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This work describes the modeling and simulation of a parallel-plate Electrowet-
ting On Dielectric (EWOD) device that moves fluid droplets through surface tension
effects. The fluid dynamics are modeled by Hele-Shaw type equations with a focus
on including the relevant boundary phenomena. Specifically, we include contact
angle saturation, hysteresis, and contact line pinning into our model. We show that
these extra boundary effects are needed to make reasonable predictions of the correct
shape and time scale of droplet motion. We compare our simulation to experimental
data for five different cases of droplet motion that include splitting and joining of
droplets. Without these boundary effects, the simulation predicts droplet motion
that is much faster than in experiment (up to 10-20 times faster).

We present two different numerical implementations of our model. The first
uses a level set method, and the second uses a variational method. The level set

method provides a straightforward way of simulating droplet motion with topological



changes. However, the variational method was pursued for its robust handling
of curvature and mass conservation, in addition to being able to easily include a
phenomenological model of contact line pinning using a variational inequality. We
are also able to show that the variational form of the time-discrete model satisfies a
well-posedness result. Our numerical implementations are fast and are being used
to design algorithms for the precise control of micro-droplet motion, mixing, and
splitting.

We demonstrate micro-fluidic control by developing an algorithm to steer indi-
vidual particles inside the EWOD system by control of actuators already present in
the system. Particles are steered by creating time-varying flow fields that carry the
particles along their desired trajectories. Results are demonstrated using the model
given above. We show that the current EWOD system [29] at the University of Cal-
ifornia in Los Angeles (UCLA) contains enough control authority to steer a single
particle along arbitrary trajectories and to steer two particles, at once, along simple
paths. We also show that particle steering is limited by contact angle saturation

and by the small number of actuators available in the EWOD system.
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1.1 Electrowetting applications. (a) The UCLA ‘lab-on-a-chip’ system.
View is from above through a transparent top electrode. The six bot-
tom electrodes are the black squares between the jagged white lines.
(b) The Phillips/Liquavista liquid color pixels. Left: colored oils are
wetted; right: voltage actuation has de-wetted the oils revealing a
reflective white background. The 30 micrometer diameter beaded oil
drops are too small to be seen by the naked eye, hence the pixels on
the left appear to be colored and the ones on the right look bright
white. The small size and fast switching speed of these pixels allows
them to be fabricated on thin and flexible substrates and to function
faster and brighter than regular LCD pixels. This allows, for exam-
ple, viewing of movies on a laptop in bright sunlight. (¢) A schematic
diagram of the first liquid cell-phone lens by Varioptic. (Figures (a),
(b), and (c) courtesy of Chang-Jin (‘CJ’) Kim at UCLA, Hans Feil
and Rob Hayes at Liquavista/Phillips, and Bruno Berge at Varioptic.) 3

1.2 Schematic of sample EWOD device (courtesy of CJ Kim at UCLA).
This EWOD system consists of two parallel plates with the top plate
(transparent) acting as a ground electrode and the bottom plate con-
taining a grid of embedded electrodes. Wires are shown leading off of
the device and connecting to an external voltage source (not shown).
The small cubes near the edges are ‘spacers’ to ensure the channel
height is uniform. In practice, two pieces of cellophane tape (one on
each side) are used as spacers. See Figure 1.3 for a cross-sectional view. 6

1.3 Cross-sectional view of the EWOD device. The top layer is a (trans-
parent) ground electrode, followed by a coating of Teflon and a liquid
droplet. Underneath the droplet is a coating of Teflon, followed by a
layer of silicon dioxide (SiO2) that acts as a dielectric and improves
device performance. On the bottom is a grid of electrodes that can
be actuated individually to induce droplet motion.

7

1.4 Overhead view (through transparent electrode) of experimental EWOD
device (courtesy of CJ Kim at UCLA). A droplet is shown undergo-
ing a topological change (i.e. it is pinching). The voltage actuation is
25, 0, and 25 volts (from left to right) for the three square electrodes
that the droplet overlays. The long thin pieces are wires that lead to
voltage sources.
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Moving interfaces can be tracked by explicit and implicit methods.
a) Overhead view of the water /air interface in the UCLA experiment,
the droplet is just about to split. b) Explicit tracking of the interface
by a FEM over a mesh that conforms to the interface and is convected
by the flow. ¢) Implicit level-set tracking of an interface. The scalar
function shown is the signed distance function to the interface; it is
convected by the flow. The intersection of the scalar function and
the z = 0 horizontal plane (here shown as the thick ‘figure 8" curve)
tracks the moving interface. d) Implicit phase-field tracking of the
interface. Here a phase variable, such as the fluid density, varies
smoothly from one phase (liquid, dark gray) to the other (gas, white)
and is convected by the flow. The interface is the thin smeared gray
layer. An inset shows the smoothed density function as it goes from
gas to liquid. There is also the Volume of Fluid (VoF) method (not
shown) that tracks volume fractions for each phase inside each cell

of a computational grid and then reconstructs the interface. And
the Coupled Level Set-VoF (CLS-VoF) method combines VoF and

level-sets. . . . . .

EWOD device geometry. The coordinate axes are defined such that

the top and bottom plates of the device lie in planes parallel to the x-

y plane. The physical parameters of the device are listed in Table 2.1.
17

Velocity profile: the fluid velocity field is assumed to have a quadratic
profile in the z direction.
19

Overhead view of a 2-D droplet with side view zoom-in of the in-
terface. The liquid-gas interface is assumed to have a circular cross-
section, which gives an estimate of the z curvature, ., in dimensional
form. The z-y curvature, Ky, is just the curvature of the boundary

of the two dimensional droplet. . . . . . . .. ... ... ... ....

