liquid droplets into the
apparatus. Other alternatives for introducing or injecting liquid droplets may include inkjet printer inkjet nozzles,
syringe pumps, capillary tubes, or pipettes. The second liquid may be an oil that has wetting affinity for the solid,
and is held to a textured surface of the solid.

[0009] The above advantages and features are of representative embodiments only, and are
presented only to assist in understanding the invention. It should be understood that they are not to be
considered limitations on the invention as defined by the claims. Additional features and advantages of

embodiments of the invention will become apparent in the following description, from the drawings, and from the

claims.
DESCRIPTION OF THE DRAWINGS
[0010] FIG.1(a) is a plan view of droplets on an electrowetting surface.
[0011]  FIGS. 1(b), 2(a), 2(b), 3(a), 3(b), 3(c), 4(a), 4(b), 4(c), 5(a), 5(b), 6(a), 6(b), 6(c), 10(a), 10(b),
10(c), 10(d), 10(e), 10(f), 10(g), 10(h), 10(i) are side sectional views of droplets on an electrowetting surface.

[0012] FIGS. 7(a) and 7(b) are photographs in side section of printed circuit boards.

[0013] FIGS. 8(a), 8(b), 8(c), 8(d), 8(e), 8(f), 9(a), and 9(e) are side section view of printed circuit
boards.

[0014] FIGS. 9(b), 9(c), and 9(d) are views of a manufacturing process.

[0015] FIG. 11(a) is a perspective view of a laboratory apparatus.

[0016] FIGS. 11(b), 11(c), 11(d), and 11(e) are top plan views of processing stations of an
electrowetting device.

[0017] FIGS. 11(f) and 11(h) are perspective views of processing stations for an electrowetting
device.

[0018] FIGS. 11(g), 11(i), and 11(j) are side section views of processing stations for an electrowetting
device.

[0019] FIG. 12(a) is an exploded view of two configurations of an electrowetting device.
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[0020] FIGS. 12(b) and 12(c) are side section views of microfluidic devices.

DESCRIPTION

[0021]  The Description is organized as follows.

Introduction
ILA. Liquid-on-liquid electrowetting (LLEW) for electrowetting

I.B. Electrowetting on a dielectric (EWOD) for droplet manipulation

Manufacturing methods for electrowetting arrays
II.LA. Substrates for electrowetting
II.B. Creating smooth dielectric surface on the electrode array
[1.B.1. Smoothing with photoresist / epoxy / potting compound
(a) Creating a dielectric on the smooth photoresist/epoxy/potting compound
(i)  Deposit thin film coatings as dielectric
(i)  Bond polymer films to form top-most dielectric
I.B.2. Using excess photoresist and polishing to a smooth dielectric surface
[.B.3. Polymer film as a smooth dielectric surface
I.C. Creating afinal slippery surface finish
[.CA1. Modifying solid dielectric to achieve hydrophobicity
(@) Surface chemistry modification (functionalization)
(b) Surface topography modification
(i)  Creating micropillars
(i)  Microspheres

[1.D. Slippery liquid coating and liquid-on-liquid electrowetting (LLEW)

[1.D.1. Droplets on thin film liquid layer in LLEW
[1.D.2. Creating textured solid for LLEW
[1.D.3. Applying lubricating oil onto the textured solid

Unique Properties of liquid-on-liquid electrowetting (LLEW)
[IlLA. Low actuation voltage

[1I.B. Cleaning by washing an LLEW device surface

Applications of electrowetting
IV.A. Arbitrarily-large open face
IV.B. Droplet motion, merging and splitting
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IV.C. Lab in a box (desktop digital wetlab)

[V.D. Process stations

V.D.1. Mixing stations

V.D.2. Incubation station

IV.D.3. Magnetic bead station

V.D.4. Nucleic acid delivery station

IV.D.5. Optical inspection station

IV.D.6. Loading / unloading via acoustic liquid handlers or microdiaphragm based pump
dispenser

V. Alternative implementations

V.A. Droplet on open surface (single plate configuration) or sandwiched between two plates (two plate
configuration)

V.B. Optoelectrowetting and photoelectrowetting
V.C. Optoelectrowetting

V.D. Photoelectrowetting

V.E. Software and hardware

V.F. Other alternatives

L. Introduction

[0022] Referring to FIG. 1, an electrowetting device may be used to move individual droplets of water
(or other aqueous, polar, or conducting solution) from place to place. The surface tension and wetting properties
of water may be altered by electric field strength using the electrowetting effect. The electrowetting effect arises
from the change in solid-electrolyte contact angle due to an applied potential difference between the solid and
the electrolyte. Differences in wetting surface tension that vary over the width of the droplet, and corresponding
change in contact angle, may provide motive force to cause the droplets to move, without moving parts or
physical contact. Electrowetting device 100 may include a grid of electrodes 120 with a dielectric layer 130 with
appropriate electrical and surface priorities overlaying electrodes 120, all laid on a rigid insulating substrate 140.

[0023] It may be desirable to prepare the surface 130 of the electrode grid so that it has low adhesion
with water. This allows water droplets 110 to be moved along the surface by small forces generated by gradients
in electric field and surface tension across the width of the droplet. A surface with low adhesion may reduce the
trail left behind from a droplet. A smaller trail may reduce droplet cross contamination, and may reduce sample
loss during droplet movement. Low adhesion to surface may also allow for low actuation voltage for droplet
motion and repeatable behavior of droplet motion. There are several ways to measure low adhesion between a

surface and a droplet;
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¢ Slide angle: as a surface is tipped up from horizontal level, at what angle does a droplet of a given size
begin to move under the force of gravity? For example, a surface that holds a 5ul droplet at 4° but
allows it to slide at 5° may be said to have a 5yl slide angle of 5°. For various applications, 5ul slide
angles of 10°, 5°, 3°, 2°, and 1° may be desirable. The smaller the slide angle, the more slippery the
surface may be said to be, and generally the lower the voltage required to move droplets across the
surface.

¢ Contact angle hysteresis: in a surface with low surface adhesion, as a liquid droplet moves across the
surface, the contact angle between the leading edge and the surface vs. the trailing edge and the
surface will be close the same, determined largely by the liquid’s surface tension. As the droplet moves
across a surface with higher adhesion, the leading and trailing contract angles will separate. High liquid-
surface hydrophobicity and low surface energy will result in less difference in angle. Contact angle
hysteresis (that is, the difference between leading and trailing contact angles) of 15°, 10°, 7°, &°, 3°, and
2° may be progressively more desirable.

[0024] There are several ways to achieve low surface adhesion; for example, mechanically polishing
until smooth within a few nanometers, applying coating to fill surface irregularities, chemically modifying the

surface to create desirable surface properties (hydrophobic, hydrophilic, varying with electric field strength, etc.)

l.LA. Liquid-on-liquid electrowetting (LLEW) for electrowetting

[0025] Referring to FIGS. 2(a) and 2(b), an electrowetting mechanism called “liquid-on-liquid-
electrowetting” (LLEW) takes advantage of an electrowetting phenomenon that ocours at a liquid-liquid-gas
interface 200. A water droplet 110 riding on the surface of a layer of a low-surface energy liquid 210 (such as oil)
and substantially surrounded by air (vapor or gas) creates a liquid-liquid-gas interface at the contact line 200.
The oil 210 may be stabilized in place on the solid substrate by a textured surface 220 of the solid substrate, and
the conductive layer of metal electrodes 120 may be embedded in the body of this solid. Referring to FIG. 2(b),
when an electric potential is applied across the height of droplet 110, the liquid-liquid-gas interface 200 causes
droplet 110 to wet the oil 210 and spread across the surface while still riding on the oil 210.

[0026] Referring to FIGS. 3(a), 3(b), and 3(c), the liquid-on-liquid electrowetting technique may be
used to manipulate droplets 110 that contain biclogical and chemical samples. In FIG. 3(a), droplet 110 is in
motion from left to right, and has just been attracted onto the left-most of three electrodes 120a by a positive
voltage 302 on that leftmost electrode 120a, with consequent addition of electric field at the liquid-liquid surface
and enhanced wetting. In FIG. 3(b), the voltage is withdrawn from the leftmost electrode 120a and applied to the
center electrode 120b. Because of the enhanced wetting over the center electrode 120b, the droplet has been
attracted to the center position in FIG. 3(b). In FIG. 3(c), the voltage is withdrawn from the left and center
electrodes 120a, 120b and applied to the right electrode 120c, and the enhanced wetting over the right electrode
120c¢ has attracted the droplet to the right.