Curvature note: k,, and x, are both positive for the bulging droplet
on top. For the inward bending droplet, only s, is negative.
23
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2.5

2.6

2.7

2.8

EWOD lumped circuit schematic. A voltage source is connected
across the device by connecting with the ground electrode (top) and
electrode grid (bottom); the electrodes are assumed to be perfect
conductors. Each layer of Teflon, and silicon dioxide layer, can be
modeled as a parallel resistor and capacitor. The liquid is assumed
to only be resistive. Values for the circuit components can be ob-
tained from [91]. The output voltage V,,; is only taken across the
bottom plate of the device because that is where the majority of the
electrical energy is stored (due to the silicon dioxide layer). . . . . . .

Contact Angle Versus Voltage Curves: theoretical and experimen-
tal data for contact angle variations using electrowetting on dielec-
tric. The dotted line denoting the Young-Lippmann (Y-L) curve is
theoretical [94], [17], [36]. The single plate saturation curve has six
experimental data points (given in [29]) with a piecewise interpolat-
ing polynomial (see dashed line and ‘o’ data points). The two plate
saturation curve has two experimental data points [29] with an in-
terpolating curve derived from the single plate case in Section 2.2.3
using a linear map (see solid line and ‘¢’ data points). This curve
is used in our simulation to predict the correct droplet motion and
splitting time (see Section 5.1.3). . . . . . . ... ... ...

[ustration of contact line pinning and hysteresis. The contact line of
the droplet is where the liquid-gas interface meets the solid surface.
Line pinning simply means the contact line (and the droplet) is stuck
to the surface. A direct result of this is contact angle hysteresis,
which refers to the situation where the receding angle #y is less than
the nominal (equilibrium) angle 6y, while the advancing angle 64 is
greater than . In the diagram above, 6 is the contact angle of the
droplet on a horizontal surface, whereas 6z and 6, are the contact
angles when the surface is tilted. The droplet can slide by using a
large enough tilt angle, but the motion will be limited by the static
frictional effect of line pinning and contact angle hysteresis will still
be present. A similar situation happens in EWOD, where hysteresis
also acts as a retarding effect by deforming the liquid-gas interface
shape in an unfavorable way (see Section 2.2.4). . . . . . . ... ...

Effects of contact angle hysteresis in the EWOD device. A droplet is
shown moving from left to right due to voltage actuation (OFF/ON).
When hysteresis is present, the contact angles differ from their nom-
inal (non-hysteresis) values. The effects on the liquid-gas interface
pressure are also shown. The presence of hysteresis causes the pres-

sure gradient throughout the droplet to be weakened from the nomi-
nal case (Pr—Pa>Pr—Pa). . . . . .. .. o
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2.9

2.10

2.11

Diagram of simple contact line pinning experiment. An adjustable
inclined plane is shown with a droplet resting on it. On the left,
the droplet slightly deflects towards the right because of gravity but
does not move because of the contact line pinning effect. When the
angle of the inclined plane is increased to a high enough value, the
force due to gravity is strong enough to overcome the pinning effect,
and the droplet slides down the plane. Given the angle at which the
droplet first slips, one can compute the maximal pinning force given
the droplet volume, density, and gravitational force. After performing
this experiment several times for droplets of varying volumes, it is
found that F,,,, scales linearly with the contact line length L, [146],
[103]. This relation is written as Fy,ap = CpinLe, Where ¢y is the line
pinning coefficient with the same units as surface tension. . . . . . . .

Contact line force averaging. Contact line friction is a force that is
active along the three-phase contact line. On the left, the contact
line pinning force is shown concentrated at the contact line (at both
the floor and ceiling). On the right, the pinning force has been redis-
tributed over the channel height. Since the governing EWOD fluid
equations have been averaged along the channel height, we average
the contact line friction force across the channel height. This redis-
tributes the force from a length of contact line (at floor and ceiling),
to a vertical strip along the liquid-gas interface. This allows the line
friction to be included in the pressure boundary conditions as an ad-
ditional pressure term (see equation (2.14)).

38

Line pinning variable versus normal velocity. The line pinning friction
variable A is defined by the ‘sign’ function of the normal velocity:
A = P, sgn(u - n). If the normal velocity (u - 7) is positive, the
friction ‘pressure’ pushes against the interface with maximum +P,;,;
vice-versa when « - 71 is negative (note that 77 is an outward pointing
normal vector). When @ - 7 = 0, the pinning variable takes on a
value between +Pp;, (i.e. —Pp, < A < +P,;,) and acts as a lagrange
multiplier to enforce the constraint that the interface does not move.
Also see Figure 2.12. . . . . . . . ...
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3.1

3.2

3.3

3.4

4.1

A 2-D droplet with parts of the boundary pinned. The pinned regions
are denoted by a dashed line; unpinned regions are shown as a solid
line with velocity arrows indicating direction of motion. An outward
motion is considered positive (-7 > 0), and an inward motion is
negative (-7 < 0). The pinning variable \ is defined on the boundary
I' of the droplet. On the unpinned regions, the value of A\ saturates
to £P,;,. On the pinned regions (u -7 = 0), A continuously varies
between —P,;;, and +Pp;,. In our simulations (see Chapter 5), A is
used to indicate where the boundary is pinned, i.e. the boundary is
pinned wherever |A| < Ppip. . . . . ..o

Diagram of 2-D droplet domain with notation. The domain of the
droplet is denoted by €2 and its liquid-gas interface is labeled I'. The
unit vectors 7 and ¢ denote the outward pointing normal vector and
‘right-hand’ oriented tangent vector. Inside the droplet, the pressure
field obeys Laplace’s equation, and the velocity field is governed by a
Hele-Shaw type equation. The pressure boundary condition depends
on the curvature of I' (denoted x) and the EWOD forcing E. . . . . .