[0027] Referring to FIG. 4(a), 4(b), and 4(c), differential wetting may be used to merge two droplets
1104, 110b on a LLEW surface 200 over an electrode array 120d, 120e, 120f. In FIG. 4(a), two droplets have

been attracted to the leftmost and rightmost electrodes 120d, 120f. In FIG. 4(b), the voltage is removed from the
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left and right electrodes 120d, 120f and applied to the center electrode 120e. The two droplets are attracted from
left and right to center 120e and begin to merge. In FIG. 4(c), merger of the two droplets is complete.

[0028] Referring to FIGS. 3(a), 3(b), 3(c), 4(a), 4(b), and 4(c), such a microfluidic selective wetting
device may be capable of performing microfluidic droplet actuation such as droplet transport, droplet merging,
droplet mixing, droplet splitting, droplet dispensing, droplet shape change. This LLEW droplet actuation may then
be used for a microfluidic device to automate biological experiments such as liquid assays, in devices for medical

diagnostics and in many lab-on-a-chip applications.

I.B.  Electrowetting on a dielectric (EWOD) for droplet manipulation

[0029] Referring to FIGS. 5(a) and 5(b), Electrowetting on Dielectric (EWOD) is a phenomenon in
which the wettability of an aqueous, polar, or conducting liquid may be modulated through an electric field across
a dielectric film 530 between the droplet and conducting electrode 120. Adding or subtracting charge from
electrode 120 may change the wettability of an insulating dielectric layer 530, and that wettability change is
reflected in a change to contact angle 540 of the droplet 110. The contact angle change may in turn cause the
droplet 110 to change shape, to move, to splitinto smaller droplets, or to merge with another droplet. As
represented by Equation 2, the contact angle 540 is a function of the applied voltage.

[0030] The wetting behavior (wetting or wettability) of a liquid on a solid surface refers to how well a
liquid spreads on the solid surface. The wettability of a droplet on a solid surface surrounded by air is governed
by interfacial tension between the solid, liquid, and gas medium. For an immobile droplet, the wettability is

measured in terms of the contact angle 540 with the solid surface, which is governed by Young's equation:

YsL = Ysc + Yic 008(6e) (Equation 1)

where ysL is the solid-liquid surface tension, yic is the liquid air surface tension, ysc the solid-gas surface tension
Be is the contact angle under equilibrium.
[0031]  Gabriel Lippman observed that the capillary level of mercury in an electrolyte changes when a

voltage is applied. This phenomenon (electro-capillarity) is then described through Lippmann-Young's equation:

c0s(By) = cos(Bo) + 1/yre *1/2* C * U? (Equation 2)

Bo is the contact angle when the electric field is zero (i.e. no voltage applied) and By is the contact angle when a

voltage U is applied, and ¢ is the capacitance per unit area between the electrode and the droplet.

Il Manufacturing methods for electrowetting arrays
[0032] An electrowetting device to be used for transporting and mixing liquids of biological liquids may

consist of an array of electrodes 120 on an insulating substrate, a thin layer of dielectric 130 and, if necessary, a
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final slippery coating. Sometimes the dielectric layer itself may provide sufficient hydrophobic and slippery
behavior with or without additional chemical or topographical modification.

[0033] The electrode grid 120 on an insulating substrate may be fabricated using some combination
of one or more of the following methods—printed circuit board manufacturing, CMOS, or HV CMOS or other
semiconductor fabrication methods, manufactured using thin-film transistor (TFT), active matrix, or passive
matrix backplane technology, or any other method that is capable of laying conductive circuits on an insulating
substrate. To isolate the biological liquid during motion and mixing, the surface of the electrode array may be
covered with a dielectric with one of the many methods described below.

[0034] The PCB and surface electrodes may be fabricated using thin-film-transistor (TFT), active
matrix or passive matrix backplane technology,

[0035] The chemistry and texture of the top surface of the dielectric interacting with a droplet govern
the voltages required for successful and repeated motion of droplets. As a result of the chemical makeup and
physical texture, a droplet on an electrowetting device may experience two phenomena when in motion: droplet
pinning and contact angle hysteresis. Droplet pinning phenomenon is when a droplet gets stuck to any local
surface defects when it is being moved. Contact angle hysteresis is the difference in the advancing and the
receding contact angle for a droplet in motion. As a result of droplet pinning and high contact angle hysteresis,
droplets on an electrowetting surface may require significantly high voltage. The chemical makeup of the surface,
the texture and slipperiness of the surface, and smoothness of the surface also may result in droplets leaving a
trail behind as it is being moved. This trail may be as simple as just one molecule.

[0036] To reduce pinning, contact angle hysteresis and trail left behind by a droplet, typically the
dielectric covering the electrode array is smoothed and then chemically modified to create a surface with low
surface energy. Surface energy is the energy associated with the intermolacular forces at the interface betwesn
two media. A droplet interacting with a low surface energy surface is repelled by the surface and considered
hydrophobic. Sometimes the dielectric layer itself provides a sufficiently slippery surface for droplet motion.

[0037] The following section describes various materials used in manufacturing an electrowetting
device: substrate for laying conductive material, conductive materials for electrodes and interconnects, dielectric
material, methods for depositing dielectric materials, achieving smooth surface on the dielectric and hydrophobic

coating materials to provide slippery surface for droplet motion.

ILA. Substrates for electrowetting

[0038]  An electrowetting microfluidic device may be formed by creating a slippery (in the sense of low
surface energy) surface directly on the electrode array 120. Electrode arrays consist of conductive plates 120
that charge electrically to actuate the droplets. Electrodes in an array may be arranged in an arbitrary layout, for
example a rectangular grid, or a collection of discrete paths. The electrodes themselves may be made of any
combination of conductive metal (for example, gold, silver, copper, nickel, aluminum, platinum, titanium),

conductive oxides (indium tin oxide, aluminum doped zinc oxide) and semiconductors (for example, silicon
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dioxide). The substrates for laying out the electrode array may be any insulating materials of any thickness and
rigidity.

[0039] The electrode arrays may be fabricated on standard rigid and flexible printed circuit board
substrates. The substrate for the PCB may be FR4 (glass-epoxy), FR2 (glass-epoxy) or insulated metal substrate
(IMS), polyimide film (example commercial brands include Kapton, Pyralux), polyethylene terapthalate (PET),
ceramic or other commercially available substrates of thickness 1jum to 3000um. Thicknesses from 500um to
2000um may be preferred in some uses.

[0040] The electrode arrays may also be made of conductive and semiconductive elements fabricated
with active matrix technologies and passive matrix technologies such as thin film transistor (TFT) technology.
The electrode arrays may also be made of arrays of pixels fabricated with traditional CMOS or HV-CMOS
fabrication techniques.

[0041] The electrode arrays may also be fabricated with transparent conductive materials such as
indium tin oxide (ITO), aluminum doped zinc oxide (AZ0), fluorine doped tin oxide (FTO) deposited on sheets of
glass, polyethylene terapthalate (PET) and any other insulating substrates.

[0042] The electrode arrays may also be fabricated with metal deposited on glass, polyethylene
terapthalate (PET) and any other insulating substrates.

[0043] Referring to FIG. 6(a), in some cases, the electrowetting microfluidic device 100 may be
composed of coplanar electrodes (electrodes on same layer) with no second plate, and the droplet 110 may ride
on an open surface above the plane of the electrodes. In this configuration the reference electrodes 120g
(usually ground signal) and actuation electrodes 120h are on the same plane, laid on a printed circuit board
substrate, with a thin insulator above the electrodes. Droplets ride on this insulator layer, and are not
sandwiched between two plates. In these cases, sometimes the reference electrode 120g is of a different
geometry compared to the actuation electrode. In most cases, dielectric elements or layers are placed so that
the droplets 110 never come into contact with electrodes 120 of differing polarity, so that the droplets are only
exposed to electric fields, not electric current.

[0044] Referring to FIGS. 6(b), in some cases, the electrowetting microfluidic device may be
composed of two layers of electrodes (one for reference electrode 120g and one for actuation electrodes 120h),
one atop the other within the substrate 140 (as opposed to a sandwich of electrodes with the droplet between
plates). Here a droplet 110 may ride on an open surface and sits above both layers of electrodes. The two layers
of electrodes 120g, 120h are typically spaced apart by a very thin layer 602 of insulator (10 nm to 30 um).
Usually, the layer with reference electrode 120g is closer to the droplet. Sometimes the reference electrode 120g
on the topmost layer is directly in contact with a droplet. The reference electrode layer may be less than 500nm
in thickness and may be coated with hydrophobic materials. The second layer with reference electrode may be a
single continuous trace of any arbitrary shape.

[0045] Referring to FIG. 6(c), in another configuration, the layers from top down may be arranged as a

hydrophobic/insulating layer 130, a layer with electrodes 120g (typically reference or ground), a dielectric layer



10

15

20

25

30

35

WO 2019/169076 PCT/US2019/019954

602, a layer of actuation electrodes 120h, and the insulting circuit board substrate 140. The droplets 110 ride on
the top open surface hydrophobic/insulating layer 130. Because the electrodes 120 are usually metallic, it may
be desirable that they all be covered with an insulator or dielectric 130, to prevent chemical reactions between
the droplets 110 and the electrodes.

[0046]  In constructing the electrowetting microfluidic device 100, many layers of laminations (1-50
layers) may be used to isolate multiple layers of electrical interconnect routing (2-50 layers). One of the
outermost layers of lamination may contain electrode pads 120 for actuating droplets and may contain reference
electrodes. The interconnects may connect the electrical pads to high voltages for actuation and for capacitive
sensing. The actuation voltage may be between 5V and 350V. This actuation voltage may be an AC signal or DC

signal.

Il.LB. Creating smooth dielectric surface on the electrode array

[0047] In order to isolate the droplet electrically from the electrode array, a layer of dielectric 130 may
be applied on the top surface of the electrode array 120. Preferably, the top surface of this dielectric layer 130
may be formed with a top surface that offers little to no resistance to droplet motion, so that droplets may be
moved with low actuation voltages (less than 100V DC, less than 80V, less than 50V, less than 40V, less than
30V, less than 20V, less than 15V, less than 10V, or less than 8V, depending on the degree of smoothness,
slipperiness, and hydrophobicity). To achieve a low resistance slippery surface, the dielectric surface may have a
smooth surface topography and may be hydrophobic or otherwise offer low adherence to the droplet.

[0048] A smooth topography surface is typically characterized by its roughness value. By
experimentation, it has been found that the voltages required to effect droplet motion vary as the surface
becomes smoother. Smoothness of 2um, 1um, and 500nm may be desirable.

[0049] A smooth dielectric surface above the electrode arrays may be formed by some combination of

techniques such as:

1. Atwo step process where the surface defects are patched to achieve a relatively smooth surface and
then covering it with a dielectric material. Patching the defects is typically done with a photoresist,
epoxy or potting compound. The second layer of dielectric may either be the same material or a

polymer film,

2. Asecond method is to deposit excess photoresist or epoxy on the electrode array and then polish the

excess material down to required thickness and surface roughness.

3. Athird method is to stretch and bond a thin polymer film on to the surface.

[0050] To prevent the droplet from adhering to the smoothed dielectric surface 130, the surface may

be further modified to make it slippery by one or more of the following methods:
1. Modifying the surface chemistry
2. Modifying the surface topography

10
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3. Applying a slippery liquid coating. Here we also introduce a new electrowetting mechanism which we

call liquid-on-liquid electrowetting (LLEW).

[0051]  The following section describes in details various methods to modify the rough non-slippery

surface of electrode array into a smooth slippery surface.

I.LB.1. Smoothing with photoresist / epoxy / potting compound
[0052] Referring to FIGS. 7(a) and 7(b), printed circuit boards (PCBs) manufactured by typical

processes have surface roughness in the form of: canyons (gaps) between electrodes, holes for establishing
connection between multiple layers (also known as vias), holes to solder through-hole components and any other
imperfections from manufacturing errors, and the like. Typical dimensions of surface imperfections are in the
range of 30um to 300um, and may be as small as 1jum, varying based on the fabrication process.

[0053] Several methods may be used singly or in conjunction to reduce these surface imperfections,
to achieve a planar surface of roughness value less than 1jum, more or less, which in turn, may provide desirable
wetting properties and behavior, at lower voltages.

[0054] A smooth surface may be achieved by flowing photoresist, epoxy, potting compound or liquid
polymers between canyons. A photoresist of interest may flow between canyons of size less than 10um in any
dimension and has a dynamic viscosity less than 8500 centipoise. Commercially available SU-8 photoresist is a
good example of this. A suitable liquid polymer for this purpose is liquid polyimide.

[0055] Referring to FIG. 8(a), to fill canyons between electrodes 120, an approximately planarized
surface 802 of an electrode array may be achieved by applying a coating 804 of photoresist, epoxy, potting
compound, liquid polymer, or other dielectric. The material should have gap-filling properties that allows it to flow
into small gaps (for example, 100um (width) x 35um (height)), and to fill larger gaps. The coating may then be
cured to achieve a surface of roughness value in the desirable range, 1um more or less.  The metal electrode
surface may be exposed or covered with the coating.

(a) Creating a dielectric on the smooth
photoresist/epoxy/potting compound

[0056] Once the surface imperfections are patched up by flowing a photoresist or epoxy or potting
compound 804, the topmost surface of the electrode array is more or less planarized. The approximately planar
surface may have metal electrodes 120 that need additional dielectric coating 810 to isolate a droplet from a
charged electrode, while allowing the electric field to propagate to where the droplet may still be influenced by
the electric field. The thickness of this coating 810 may range anywhere between 10nm to 30um. The dielectric
layer 810 is formed as a thin film by various deposition thin films via various coating methods, by bonding a

polymer film as described next or by any other thin film deposition techniques.
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(i) Deposit thin film coatings as dielectric

[0057] Referring to FIG. 8(b), the top planarized surface 802 (exposed metal electrode 120 and
photoresist from the first application, 804 of FIG. 8(a)) may be coated with an additional layer of the same
photoresist (or epoxy or potting compound) material, or a different material with different dielectric, bonding, and
smoothing properties to create the dielectric layer 810 that electrically isolates droplets from the electrodes. The
photoresist may be applied by spin coating, spray coating or dip coating.

[0058] The planarized surface 802 may also be coated with thin film 810 of dielectric by some form of
chemical vapor deposition. Often this kind of deposition results in the film following the topography of the coated
surface. A class of material commercially available for vapor deposition are called conformal coating materials
and are well suited for scalable manufacturing. Conformal coating materials include Parylene conformal coating,
epoxy conformal coating, polyurethane conformal coating, acrylic conformal coating, fluorocarbon conformal
coating. Other coating materials that may be used with vapor deposition include silicon dioxide, silicon nitride,

hafnium oxide, tantalum pentoxide and titanium dioxide.

(i) Bond polymer films to form top-most dielectric

[0059] Referring to FIG. 8(c), the top planarized surface 802 (metal electrode 120 and photoresist
804) may be covered with an additional layer of polymer film 816 to isolate the droplet from the electrodes. The
film 816 may be stretched to eliminate wrinkles, and ensure additional smoothness. The polymer film may be
held on the electrode array by heat bonding or by vacuum suction or by electrostatically sucking it down or simply
by mechanical holding it in place.

I.B.2. Using excess photoresist and polishing to a smooth dielectric
surface

[0060] Referring to FIG. 8(d), a smooth dielectric surface may be achieved by coating the electrode
array with a photoresist or other curable dielectric materials 820 and then polishing 822 the topmost surface to
achieve a smooth surface 824. The photoresist/dielectric material may be coated using techniques such as spin-
coating, spray coating, vapor deposition or dip coating.