Algorithm flowchart. . . . . . . ... ... oo

Computational domain layout. Liquid region corresponds to interior
nodes. Boundary nodes are adjacent to the interior nodes.
48

Example of a level set function. The zero level contour is highlighted
with a thick black line and shows a droplet about to split.
49

Velocity Field Extension. Illustration showing before and after results
of extending the velocity field by diffusion using Jacobi iterations.
54

Example test function over the domain (2. Intuitively, test func-
tions are used to extract information about the solution of the PDE
through the integral representation. The variational formulation pro-
vides a convenient way of encoding the conditions that a function
must satisfy in order to be a solution of the PDE. A particular test
function provides a very small amount of information, in the support
of the test function (i.e. where it is non-zero), about the PDE solu-
tion. Hence, one must test with all possible test functions in order
to ‘see’ the whole solution.
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4.2
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0.1

Triangulated domain and ‘hat’ function. On the left, a domain has
been partitioned into a (coarse) triangulation, and is denoted by (2.
On the right, a local ‘hat’ function is shown over a sub-domain of
2. There is one hat function for each vertex in the triangulation.
The collection of hat functions defines a finite dimensional subspace
of H'(2) and is used to approximate solutions of the PDE listed in
equation (4.1).
63

Convex set of functions. A plot of an example function p in the con-
vex set K is shown. The vertical axis is the amplitude and the s axis
is along the interface I' (i is a function defined on I'). The function
1 is periodic because I' is a closed curve. Above the plot, an exam-
ple droplet domain 2 is shown with dashed lines indicating pinned
regions of the boundary where |u| < P,;,. Functions in K are limited
in amplitude to £P,;, point-wise. The set K is convex because of
the following: let p; and ps be in K, and let p = (1 — )y + tus,
where 0 < ¢ < 1. Then clearly —F,;, < u < +PF,, at each point on
I', which implies p is in K. Hence, by the definition of convexity, K
is convex.
81

A triangulated domain with curved triangles on the boundary. The
boundary I' of the domain €2 is composed of curved sides that are
piecewise quadratic and continuous. The ‘dots’ mark the degrees-
of-freedom (DoF) of the quadratic polynomials that are defined on
each triangle. Quadratic sides are required to compute curvature
accurately when using piecewise quadratic polynomial functions to
approximate the velocity field [128]. . . . . . ... ... ... ...,

Projection onto a convex set. By equation (4.110), we know that the
inner product of the functions (A—w) and (A — p) must be negative or
zero for all p in the convex set A, (note: w := A+ pw- 7). This is only
possible if A is the L*(T") projection of w onto Ay, (i.e. A = Py, (w)).
105

Droplet splitting experimental results with level set simulation over-
lay. Six frames showing the video snapshots of the experiment (cour-
tesy of CJ Kim and Sung Kwon Cho at UCLA). The three electrodes
shown in each frame have activation voltages (from left to right) of
25, 0, and 25 volts. Each electrode is approximately square with a
side length of 1.4 millimeters. The dashed-line droplet outlines are
from the simulation depicted in Figures 5.10 and 5.11 and show a
direct comparison between experiment and the level set simulation
including contact angle saturation and hysteresis. . . . . . .. . ...
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The EWOD system manipulates fluids by charging a dielectric layer
underneath the liquid that effectively changes the local surface tension
properties of the liquid/gas interface creating liquid motion. Existing
(move, split, join, and mix) capabilities of electrowetting devices are
shown schematically (see [89], [79], [131], [107], [111], [28], [55]) above
the new particle steering capability developed in this thesis. The
view is from overhead the EWOD device. Shaded circles represent
droplets of liquid. Squares are electrodes, where the lighter shading
indicates the electrode is on. Directed lines specify the direction of
motion. The multi-shaded droplet shows the diffusion and mixing of
two chemicals; here mixing is enhanced by the fluid dynamics created

inside the droplet due to its imposed motion. . . . . . . . . . . . . ..
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6.2 Particle steering closed loop feedback control architecture. 1) The
EWOD device is observed by 2) an image system (a microscope/camera
or an on-chip contact imager) which transmits information to 3) a
computer or chip that contains 3a) an image processing algorithm to
identify droplet shapes and the location of the particles and 3b) a
control algorithm that computes the actuator voltages that will move
the particles from where they are to where they should be, and 4)
these actuation voltages are then applied on the EWOD device. The
loop repeats at each time step to steer the particles along their de-
sired trajectories. The zoomed overhead view of the EWOD device
(at right) shows a single droplet with one particle floating inside. The
curvy line indicates the desired path of the particle. In our control al-
gorithm, we sample the trajectory by many points (only seven points
are shown here; see numbered stars 1-7). . . .. . ... ... ...