[0061]  The first step in this process may be to coat the electrode array 120 with a curable dielectric to
a thickness 820 significantly higher than the height of the electrode. For example, if the electrode measures
35um in height, the dielectric coating thickness above the top surface of the electrode may be at least 70um.
The dielectric may then then be polished 822 with a fine abrasive and a chemical slurry using a polishing pad
typically larger than the electrode grid array. The polishing process may be continued until the dielectric above
the electrode is of desirable thickness (500nm to 15um) above the electrode. Typically the polishing step also
smoothes the surface to a surface roughness of roughness value less than 1um, and more preferably to
smoother than 500nm, or 200nm, or 100nm. After polishing, a follow-up with a hydrophobic coating may be
desirable. The thin smooth surface with or without hydrophobic coating may provide sufficient electrowetting

forces to move droplets at lower voltages.
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I.B.3. Polymer film as a smooth dielectric surface

[0062] Referring to FIG. 8(e), in some cases, a thin polymer film 830 (1um to 20um) may be used to
form a smooth dielectric surface directly above the electrode array. In this case, pre-processing is not required to
patch some of the canyons with a photoresist, epoxy or potting compound—these cavities 832 may be left filled
with air. Instead, the film may be applied directly to the unmodified electrode surface. In these cases, the film is
first stretched 834 to remove any wrinkles and is then bonded to the surface of the electrodes. Polymers films of
low surface free energy may be used for such use. Many fluorinated polymers such as PTFE
(polytetrafluoroethylene), ETFE (ethylene tetrafluoroethylene), FEP (fluorinated ethylene propylene), PFA
(perfluouroalkoxy alkane) are other fluoropolymers with low surface energy may be suitable for electrowetting.
Polydimethylsiloxane (PDMS) is another material with low surface energy that may be used as dielectric for
electrowetting. These low surface energy polymer films may sometimes need an additional layer of hydrophobic
material to reduce the surface energy further for low adhesion and good electrowetting droplet motion. Films
made from polymers with slightly higher surface free energy such as polypropylene, polyimide, Mylar,
polyvinylidene fluoride (PVDF) are also suitable for electrowetting, however they might require an additional

hydrophobic material coating or surface modification to aid droplet motion.

Il.C. Creating a final slippery surface finish

[0063] A surface of an electrowetting microfluidic device may be further treated to reduce or eliminate
adherence of the liquid droplet to the top surface. This additional treatment may permit a droplet to be repeatedly
moved from one location to another by lower actuation voltages. To turn the smooth dielectric surface into a
slippery, low-adherence surface for a droplet, the surface of the dielectric material may be turned into a
hydrophobic surface via chemical modification or surface topography modification. Alternatively, this slippery
surface may be created by creating a thin layer of lubricating liquid on the smooth dielectric or directly on the
electrode array. The hydrophobic coating material may be such that a 1 l droplet on a surface tilted at angle of

3° or more slides away. The following section will describe these methods in detail.

I.C.1. Modifying solid dielectric to achieve hydrophobicity

[0064] In some cases, the smooth dielectric surface may not have sufficiently low surface energy to
allow for droplet motion induced by electrowetting. To reduce the surface energy further, the dielectric surface

may be modified chemically or topographically.

(a) Surface chemistry modification (functionalization)

[0065] Referring to FIG. 8(f), the surface energy may be reduced by chemical modification, for
example, by coating over the electrodes 120 and/or dielectric 130 with hydrophobic or low-surface energy
materials 840 such as fluorocarbon based polymers (fluoropolymers) or other hydrophobic surface coating. The
hydrophobic coating may be applied by spin coating, dip coating, spray coating or chemical vapor deposition, or

other methods.
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[0066] In some cases, it may be desirable to choose a fluorocarbon conformal coating that may act as
both a dielectric (to insulate the droplets from the charge of the electrical pads while allowing the electric field to

propagate) and as a hydrophobic coating (to reduce adhesion and allow smooth droplet motion)

(b) Surface topography modification

[0067] Toinduce hydrophobicity on the surface of the dielectric, its topography may be modified at a
microscopic level. Such modifications may include patterning the surface to create microscopic pillar

(micropillars) or deposition of microspheres.

(i) Creating micropillars

[0068] Referring to FIG. 9(a), micropillar structures 910 may be created on a film of dielectric layer
130. This topmost layer over the electrode array acts as hydrophobic surface.

[0069] Referring to FIGS. 9(b), 9(c), and 9(d), micropillar structures may be created by first heat
bonding polymer films 920 of polypropylene, polytetrafluoroethylene (PTFE), Mylar, Ethylene tetrafluoroethylene
(ETFE), fluorinated ethylene propylene (FEP), perfluoroalkoxy alkane (PFA), other fluoro-carbon based
polymers, or other low-surface energy polymers, as a dielectric over the electrodes. The polymer surface may
be pressed against a micropillar template 922, such as a polycarbonate membrane that has holes of dimension
1um to 5um (or other porous membrane as templates). Referring to FIG. 9(c), with heat and pressure 924, the
polycarbonate micropillar template may impress itself into the dielectric film. Referring to FIG. 9(d), when the
polycarbonate membrane is peeled away, it leaves microscopic pillar like structures 910.

[0070] In another alternative, micropillar structures 910 may be created with polydimethylsiloxane
(PDMS) elastomer on the planarized electrode array (after the electrode array is planarized). In this method the
PDMS elastomer may be cast as a thin film through a spin coating method. The polycarbonate membrane may
then be pressed against the PDMS surface. The PDMS membrane may be cured to solidify. The polycarbonate
membrane may then be dissolved.

[0071] In another alternative, a polymer (ETFE, PTFE, FEP, PFA, PP, Mylar, PVDC) or elastomer
(PDMS, Silicone) may be bonded to the electrode array, and then etched with laser to create micropillars.

[0072] In another alternative, a photoresist material may be deposited on to the electrode array, and
then etched with laser to create micropillars. The photoresist may also be patterned and etched using

photolithography techniques.

(i) Microspheres
{0673} Referring to FIG. 9(e), an alternate method for modifying topography to achieve a slippery or
low-adherence surface is by depositing microspheres 930 of particle size 200nm to 2um. The microspheres may
be tightly packed to make the surface hydrophobic. A good candidate for such microsphere particles is silica

beads. In order to make the surface slippery, these microspheres may be covered by crganciunciional
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alkoxysilane molecules, Allernatsly, fluorocarbon based microspheres (PTFE, ETFE) may be deposited and may

not nead additional coating.
I.D. Slippery liquid coating and liquid-on-liquid electrowetting (LLEW)

II.D.1.  Droplets on thin film liquid layer in LLEW
[0074] InLLEW, a droplet may ride on a thin film of lubricating, low surface energy oil. The thin film of

oil may be formed on a low surface energy textured solid surface. The textured solid and the lubricating oil may
be selected such that the lubricating oil prefers to wet the solid entirely, and preferentially remains non-interacting
with the liquid of the droplet. Once the bulk of the textured solid is filled with oil, a thin layer of oil is formed just
above the oil filled body. The self-leveling nature of the oil layer on the top may hide any non-uniformities in the
topography of the underlying surface. Thus, a surface of an electrode array with very high roughness (tens of
micrometers) may be translated to a nearly-molecular-level smooth surface with a thin film of lubricating oil.

[0075]  This molecular-level smooth surface may offer very little friction to droplet motion, and droplets
may experience little to no droplet pinning. Droplets on such a smooth surface may have very small contact
angle hysteresis (as low as 2°). The resulting low contact angle hysteresis and absence of droplet pinning may
lead to very low actuation voltage (1V to 100V) with robust droplet manipulation.

[0076] Qilin the bulk of the solid may be trapped within irregularities or pores that make up the texture
of the solid. As opposed to a layer of oil on a smooth textureless surface, oil in a textured solid may have
sufficient affinity for and molecular interaction with the solid's surface to reduce influence of gravity. The trapping
of the oil within the texture may allow the surface to retain its oil layer and its characteristics when inclined or
upside down. Since the oil does not leave the surface of the solid, the droplet being moved rides on the
lubricating oil and it interacts only with the surface of the lubricating oil and not with the underlying textured solid.
As aresult, the droplet may leave little to no trail on the underlying solid. If the oil is immiscible with the droplet, a
droplet may move on the liquid film layer without any contamination between two consecutive droplets crossing
paths.

[0077] The textured solid may be made of regular or irregular micro-textures. Examples include:
¢ A solid with regularly spaced microscopic pillar structures, with micron-scale spacing.
¢ A solid with regularly spaced voids; the voids may be of any arbitrary shape.
¢ Arandom matrix of fibers.
¢ A solid with irregularly spaced microscopic pillar structures, with micron-scale spacing.
e A solid with randomly spaced voids; the voids may be of any arbitrary shape.

¢ A porous material such as porous Teflon, porous polycarbonate, porous polypropylene, porous paper
and porous fabric may be used as irregular or regular micro-textured solid.
[0078] The lubricating oil may be any low-energy oil such as silicone oil, DuPont Krytox oil, Fluorinert
FC-70 or other oil. The lubricating oil may be selected such that the oil is immiscible with the liquid droplets. A

lubricant that is immiscible with the droplet solvent may improve the ability of the droplet to ride over the lubricant
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or oil with less diffusion of contents from the droplet into the oil and vice-versa. The viscosity of the lubricating oil
affects droplet mobility during electrowetting; with lower viscosity promoting higher mobility. Suitable lubricating
oils are generally non-volatile and immiscible with the riding droplet of interest. If the droplet contains biological
constructs, a biocompatible oil may be desirable. In a LLEW device with on-chip heating elements for incubation
and for thermocycling (for example, for polymerase chain reaction), the oil may be selected to withstand heating
and high temperatures. An oil with sufficiently high dielectric constant may reduce actuation voltage that induces

droplet motion.