6.3 Linear combination of pressure gradients for a single droplet overlay-
ing four electrodes (small dashed squares). The diagram above shows
a droplet in an EWOD system with four different instances of voltage
actuation. In each instance, only one of the four electrodes is on.
The particle floating inside the droplet (black dot) has a thick arrow
indicating its direction of motion for each single electrode actuation.
These arrows actually represent the opposite direction of the pressure
gradient when a unit pressure boundary condition is set on the thick
curve that overlays the shaded electrode, with zero pressure bound-
ary conditions everywhere else. The thin curvy arrows show the fluid
flow inside the droplet. Since the pressure field obeys Laplace’s equa-
tion (2.15), it is linear and we can make the particle move in any
desired direction by taking an appropriate linear combination of the
four possible boundary conditions given above. . . . . . . . ... ...

6.4 Linear transformation of boundary conditions; an example of satisfy-
ing the boundary condition constraints. On the left, the components
of the solution to (6.3) are plotted with the maximum and minimum
constraint bounds denoted by dashed lines (see equation (6.4)). On
the right, the components have been linearly mapped to enforce the
constraints. This introduces a scaling factor into the linear system
(6.3), which affects the magnitude of the desired direction vector b
(i.e. the magnitude of the force acting on the particles). In effect,
this causes the particle to be forced as much as possible in the desired
direction.
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6.5

6.6

6.7

6.8

Voltage versus contact angle with contact angle saturation. Here we
show the inverse mapping of the thick black line in Figure 2.6 that
represents the contact angle variability of the EWOD device. The
plot shows how to compute the voltage needed to actuate a specific
contact angle. The dashed line depicts the mapping from a 105.0°
contact angle to a voltage of about 14.2 volts. We use this in our
control algorithm for estimating the necessary actuation voltages (see
Section 6.2.4).
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EWOD particle steering control algorithm update. The droplet con-
figuration from Figure 6.2 is shown on the left. The direction of
motion for the particle is toward the trajectory point that is just out
of reach for the current time step. This control strategy ensures the
particle will move as fast as possible and stays close to its desired
trajectory. On the left, the shaded electrodes contain the voltages
needed to move the particle in the desired direction. These voltages
are computed by the least squares solution in Section 6.2.4, the con-
straint map in Figure 6.4, and by the voltage versus contact angle
curve in Figure 6.5. The varying voltage grid induces a pressure gra-
dient field inside the droplet such that minus the pressure gradient
at the particle’s position is pointing along the desired direction of
motion. This moves the droplet and particle along the trajectory to
the next time step. . . . . . . . . ..

Particle following a figure ‘8" path (level set method). An initially
circular droplet (denoted by the closed black curve) lies on a 3x3 grid
of electrodes (denoted by straight lines). The dashed figure ‘8" curve
is the desired path, and a large dot represents the particle with an
arrow pointing in the desired direction of travel. The light solid curve
that overlays the dashed curve is the actual path of the particle. The
time-stamp is given in the upper left corner. The voltages on the grid
are time varying in such a way as to keep the particle moving along
the desired path with less than 20 micrometers deviation. . . . . . . .

Particle following a figure ‘8’ path (variational method without pin-
ning). Same format as Figure 6.7. The results are similar to Figure
6.7 with some differences in the droplet shape and total time to move
the particle. . . . . . . . . .
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this case, the droplet becomes nearly stuck (shown in the last frame)
and asymptotically approaches a completely pinned state. This is
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enough forcing. Basically, the control algorithm cannot account for
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is stationary (level set method). Same format as Figure 6.7. The
stationary particle’s trajectory is a single point. As the particle on
the right follows the circular arc, the droplet distorts to accommodate
both particle motions. Eventually, the algorithm is unable to continue
the particle motion due to the restrictive condition of moving one
particle while the other is held stationary, in addition to overcoming
the curvature effect of the deformed droplet. . . . . . . ... ... ..

Two-particle control: one particle moves on a circular arc, the other
is stationary (variational method without pinning). Same format as
Figure 6.8. The results are similar to Figure 6.13. . . . . . . . . . ..

Two-particle control: one particle moves on a circular arc, the other is
stationary (variational method with pinning). Same format as Figure
6.9. The results are similar to Figure 6.14 with some variation of
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Two-particle separation into two satellite drops, part A (level set
method). Same format as in Figure 6.7. Each particle first follows a
trajectory that takes them away from each other. When there is suf-
ficient distance between the two particles (see last frame), our control
algorithm turns off and the separation is completed by applying open
loop voltages that split the droplet. Simulation continued in Figure
6.17. .«

Two-particle separation into two satellite drops, part B (level set
method). Same format as in Figure 6.7. . . . . . . . . ... ... ...

Two-particle separation into two satellite drops, part A (variational
method without pinning). Same format as Figure 6.8. The paths of
the particles follow the desired trajectories much better than for the
level set method in Figure 6.16. Eventually, the algorithm turns-off
(last frame) and open loop voltages are applied to split the droplet.
Simulation continued in Figure 6.19. . . . . . . . . .. .. ... ...

Two-particle separation into two satellite drops, part B (variational
method without pinning). Same format as Figure 6.8. . . . . . . . ..

Two-particle separation into two satellite drops (variational method
with pinning). Same format as Figure 6.9. The particles attempt
to follow the splitting trajectories, but quickly become stuck due to
contact line pinning (the droplet is fully pinned in the last frame).
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Particle traveling on a sine wave (level set method). Same format as
Figure 6.7. The particle is able to track the sine wave path until the
last time frame where the particle drifts away from the desired tra-
jectory momentarily (see ‘kink’ in the particle path just underneath
the particle’s position in the last frame). . . . . . . ... .. ... ..