I.D.2. Creating textured solid for LLEW

[0079] InLLEW, the oil-filled textured solid may act as an electrical barrier between the electrode
array and liquid droplet and may also provide the slippery surface for droplet motion. There are a number of
different ways in which textured dielectric surface may be created on an electrode array.

[0080] A textured solid surface may be formed on an electrode array by binding a polymer or other
dielectric material as a film. The film itself may be textured before bonding to the electrode array. Alternatively, a
non-textured film may be bonded on to the electrode array, and then textured either by laser etching, chemical
etching or photolithography techniques.

[0081]  Alternatively, a layer of photosensitive material such as a photoresist (SU-8) may be coated
onto the electrode array. The photoresist may be patterned by chemical etching, laser etching or any other
photolithography techniques.

[0082] Alternatively, textured solids may be created by coating very thin layers of elastomeric material
such as PDMS onto the electrode array and then using soft lithography techniques to selectively create pores.
Following the creation of a thin elastomeric layer, the surface of the PDMS may also be laser etched to create
textures.

[0083] Alternatively, textured solids may be created as follows —

¢ Applying a conformal coating or liquid photoimageable (LPI) solder mask or dry film photoimageable
solder mask

e Etching the surface of this coating with a laser or by physical stamping.
e Growing a mesh of polymer substance directly on the electrode array.

e Growing one molecule at a time to achieve the required structure.

1.D.3. Applying lubricating oil onto the textured solid
[0084] The textured solid layer may be filled with lubricating oil by spin-coating, spraying, dip-coating,

brushing, or by dispensing from a reservoir.
[0085] The lubricating oil may be kept from flowing out of the LLEW chip by creating physical or

chemical barriers at the periphery of the device.
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1118 Unique Properties of liquid-on-liquid electrowetting (LLEW)

[0086] The LLEW array has two unique properties that are desirable for biological sample
manipulation. The electrowetting actuation voltage may be lowered significantly because a LLEW array has such
a smooth surface. Additionally, the LLEW surface architecture reduces cross-contamination between samples by

lowering the trail droplets leave behind as well as improving cleaning mechanism.

ll.LA. Low actuation voltage

[0087] A nearly molecular level smoothness of oil surface on an LLEW electrode array may reduce or
eliminate droplet pinning. A droplet made of an aqueous solution riding on the oil surface may experience little to
no drag from the surface and hence a small difference between the advancing and receding angle. The
elimination of these two phenomena may result in low actuation voltage. Droplets may be actuated at voltages as
low as 1V.

[0088] InalLLEW device, a droplet riding on a thin layer of oil never physically comes in contact with
the solid dielectric substrate below the oil. This may reduce or eliminate the amount of material left behind and

hence cross-contamination between samples that go over the same spot.

liLB. Cleaning by washing an LLEW device surface

[0089] When a LLEW device is contaminated with a solid particle such as dust, a droplet may be
maneuvered over the contaminant to remove the contaminant from the liquid film surface as a part of a cleaning
routine. This cleaning routine may be further extended to clean the entire surface of electrowetting device. For
example, a cleaning routine may be used between two biological experiments on a LLEW microfluidic chip to
reduce cross contamination. In some cases, when a droplet stays at a location for a long period of time, a few
molecules may diffuse from the droplet into the oil below. Any residue left behind by a droplet through diffusion
may also be cleaned with similar washing routines.

[0090] Asdroplets are transported on a LLEW device, the droplets may carry and deplete the oil film
from the surface. The oil on the surfaces may be replenished by injecting il from an external reservoir; for
example, from an inkjet cartridge, syringe pump or other dispensing mechanisms.

[0091] The lubricating oil surface may be washed away entirely and replaced with a fresh layer of oil

to prevent cross contamination between two consecutive experiments.

IV.  Applications of electrowetting

IV.A. Arbitrarily-large open face

[0092] Droplets may be manipulated on an open surface, without sandwiching them between the
electrode array and a cover plate (either a neutral glass, or an upper electrode array, or simply just a large
ground electrode). Sometimes a cover plate above the droplet may be used that does not physically make

contact with the droplet.
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[0093] Electrode arrays and electrowetting on an open surface and arbitrarily large area allows for
actuation of droplets of volumes between 1 nanoliter and 1 milliliter (6 orders of magnitude apart). This
implementation shows multi-scale fluid manipulation digitally on a single device.

[0094] Two-dimensional arrays (grids) of electrodes of arbitrarily-large size may be prepared for
electrowetting droplet actuation. Two-dimensional arrays allow for multiple paths for droplets compared to
prescribed one-dimensional tracks. These grids may be leveraged to avoid cross-contamination between
droplets of two different compositions. For example, a two-dimensional grid may allow for multiple droplets
actuated in parallel. Droplets carrying different solutes may be run on separate parallel tracks to reduce

contamination. Multiple distinct biological experiments may be run in parallel.

IV.B. Droplet motion, merging and splitting

[0095] A droplet may be moved, merged, and/or split on an open surface electrowetting device. The
same principles apply to two plate configuration (droplet sandwiched).

[0096] FIGS. 10(a), 10(b), and 10(c) show motion of a droplet 110 on an array of electrodes 120. In
FIG. 10(a), applying a voltage to an electrode 120i makes the overlying surface hydrophilic and a droplet can
then wet in. When voltage is removed from electrode 120i and applied to another adjacent electrode 120j, the
surface returns to original hydrophobic state and the droplet is pushed out, as shown in FIG. 10(c). By
sequentially controlling the voltage applied to an electrode grid, a droplet's position on a surface may be
precisely controlled.

[0097] Referring to FIGS. 10(d), 10(e), and 10(f), two droplets may be merged. When two droplets are
pulled towards the same electrode 120k, they naturally merge due to surface tension. This principle can be
applied to merge a number of droplets to create a larger volume droplet spreading across multiple electrodes.

[0098] Referring to FIGS. 10(g), 10(h), and 10(j), a droplet may be split into two smaller ones through
a sequence of voltages, applied across multiple electrodes (at least three). In FIG 10(g), a single large droplet is
consolidated above a single electrode 1201. In FIG. 10(h), an equal voltage is applied to three adjacent
electrodes simultaneously, and this causes the single droplet to spread across the three adjacent electrodes. In
FIG. 10(j), turning off the center electrode 120l forces the droplet to move out to the two outer electrodes 120m,
120n. Due to the equal potential on both of the two outer neighboring electrodes, the droplet then splits into two

smaller droplets.

IV.C. Lab in abox (desktop digital wetlab)

[0099]  Any combination of the manufacturing methods described so far may be used for the
application described in this section.

[0100] FIG. 11(a) shows a digital microfluidic based “desktop digital wetlab” 1100. This device may
provide a general purpose machine that may automate a large variety of biological protocols/assaysftests. The
box may have a lid that can be opened and closed. The lid may have a clear window 1102 to view the motion of
droplets on the electrode array, which may be formed as a digital microfluidic chip. The box may house a digital

microfluidic chip 100 capable of moving, merging, splitting droplets, in which the droplets carry biclogical
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reagents. The microfluidic chip may also have one or more heaters or chillers 1128 that may be able to heat
droplets to as high as 150° Celsius or cool the droplets to as low as -20° Celsius.

[0101] Droplets may be dispensed onto the chip through one or more “liquid dispenser” droppers.
Each liquid dispenser may be an electro-fluidic pump, syringe pump, simple tube, robotic pipettor, inkjet nozzle,
acoustic ejection device, or other pressure or non-pressure driven device. Droplets may be fed in to the liquid
dispenser from a reservoir labeled “cartridge.” The “lab-in-a-box” may have up to a several hundred cartridges
interfacing directly with the microfluidic chip.

[0102] Droplets may be moved from the digital microfluidic chip on to micro plates. Microplates are
plates with wells that can hold samples. Microplates may have anywhere from one to a million wells on a single
plate. Multiple microplates may interface with the chip in the box. To dispense droplets from the microfluidic chip
to the microplate, electrowetting chips with various geometries may be used. In some cases, the dispensing chip
may be in the form of a cone resembling a pipette tip. In another form, the dispensing aperture may be just a
cylinder. In another form, the dispensing apparatus may be two parallel plates with a gap in between. In another
form, the dispensing apparatus may be a single open surface with droplet moving on the open surface. The
dispensing mechanism may also use a number of other mechanisms such as electrofluidic pumps, syringe
pump, tubes, capillaries, paper, wicks or even simple holes in the chip.