Particle traveling on a sine wave (variational method without pin-
ning). Same format as Figure 6.8. The particle follows the sine wave
very well, until near the end of the path where it is unable to continue.
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much as for the level set simulation (Figure 6.21). It is possible that
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set method. . . . . . ...
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Particle traveling on a sine wave (variational method with pinning).
Same format as Figure 6.9. The particle is able to follow the tra-
jectory very well until it becomes nearly stuck due to contact line
pinning (last frame). . . . .. ... Lo o Lo

Two particles trying to come together and pinch a droplet (level set
method). Same format as Figure 6.7. The particles travel on two sep-
arate trajectories that would, ideally, bring them together. However,
as they come together, numerical instabilities in (6.3) cause random
variations in the control voltages. This causes the droplet to hold its
shape and move up and down in an undesirable way. . . . . . . . ..

Two particles trying to come together and pinch a droplet (variational
method without pinning). Same format as Figure 6.8. Results are
similar to the level set method (Figure 6.24). . . . . . .. . ... ...

Two particles trying to come together and pinch a droplet (variational
method with pinning). Same format as Figure 6.9. Results are similar
to the non-pinning case (Figure 6.25). . . . . . .. ... .. ... ...

Two particles on diverging paths (level set method). Same format as
Figure 6.7. Each particle is attempting to follow separate trajectories,
both of which lead away from each other. Due to limitations of the
pressure boundary actuation and a lack of electrodes, the control
algorithm is unable to keep both particles moving on their respective
paths. . . . .

Two particles on diverging paths (variational method without pin-
ning). Same format as Figure 6.8. Results are similar to the level set
method (Figure 6.27). . . . . .. .. .o Lo

Two particles on diverging paths (variational method with pinning).
Same format as Figure 6.9. The particles are able to follow their tra-
jectories at first, but eventually becomes nearly stuck (third frame).
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pletely pinned state. Explanation is the same as that given in Figure
6.9. . .

A 1-D closed curve I' with mapping X. The mapping is defined on
a single reference domain U, which is just an interval. Only one
reference domain is needed for 1-D curves. . . . . . .. ... ... ..
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C.1

C.2

C.3

Section of a 2-D surface I' with mapping X. The mapping is de-
fined on multiple open sets {Uy, Uy, Us} (reference domains) that are
disjoint. Each U; is mapped to a small patch (denoted by a dashed
curve) on the surface I'. More than one reference domain is required

to cover the whole surface I' if it is closed. . . . . . . . . . . . .. ..

A 1-D curve I (in the z-y plane) shown as a cross-section of a 2-D sur-
face I'yp. All differential geometric formulas derived in this appendix
are for a 2-D surface in an ambient 3-D space. But these formulas
also hold for a 1-D curve in a 2-D ambient space. This can be seen
by noting that a 1-D curve can be interpreted as a cross-section of a
cylindrical surface (shown here).
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Polygonal boundary I';, approximating a closed smooth curve . The
polygon consists of a set of straight sides {Si} with vertices {Z;} de-
noted by thick dots (note: all vertices lie on the smooth boundary
f‘) The outward pointing normal vector of I'j, is 77, and on each side
Sy it is labeled 7. The normal vector of the smooth domain is .
Because I'j, is closed, the vertex 'y, precedes 7.
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Curved polygonal boundary I';, approximating a closed smooth curve
I' (denoted by the thicker curve). '), consists of a set of curved sides
{Sr} with vertices {#;} shown as thick dots and midpoints {m;}
shown as black diamonds (note: all vertices and midpoints lie on
the smooth boundary f‘) The outward pointing normal vector of T’
is 77, and on each side .Sy, it is labeled 7. The normal vector of the

smooth domain is 77. Because I'y, is closed, the vertex 7, precedes .
229

Zoom-in of side Sy of the polygon I';, (dashed line) with the smooth
(thick) curve . The side Sy of the polygon has vertices 7) and Tjq
with unit normal 77, and lies on the s axis with length hy := |Si|. It is
assumed that I'y, is sufficiently refined to allow for the smooth curve r
to be represented (locally) as the graph of a function f on the interval
[0, h]. The vertex @y of the polygon is located at (s = hy, f(hy) = 0),
and Ty is at (s = 0, f(0) = 0). The smooth curve has normal vector

71, and we define 1), := ﬁ(fk) and My = ﬁ(fkﬂ). The angle 6 is
between 775, and 7.
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C.4 Zoom-in of side Sy of the curved polygon I', (dashed line) with the
smooth (thick) curve [. The side S; of the polygon has vertices T
and .1, with middle vertex my labeled as a black diamond. The
unit normal vector of Sy is 77, and is not constant along Sy. The
length of Sy is denoted hy := |Sk|. T is assumed to be sufficiently
refined to allow for the smooth curve I' to be represented (locally)
as the graph of a function f on the interval [0, ], with f’(0) = 0.
The vertex @ of the polygon is located at (s = lg, f(lx)), and Zgiq
is at (s = 0, f(0) = 0). The smooth curve has normal vector 7, and

we define 7y := 7i(Z;) and figq := 7(F1). The normal vector of
the curved side at the endpoints is defined as 71} = 7} (Z)4 1) and

iy := 7ix(Z1). The angle 6 is between 77}, and 7igyq. - . o . o o . oL L.
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Chapter 1