[0103] The “lab-in-a-box" may be climate controlled to regulate the internal temperature, humidity and
oxygen concentration. The inside of the box may be at vacuum.

[0104]  The digital microfluidic chip 130 at the center of the box may be removed, washed and
replaced.

[0105]  The digital microfluidic device may include sensors to perform various assays, for example
optical spectroscopy, or sonic transducers.

[0106] The digital microfluidic device may include a magnetic bead based separation unit for DNA
size selection, DNA purification, protein purification, plasmid extraction and any other biological workflow that
uses magnetic beads. The device may perform a number of simultaneous magnetic bead based operations --
one to a million on a single chip.

[0107] The box may be equipped with multiple cameras looking at the chip from the top, sides and
bottom. The cameras may be used to locate droplets on the chip, to measure volumes of droplets, to measuring
mixing, and to analyze reaction in progress. Information from these sensors may be provided as feedback to
computers that control the electrical flow to the electrodes, so that the droplets may be accurately controlled to
achieve high throughput rates with accurate drop positioning, mixing, etc.

[0108]  The lab-in-a-box may be used to perform microplate operations as plate stamping, serial
dilution, plate replicate and plate rearray.

[0109]  The lab-in-a-box may include equipment for PCR amplification and DNA assembly (Gibson
Assembly, Golden Gate Assembly), molecular cloning, DNA library preparation, RNA library preparation DNA
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sequencing, single cell sorting, cell incubation, cell culture, cell assay, cell lysing, DNA extraction, protein

extraction, RNA extraction, RNA and cell-free protein expression.

IV.D. Process stations
[0110]  An electrowetting chip (with or without a lab-in-a-box enclosure) may include one or more

stations for various functions.

IV.D.1. Mixing stations

[0111] Referring to FIG. 11(b), an electrowetting device may incorporate one or more mixing stations
1120. On the left is a 2x2 collection of electrowetting-based mixing stations that may be operated in parallel. A
single mixer 1120 has a 3x3 grid of actuation electrodes. Each mixing station 1120 may be used to mix biological
samples, chemical reagents, and liquids. For example, droplets of two reagents may be brought together at a
mixing station, and then mixed by running the merged droplet around the outer eight electrodes of the 3x3 grid,
or running through other patterns designed to mix the two original droplets. The center-to-center spacing
between each mixer may be 9 mm, equivalent to the spacing of a standard 96-well plate.

[0112]  The parallel mixing stations 1120 may be extended to have a number of different
configurations. Each single mixer may be comprised of any number of actuation electrodes in an AxB pattern
1122, Additionally, the spacing between mixers is arbitrary and may be altered to fit the application (such as
other SDS plates). A parallel mixing station may also have any number of individual mixers in an MxN pattern
1122, Parallel mixing stations may have any configuration of top plate including but not limited to an open face, a

closed plate, or a closed plate with liquid entry holes.

IV.D.2. Incubation station

[0113] Referring to FIG. 11(c), an electrowetting chip may include one or more incubation stations
1128. Each individual incubator 1128 may integrate one or more functions to be applied to liquid samples such
as mixing, heating (for example, to temperatures up to 150° Celsius), cooling (for example, to -20° Celsius),
compensating for fluid loss due to evaporation as well as homogenizing temperature of a sample. Heating or
cooling may be accomplished by thermocouples or evaporative heat exchangers in the substrate. In some
cases, the individualized heating elements may permit each station to be controlled to a separate temperature,
for example, -20°C, 25°C, 37°C, and 95°C, depending on the heat transfer power of each element and the heat
conduction levels between stations.

[0114] A parallel incubation station may be configured in any of the same configurations as a parallel

mixing station.
IV.D.3. Magnetic bead station

[0115] Referring to FIG. 11(d), a magnetic bead wash station 1134 may contain samples with nucleic
acids, proteins, cells, buffers, magnetic beads, wash buffers, elution buffers, and other liquids 1136 on an
electrode grid. The station may be configured to mix samples and reagents, apply heating or other processes, in

sequential order to perform nucleic acid isolation, cell isolation, protein isolation, peptide purification, isolation or
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purification of biopolymers, immunoprecipitation, in vitro diagnostics, exosome isolation, cell activation, cell
expansion, and/or isolation of a specific biomolecule. In addition to mixing and heating of liquids, each magnetic
bead station may have the ability to locally turn on and turn off a strong and varying magnetic field, which in turn
causes magnetic beads to move, for example, to the bottom of the electrowetting chip. Each magnetic bead
station may also have the ability to remove excess supernatant liquids and wash liquids through electrowetting
forces or through other forces.

[0116] In some cases, the sample may be on an open surface with single plate electrowetting device.
In some cases, the samples may be sandwiched between two plates. Multiple magnetic bead stations may be

configured to be operated in parallel, as described above for parallel mixing stations.

IV.D.4. Nucleic acid delivery station

[0117] Referring to FIG. 11(e), an electrowetting chip may include one or more nucleic acid delivery
stations 1140. Each individual parallel nucleic acid delivery station may be designed to insert genetic material
1142, other nucleic acids and biologics into cells through various insertion methods. This insertion may
performed by applying a strong electric field, applying a strong magnetic field, applying ultrasonic waves,
applying laser beams, or other techniques. One or more nucleic acid delivery station may be configured as a
singleton on an electrowetting device, or multiple nucleic acid delivery stations may be provided to operate in

parallel.

IV.D.5. Optical inspection station

[0118] Referring to FIGS. 11(f) and 11(g), one or more optical inspection stations 1150 that use
optical detection and assay methods may be provided on an electrowetting device 100. A light source 1152
(broad spectrum light, single frequency, or other) may be passed through optics 1154 to condition the light
(filters, diffraction gratings, mirrors, etc.) and then illuminate a sample 1156 sitting on an electrowetting device.
An optical detector on the other side of the electrowetting device is configured to detect the spectrum of light
passing through the sample for analysis. The optical inspection may be used for measuring concentration of
nucleic acids, measuring quality of nucleic acids, measuring density of cells, measuring extent of mixing between
two liquids, measuring volume of sample, measuring fluorescence of sample, measuring absorbance of sample,
quantification of proteins, colorimetric assays and other biological assays.

[0119]  As shown in FIG. 11(f), sample 1156 may be on an open surface with single plate
electrowetting device 100. As shown in FIG. 11(g), sample 1156 may be sandwiched between two plates 100,
1160. In some cases the electrowetting chip and the electrodes may be transparent. In some cases, there may
be a hole in the electrode on which the sample is located, to allow passing of light from the source through the
sample to the optical detector, or to introduce samples, reagents, or reactants.

[0120] Referring to FIG. 11(h), the optical detection 1150 may be performed on samples arranged in

2x2 sample format or 96 well plate format for optical detection or any MxN format to measure up to a million
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samples. The samples and corresponding measurement units may be arranged in any regular and irregular
format.

IV.D.6. Loading /unloading via acoustic liquid handlers or
microdiaphragm based pump dispenser

[0121] Referring to FIGS. 11(i) and 11(j), an electrowetting device may include one or more stations
1160 for loading biological samples, chemical reagents and liquids from a source well, plate, or reservoir onto an
electrowetting chip 100.

[0122] In FIG. 11(i), droplets may be loaded onto the electrowetting surface through acoustic droplet
gjection. The source plate may hold liquids in wells 1164 and may be coupled with a piezoelectric transducer
1162 via an acoustic coupling fluid 1166. Acoustic energy from a piezoelectric acoustic transducer 1162 may be
focused on to the sample in the well 1164. Note in FIG. 11(i), electrowetting chip 100 is on top, and is inverted.
Note that Droplet 110 adheres to electrowetting chip 100 because of the additional wetting force induced by the
voltage, which contributes to the droplet-sorting function of apparatus 1160. A droplet 1168 ejected from a well
1164 by acoustic energy may adhere to the upper electrowetting device 100 or may be incorporated into a
droplet that has been moved to the acoustic injection station.

[0123] Referring to FIG. 11(j), an electrowetting device may include one or more stations 1180
designed to load biological samples, chemical reagents and liquids 1182 through a microdiaphragm pump 1184
based dispenser onto an electrowetting chip.

[0124] Either the acoustic droplet ejection technique of FIG. 11(i) or a microdiaphragm pump 1184
may be used to dispense fluid droplets of picoliter, nanoliter, or microliter volumes. An electrowetting device 100
placed above (FIG. 11(i)) the source plate captures the droplets 1168 ejected from the well plate and holds the
droplets through electrowetting force. In this manner, samples containing nucleic acids, proteins, cells, salts,
buffers, enzymes and any other biological and chemical reagent may be dispensed onto an electrowetting chip.
In an alternative version (FIG. 11(j)), the electrowetting plate 100 is on the bottom and the acoustic droplet
gjection transducer (1162 of FIG. 11(i)) or microdiaphragm pump 1184 is on the top. An input valve 1186 and
larger microdiaphragm pump 1188 may be used to meter fluid flow into microdiaphragm pumps 1184. In this
method the dispenser may be used to put samples on to an electrowetting chip on any arbitrary location.

[0125] In some cases, the electrowetting chip may be in an open plate configuration (no second plate)
and droplets may be loaded directly onto the chip. In some cases, the electrowetting chip may have a second
plate that sandwiches the droplet between an electrode array and a ground electrode. In some cases, the second
plate (cover plate with or without ground) may have holes to allow the droplets in transit. In some cases, the
droplets may be first loaded on an open plate and then a second plate may be added. In some cases the liquids
loaded onto the electrowetting chip is in preparation to execute a workflow when the chip is located inside of an
acoustic liquid handler. In some cases, the liquids loaded onto the electrowetting chip is in preparation to execute
a workflow when the chip is located external to the acoustic liquid handler or microdiaphragm pump. In some

cases, the liquids are loaded onto the electrowetting chip when a workflow is being executed. In some cases,
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the acoustic droplet injector or microdiaphragm pump may be mounted on a locatable carriage (somewhat like a
3D printer nozzle) capable of motion over the electrowetting device, so that droplets may be injected at a specific
point over the electrowetting device.

[0126] Other alternatives for introducing or injecting liquid droplets may include inkjet printer inkjet
nozzles, syringe pumps, capillary tubes, or pipettes.

[0127] In some cases, both the source and destination may be electrowetting chips. In this scenario,
the chips may be organized with their electrode arrays facing each other. In some cases, droplets may be
transferred between the top and bottom electrowetting chips, back and forth between top using acoustic fields or
electric fields and differential wetting affinities. Here, there are acoustic transducers and coupling fluids on both
sides of the chips. In some cases, samples on an electrowetting chip may be a source and the destination
maybe a well plate. Here samples are transferred from the electrowetting chip on to a well plate using acoustic
droplet ejection.

[0128] The spacing between the wells in a well plate and hence the format in which the liquids are
loaded on to (and transferred away from) the electrowetting chip may be in standard well plate form or any other
SDS well plate format or any arbitrary formats. The number of wells in the plate may be any arbitrary number in
the range of one to a million.

[0129] The electrowetting chips loaded with samples from an acoustic droplet ejection device or
microdiaphragm pump device may be combined with one or more of the functionalities of mixing station,
incubation station, magnetic bead station, nucleic acid delivery station, optical inspection station, and/or other

functionalities.

V. Alternative implementations

V.A. Droplet on open surface (single plate configuration) or sandwiched

between two plates (two plate configuration)

[0130] Referring to FIG. 12(a), for electrowetting droplet manipulation, a droplet may either be placed
on an open surface (single plate) 1200, 100 or sandwiched between two plates (double plate) 100, 1202, 1210.
In the double plate configuration 1202, a droplet may be sandwiched between two plates 100, 1210, typically
separated by 100 um - 500 um. The two plate configuration has electrodes 120 for providing actuation voltages
on one side while the other side 1210 provides a reference electrode (typically a common ground signal). A
droplet's constant contact to the reference electrode in a two plate configuration provides stronger force from the
electric field on the droplet and hence robust control over droplets. The two plate configuration 1210 droplets
may be split at a lower actuation voltage. In the single plate configuration 1200 the actuation electrodes and the
reference electrode are on the same side.

[0131] Two-plate electrowetting systems may be improved by the surface treatments described
above. In two-plate systems, a droplet is sandwiched between plates separated by a small distance. The space

between the plates may be filled with another fluid or just air. Smoothing the liquid-facing surfaces of the two
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plates to 2um, 1um, or 500 nm, using the techniques described above, may allow two-plate systems to operate
at lower voltages, with reduced droplet pinning, reduced leave-behind tracks, reduced cross-contamination, and

reduced sample loss.

V.B. Optoelectrowetting and photoelectrowetting

[0132] Referring to FIGS. 12(b) and 12(c), applying electric potential directly to an array of electrodes
is one way of actuating droplets using electrowetting; however, there are alternate electrowetting mechanisms
that differ from this conventional electrowetting mechanism. Two notable mechanisms, both of which use light for
actuating the droplets, are described below-- optoelectrowetting and photoelectrowetting. The general principles
for manufacturing the electrowetting arrays, creating a smooth surface and slippery surface described above are
applicable not only to conventional electrowetting described earlier, but is also applicable to optoslectrowetting,
photoelectrowetting and other forms of electrowetting.

[0133] Aliquid film may be laid on a grid of photoconductors, to yield “liquid on liquid
optoelectrowetting.” Instead of having a grid of electrodes under the lubricating liquid layer, the grid may be
formed of light active photoconductor, either in a grid of pads, or as a single photoconductive circuit. Light shone
on the photoconductor may form patterns and provide electrowetting effect. The textured solid and oil may be
chosen to be sufficiently transparent to light so that the underlying surface is exposed to light to create differential

wetting.

V.C. Optoelectrowetting

[0134] Referring to FIG. 12(b), the optoelectrowetting mechanism 1230 may use a photoconductor
1232 underneath the conventional electrowetting circuit (100, left side), with an AC power source 1234 attached.
Under normal (dark) conditions, the majority of the system's impedance lies in the photoconducting region 1232
(since it is non-conductive), and therefore the majority of the voltage drop occurs here. However, when light 1236
is shone on the system, carrier generation and recombination causes the conductivity of the photoconductor
1232 to spike and the voltage drop across the photoconductor 1232 reduces. As a result a voltage drop occurs

across the insulating layer 130, changing the contact angle, 540 vs. 1238, as a function of the voltage.

V.D. Photoelectrowetting

[0135] Referring to FIG. 12(c), photoelectrowetting is a modification of the wetting properties of a
surface (typically a hydrophobic surface) using incident light. Whereas ordinary electrowetting is observed in a
droplet sitting on a dielectric coated conductor (liquidfinsulator/conductor stack 110/130/120), photoelectrowetting
may be observed by replacing the conductor 120 with a semiconductor 1252 (liquid/insulator/semiconductor
stack).

[0136] Incident light 1254 above the band gap of semiconductor 1252 creates photo-induced carriers
via electron-hole pair generation in the depletion region of the underlying semiconductor 1252. This leads to a
modification of the capacitance of the insulator/semiconductor stack 130/1252, resulting in a modification of the

contact angle of a liquid droplet resting on the surface of the stack. The figure illustrates the principle of the
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photoelectrowetting effect. At zero bias (0V) the conducting droplet 1258 has a large contact angle (leftimage) if
the insulator is hydrophobic. As the bias is increased (positive for a p-type semiconductor, negative for an n-type
semiconductor) the droplet 1260 spreads out —i.e. the contact angle decreases (middle image). In the presence
of light 1254 (having an energy superior to the band gap of the semiconductor 1252) the droplet 1262 spreads
out more due to the reduction of the thickness of the space charge region at the insulator/semiconductor
interface 130/1252 (right image).

V.E. Software and hardware

[0137] Various processes described herein may be implemented by appropriately programmed
general purpose computers, special purpose computers, and computing devices. Typically a processor (e.g.,
one or more microprocessors, one or more microcontrollers, one or more digital signal processors) will receive
instructions (e.g., from a memory or like device), and execute those instructions, thereby performing one or more
processes defined by those instructions. Instructions may be embodied in one or more computer programs, one
or more scripts, or in other forms. The processing may be performed on one or more microprocessors, central
processing units (CPUs), computing devices, microcontrollers, digital signal processors, or like devices or any
combination thereof, Programs that implement the processing, and the data operated on, may be stored and
transmitted using a variety of media. In some cases, hard-wired circuitry or custom hardware may be used in
place of, or in combination with, some or all of the software instructions that can implement the processes.
Algorithms other than those described may be used.