Introduction

In 1875, Gabriel Lippmann demonstrated, through rigorous theory and ex-
periments, a relationship between electrical and surface tension phenomena [94]
(see [103] for an English translation). This relationship allows for controlling the
shape and motion of a liquid meniscus (i.e. liquid-gas interface) through the use
of an applied voltage. The liquid surface changes shape when a voltage is applied
in order to minimize the total energy of the system (i.e. the sum of the surface
tension energy and electrical energy). In his seminal paper, he showed applications
of this effect ranging from allowing sensitive voltage measurements to a working
electro-capillary motor. Today, this effect is known as electrowetting and has seen a
resurgence in modern applications in the area of Micro-Electro-Mechanical Systems
(MEMS). Some of these applications include cell phone camera lenses [15], video
speed electronic paper [65], and ‘lab-on-a-chip’ devices [62].

The main topic of this thesis concerns the fluid dynamics of water droplets
actuated through electrowetting in a specific system configuration. To begin, we
review the current literature and applications of electrowetting. Next, we give a
description of the particular electrowetting configuration in which we are interested.
Then, we give an overview of various numerical methods for simulating two-phase

flow which is important for our application. Finally, we give a thesis outline.



1.1 Literature Overview and Applications of Electro-Wetting

Well designed MEMS devices take advantage of the large surface-to-volume
ratios found at the micro-scale. In particular, micro-fluidic devices often exploit
surface tension forces to actuate or control liquids [66], [33], [53]. Electro-wetting
refers to using electrical fields to effectively modify surface tension effects [94], [103],
[34] (see [82] and [81] for some fascinating experimental demonstrations). This allows
for the manipulation of fluid droplets at the micro-scale.

Applications for these devices range from micro-fluid transport [118], mixing
[108], dispensing [113], and ‘lab-on-a-chip’ devices that automate functions, such as
sensing and testing of biological samples [48], [131], to tunable optical fiber devices
[25], [75], reflective displays [115], and light valves [68], [67]. See Figure 1.1 for more.

This thesis is concerned with modeling a specific variant of electrowetting
called Electrowetting-On-Dielectric (EWOD) [29], which has an extra insulating
layer to enhance its operation (see Section 1.2 for a full description of the EWOD
device). See [99] for an initial experimental demonstration and [14] for an analysis
of the advantage of using a dielectric insulating layer in an electrowetting system.

Similar applications exist for the EWOD device as well, such as mass spectrom-
etry [144], [101], mixing [55], ‘lab-on-a-chip’ [62], micro-injection [73], and particle
separation and concentration control [27]. Potential uses of these technologies could
be for controlled mixing of chemicals and automated DNA testing.

Ultimately, these applications will need accurate fluid dynamical control in

order to execute their many subtasks (i.e. particle control, precise droplet motion,



&

(4
1
]

Figure 1.1: Electrowetting applications. (a) The UCLA ‘lab-on-a-chip’ system.
View is from above through a transparent top electrode. The six bottom electrodes
are the black squares between the jagged white lines. (b) The Phillips/Liquavista
liquid color pixels. Left: colored oils are wetted; right: voltage actuation has de-
wetted the oils revealing a reflective white background. The 30 micrometer diameter
beaded oil drops are too small to be seen by the naked eye, hence the pixels on the
left appear to be colored and the ones on the right look bright white. The small
size and fast switching speed of these pixels allows them to be fabricated on thin
and flexible substrates and to function faster and brighter than regular LCD pixels.
This allows, for example, viewing of movies on a laptop in bright sunlight. (¢) A
schematic diagram of the first liquid cell-phone lens by Varioptic. (Figures (a), (b),
and (c) courtesy of Chang-Jin (‘CJ’) Kim at UCLA, Hans Feil and Rob Hayes at

Liquavista/Phillips, and Bruno Berge at Varioptic.)



splitting, optimal mixing, etc.). But this will also require accurate models to help
design robust controllers as well as guide device optimization. Fabricating EWOD
systems usually takes more than eight months per device. Hence, having a predictive
tool is clearly desirable. Furthermore, these models must be convenient and cheap
to use in order to fit within available control design and optimization methodologies.

Other modeling efforts of EWOD include [29], which gives a basic model of how
the device parameters affect droplet splitting. Equilibrium models for the shape of
sessile drops on a charging dielectric plate are given in [139] and [124]. In particular,
[139] considers a conducting liquid on top of an insulating layer and the effect of
charge trapping at high voltage on contact angle saturation. In [124], Shapiro, et
al use an energy minimization framework to show that liquid resistance can lead
to contact angle saturation in the EWOD devices. Other energy based methods
include [10], which they use to ascertain performance parameters for electrowetting-
induced droplet actuation. An alternative, lumped parameter, electro-mechanical
model for a one dimensional (1-D) liquid column actuated by electrowetting is given
in [77] for the equilibrium case and in [143] for the dynamics. In addition, a dynamic
model of the contact angle variation for a spreading axisymmetric drop is given
in [36], and in [97], a diffuse interface model and simulation of droplet motion is
compared to experiments on a scaled-up version of the electrowetting device.

This thesis presents a distributed parameter model of EWOD fluid dynamics
that is able to approximately capture the evolution of a droplet’s liquid-gas interface
in two dimensions. Our model includes a rough approximation of contact angle
hysteresis, which is different than, though analogous to, the contact line friction
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model discussed in [143] and [36]. Also, we include a phenomenological model of
contact line pinning that can account for ‘sticking’ droplets, and is similar in spirit
to static (Coulomb) friction.

The simulation of our model is done using two different techniques, both of
which are sufficiently fast and low dimensional to use in controller design. The first
method uses the level set method [105] and is advantageous for capturing droplet
split and merge events (i.e. topological changes). The second method uses explicit
front tracking of the interface with a variational formulation of the governing equa-
tions. Furthermore, we augment the variational method with the work in [140] to
allow for topological changes. See Section 1.3 for more discussion on different general
techniques for simulating two-phase droplet motion.

Other computational models of electrowetting exist, such as [92], which as-
sumes quasi-static behavior of the droplet (i.e. no internal fluid effects) and uses
Surface Evolver [19] to compute droplet shapes for device optimization. In [13], they
developed a CFD model for transport of biological species inside an EWOD-driven
droplet. Their simulation uses a Volume of Fluid (VoF) method to track the droplet
motion but does not give precise information about the liquid-gas interface shape.
In [100], they also use a VoF method to simulate a zero-leakage micro-valve actuated
by electrowetting. And in [135], they perform a finite element analysis for deforming

dielectric droplets in an electric field.



Figure 1.2: Schematic of sample EWOD device (courtesy of CJ Kim at UCLA).
This EWOD system consists of two parallel plates with the top plate (transparent)
acting as a ground electrode and the bottom plate containing a grid of embedded
electrodes. Wires are shown leading off of the device and connecting to an external
voltage source (not shown). The small cubes near the edges are ‘spacers’ to ensure
the channel height is uniform. In practice, two pieces of cellophane tape (one on

each side) are used as spacers. See Figure 1.3 for a cross-sectional view.
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Figure 1.3: Cross-sectional view of the EWOD device. The top layer is a (trans-
parent) ground electrode, followed by a coating of Teflon and a liquid droplet.
Underneath the droplet is a coating of Teflon, followed by a layer of silicon dioxide
(Si02) that acts as a dielectric and improves device performance. On the bottom

is a grid of electrodes that can be actuated individually to induce droplet motion.

1.2 Description Of The EWOD System

A schematic of an EWOD device is given in Figure 1.2, while Figure 1.3 shows
a cross-sectional view. The device consists of a sandwich of various layers listed
from top to bottom as: top (transparent) electrode, hydrophobic Teflon coating,
droplets of water (here only one droplet is shown), another Teflon coating, a layer
of solid dielectric silicon dioxide, and an underlying grid of electrodes. There are
also spacers to ensure that the channel height is uniform.

The basic principle of operation is that the liquid-gas interface of the droplet



can be locally deformed by capacitively charging the silicon dioxide layer underneath
it. The induced motion of the droplet is due to competing effects of energy storage
between the dielectric layer (and external charging source) and the surface energy
of the liquid-gas interface [124]. In other words, the EWOD system attempts to
minimize its total energy, which is the sum of the electrical energy and surface
tension energy. The stored electrical energy of the system is proportional to the
applied voltage squared and linearly proportional to the contact area of the droplet
with the solid substrate. Furthermore, the electrical energy has a negative sign
because the voltage source does work in moving charge to and from the dielectric
layer. The surface tension energy is directly proportional to the surface area of
the liquid-gas interface of the droplet and is positive. Hence, it is favorable for the
droplet’s substrate contact area to increase when a voltage is applied because it
leads to a reduction in total energy (because the electrical energy is negative). This
causes the contact angle of the droplet to decrease and increases its wettability with
increasing voltage. Note that the change in electrical energy is more than enough to
compensate for the increased surface tension area (because the area of the liquid-gas
interface has increased). Essentially, the applied voltage acts to modify the surface
tension properties of the solid-liquid surface between the dielectric and the droplet.

This electro-wetting effect can be done locally about the three-phase contact
line of the droplet (i.e. the line where the liquid, gas, and solid phases intersect).
Thus, each electrode can change the surface tension properties immediately above
it. This change can be used to move droplets from electrode to electrode, to split

droplets (by pulling on either side using three electrodes), to join droplets by making
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Figure 1.4: Overhead view (through transparent electrode) of experimental EWOD
device (courtesy of CJ Kim at UCLA). A droplet is shown undergoing a topological
change (i.e. it is pinching). The voltage actuation is 25, 0, and 25 volts (from left
to right) for the three square electrodes that the droplet overlays. The long thin

pieces are wires that lead to voltage sources.

them collide, and to mix fluid in droplets by making the droplets execute complex
paths.

An experimental device with a splitting droplet is shown in Figure 1.4 (the
view is through the top transparent electrode). The actuation voltages of the three
electrodes from left to right have been turned on to 25, 0, and 25 volts.

In [124], a model was developed for the equilibrium shape of droplets under
applied electric fields. This thesis further considers the non-equilibrium fluid dy-
namics. Specifically, we focus on modeling and simulating motion, splitting, and

joining of the liquid droplets, as well as accounting for contact line friction. Before



this work, most models and simulation tools have focused on the equilibrium be-
havior of EWOD, or simplified versions such as 1-D flow dynamics of a plug of fluid
driven by EWOD, or a modified EWOD system where contact angle hysteresis is
negligible. Furthermore, our simulation tool is able to handle pinching and merging
of droplets, which is readily observed in EWOD. And our model has enabled the
possibility of controlling fluid flow in an EWOD system such as for controlled mixing
or particle control (i.e. for controlling the trajectory of particles or agents floating
in a droplet).