[0138] Programs and data may be stored in various media appropriate to the purpose, or a
combination of heterogenous media that may be read and/or written by a computer, a processor or a like device.
The media may include non-volatile media, volatile media, optical or magnetic media, dynamic random access
memory (DRAM), static ram, a floppy disk, a flexible disk, hard disk, magnetic tape, any other magnetic medium,
a CD-ROM, DVD, any other optical medium, punch cards, paper tape, any other physical medium with patterns
of holes, a RAM, a PROM, an EPROM, a FLASH-EEPROM, any other memory chip or cartridge or other
memory technologies. Transmission media include coaxial cables, copper wire and fiber optics, including the
wires that comprise a system bus coupled to the processor.

[0139] Databases may be implemented using database management systems or ad hoc memory
organization schemes. Alternative database structures to those described may be readily employed. Databases
may be stored locally or remotely from a device which accesses data in such a database.

[0140] In some cases, the processing may be performed in a network environment including a
computer that is in communication (e.g., via a communications network) with one or more devices. The
computer may communicate with the devices directly or indirectly, via any wired or wireless medium (e.g. the
Internet, LAN, WAN or Ethernet, Token Ring, a telephone line, a cable line, a radio channel, an optical
communications line, commercial on-line service providers, bulletin board systems, a satellite communications

link, a combination of any of the above). Each of the devices may themselves comprise computers or other
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computing devices, such as those based on the Intel® Pentium® or Centrino™ processor, that are adapted to

communicate with the computer. Any number and type of devices may be in communication with the computer.
[0141] A server computer or centralized authority may or may not be necessary or desirable. In

various cases, the network may or may not include a central authority device. Various processing functions may

be performed on a central authority server, one of several distributed servers, or other distributed devices

V.F. Other alternatives

[0142] For the convenience of the reader, the above description has focused on a representative
sample of all possible embodiments, a sample that teaches the principles of the invention and conveys the best
mode contemplated for carrying it out. Throughout this application and its associated file history, when the term
‘invention” is used, it refers to the entire collection of ideas and principles described; in contrast, the formal
definition of the exclusive protected property right is set forth in the claims, which exclusively control. The
description has not attempted to exhaustively enumerate all possible variations. Other undescribed variations or
modifications may be possible. Where multiple alternative embodiments are described, in many cases it will be
possible to combine elements of different embodiments, or to combine elements of the embodiments described
here with other modifications or variations that are not expressly described. A list of items does notimply that
any or all of the items are mutually exclusive, nor that any or all of the items are comprehensive of any category,
unless expressly specified otherwise. In many cases, one feature or group of features may be used separately
from the entire apparatus or methods described. Many of those undescribed variations, modifications and

variations are within the literal scope of the following claims, and others are equivalent.
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CLAIMS

1. A system for processing a sample, comprising:

an array comprising (i) a first plurality of electrodes, (ii) a second plurality of electrodes,
(i) a liquid coating filling in gaps between adjacent electrodes of said first plurality of electrodes
and said second plurality of electrodes, (iv) a dielectric disposed over said first plurality of
electrodes, said second plurality of electrodes, and said liquid coating filling in gaps between
said adjacent electrodes, and (v) a liquid layer disposed over said dielectric, wherein said liquid
layer is configured to support a droplet on a surface of said liquid layer, wherein said droplet
comprises said sample, wherein said liquid layer comprises a liquid that has a wetting affinity
characteristic for said dielectric, wherein said liquid is immiscible with said droplet, and wherein
said first plurality of electrodes and said second plurality of electrodes are configured to supply
an electric field to induce said droplet to motion along a surface of said liquid layer; and

a controller operatively coupled to said first plurality of electrodes and said second
plurality of electrodes, wherein said controller is configured to direct at least a subset of said first
plurality of electrodes and said second plurality of electrodes to supply said electric field to alter
a wetting characteristic of said surface of said liquid layer, to thereby induce said droplet to
motion along said surface of said liquid layer.

2. The system of claim 1, wherein said electric field is between a subset of electrodes of
said first plurality of electrodes, a subset of electrodes of said second plurality of electrodes, or
between said first plurality of electrodes and said second plurality of electrodes.

3. The system of claim 1, wherein said surface of said liquid layer comprises one or more
paths, wherein a path of said one or more paths comprises one or more tracks for motion of
said droplet.

4, The system of claim 1, wherein said surface of said liquid layer is configured to support
an additional droplet comprising an additional sample or a chemical sample.

5. The system of claim 1, further comprising a light source operatively coupled to said
controller, wherein said controller is configured to alter said wetting characteristic of said surface

of said liquid layer by directing said light source to apply light to said array.
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6. The system of claim 1, further comprising one or more dispensers configured to
dispense or remove said droplet to or from said surface.

7. The system of claim 1, wherein said dielectric comprises a polymeric material.
8. The system of claim 7, wherein said polymeric material is removable.
9. The system of claim 1, wherein said first plurality of electrodes and said second plurality

of electrodes are coplanar.

10. The system of claim 1, wherein said first plurality of electrodes and said second plurality
of electrodes are non-coplanar.

11. The system of claim 1, wherein said array further comprises one or more stations,
wherein said one or more stations are selected from the group consisting of a mixing station, a
temperature control station, a magnetic field station, an acoustic field station, a nucleic acid
delivery station, an optical inspection station, an optical manipulation station, a droplet input
station and a droplet output station.

12. The system of claim 1, wherein said liquid layer comprises an upper surface, and
wherein said upper surface of said liquid layer, said droplet, and a gas form a liquid-liquid-gas
interface.

13. The system of claim 1, wherein said liquid layer and said dielectric form an electrical
barrier between (1) said first plurality of electrodes and said second plurality of electrodes, and

(2) said droplet.

14. The system of claim 1, wherein said liquid coating comprises a photoresist, epoxy,
potting compound, liquid polymer, or other dielectric.

15. The system of claim 1, wherein said droplet comprises a biological sample.
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16. The system of claim 1, wherein said electric field induces said droplet to motion in at

least two directions along said surface of said liquid layer.

17. A method for processing a sample, comprising:

(a) providing an array comprising: (i) a first plurality of electrodes, (ii) a second plurality
of electrodes, (iii) a liquid coating filling in gaps between adjacent electrodes of said first plurality
of electrodes and said second plurality of electrodes, (iv) a dielectric disposed over said first
plurality of electrodes, said second plurality of electrodes, and said liquid coating filling in gaps
between said adjacent electrodes, and (v) a liquid layer disposed over said dielectric, wherein
said liquid layer is configured to support a droplet on a surface of said liquid layer, wherein said
droplet comprises said sample, wherein said liquid layer comprises a liquid that has a wetting
affinity characteristic for said dielectric, and wherein said liquid is immiscible with said droplet;

(b) introducing said droplet comprising said sample on said surface of said liquid layer
disposed over said dielectric; and

(c) directing at least a subset of said first plurality of electrodes and said second plurality
of electrodes to supply an electric field to alter a wetting characteristic of said surface of said
liquid layer, to thereby induce said droplet to motion along said surface of said liquid layer.

18. The method of claim 17, wherein altering said wetting characteristic comprises
controlling charging and discharging of one or more electrodes of said first plurality of electrodes

and said second plurality of electrodes in sequence.

19. The method of claim 17, wherein altering said wetting characteristic comprises applying

light to said array.
20. The method of claim 17, further comprising, during or subsequent to (b), subjecting said
droplet to heating, cooling, a magnetic field, a light field, acoustic energy, or mixing to

manipulate said sample.

21. The method of claim 17, wherein said sample comprises a nucleic acid or a protein, and

wherein subsequent to (c), said nucleic acid or protein is processed within said droplet.
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22. The method of claim 17, further comprising, during or subsequent to (b), introducing an
additional droplet comprising one or more additional samples over said surface.

23. The method of claim 22, further comprising merging said droplet and said additional

droplet.

24, The method of claim 17, further comprising splitting said droplet.

25. The method of claim 17, further comprising replenishing said liquid layer.

26. The method of claim 17, wherein said dielectric comprises a polymeric material.

27. The method of claim 17, wherein said liquid layer and said dielectric form an electrical
barrier between (1) said first plurality of electrodes and said second plurality of electrodes, and

(2) said droplet.

28. The method of claim 17, wherein said liquid coating comprises a photoresist, epoxy,
potting compound, liquid polymer, or other dielectric.
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