The next section gives a general overview of numerical methods for simulating

two-phase flow and states why we chose the methods described in this thesis.

1.3  Overview of Numerical Methods for Two-Phase Flow

Given a model of two-phase flow, there is still the problem of discretization
and implementing a computational tool to simulate it. Many techniques exist for
simulating and computing solutions to partial differential equations (PDE), espe-
cially those with a moving boundary. But the foundation of these methods are the
standard numerical schemes: Finite Difference (FDM), Finite Element (FEM), and
Boundary Integral methods (BIM). FDM [102], [46] works by replacing all deriva-
tive terms in the PDE by finite difference approximations (i.e. by approximating
the differential operator of the PDE) and partitioning the domain (usually) into a
cartesian grid. FEM [18], [20], [76], on the other hand, never discretizes the differ-

ential operator. It only approximates the solution of the PDE over an unstructured
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grid (e.g. a triangulation) that represents the domain. Furthermore, FEM uses
an integral representation, which makes it more robust than FDM. BIM [57], [74]
also uses an integral representation, but the PDE is captured through the use of a
convolution kernel. And BIM only requires a partitioning of the boundary of the
domain, which is advantageous in 3-D because no bulk interior mesh is required.
Problems that involve a moving boundary and large deformations require spe-
cial enhancements to the standard techniques [52] and use implicit and explicit front
tracking methods to simulate the motion of the interface (see Figure 1.5 and Table
1.1). One popular implicit method for capturing free surface motion is the level
set method [105], [123], which advects a scalar field function whose zero level set
represents the interface. The numerical implementation can be done using either
FDM or FEM. Level set methods have the advantage of being completely Eulerian
and can automatically handle topological changes, though the physics underlying
such changes is often left ill-understood. One drawback of the level set method is
enforcing boundary conditions because the interface is not known explicitly. This
is commonly addressed by including a Dirac-delta type source term into the gov-
erning equations that is active at the two-phase boundary [105], [136], [64], but
this still has some accuracy issues. In addition, for curvature-driven flows, level set
methods typically use an explicit calculation of the interface curvature which can
create numerical artifacts and noise [112]. And mass conservation requires special
handling [44] or refinement [96]. The phase-field method is also implicit and uses
a ‘phase’ variable to represent the fluid domain [3], [40], [134], [147], where the in-

terface is represented by a thin diffuse region (see Figure 1.5). Phase field methods
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Figure 1.5: Moving interfaces can be tracked by explicit and implicit methods. a)

Overhead view of the water/air interface in the UCLA experiment, the droplet is
just about to split. b) Explicit tracking of the interface by a FEM over a mesh
that conforms to the interface and is convected by the flow. ¢) Implicit level-set
tracking of an interface. The scalar function shown is the signed distance function
to the interface; it is convected by the flow. The intersection of the scalar function
and the z = 0 horizontal plane (here shown as the thick ‘figure 8 curve) tracks the
moving interface. d) Implicit phase-field tracking of the interface. Here a phase
variable, such as the fluid density, varies smoothly from one phase (liquid, dark
gray) to the other (gas, white) and is convected by the flow. The interface is the
thin smeared gray layer. An inset shows the smoothed density function as it goes
from gas to liquid. There is also the Volume of Fluid (VoF) method (not shown)
that tracks volume fractions for each phase inside each cell of a computational grid
and then reconstructs the interface. And the Coupled Level Set-VoF (CLS-VoF)

method combines VoI and level-sets.
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have similar advantages and drawbacks as the level set method. Another technique,
similar in spirit, is the Volume of Fluid (VoF) method [71], which tracks volume
fractions for each phase inside each cell of a computational grid and is designed
to conserve mass exactly. However, VoF requires a non-trivial reconstruction algo-
rithm [95] to obtain the interface shape from the mass fraction in each grid cell and
also has accuracy concerns for curvature driven flows.

Alternatively, one can use an explicit interface tracking method (Figure 1.5b),
which uses a computational grid that conforms to the two-phase boundary (La-
grangian approach) and discretize the PDE using either FDM, FEM, or BIM. FDM
is less appealing because the interface mesh will not be cartesian, whereas FEM
and BIM make use of unstructured grids naturally and can enforce boundary con-
ditions easily [120], [49] and mass conservation accurately. In addition, there exist
finite element and boundary integral methods that take advantage of the intrin-
sic representation of the interface [9], [43], [74] to compute curvature accurately.
However, the main disadvantage to these explicit surface representations is the dif-
ficulty in handling large deformations of the mesh and topological changes (pinch-
ing /reconnection), especially in 3-D. This requires a non-trivial adaptive mesh al-
gorithm to adjust the mesh and avoid distortion [31], [2], [149], [56], [51], [121],
in addition to a way of handling topological changes (droplet splitting and merg-
ing) [31], [88]. Some of this difficulty is alleviated with BIM, which requires no bulk
interior mesh.

This thesis describes two methods for simulating the free surface motion of a

droplet in an EWOD device. The first uses a level set method and finite differences,
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Table 1.1: Front-Tracking Method Comparison

Advantages Disadvantages
Implicit topological changes are automatic, accuracy issues,
Front-Tracking | can use stationary uniform grid conservation of mass
Ezxplicit interface position known exactly, | mesh distortion due to
Front-Tracking | high accurate methods available moving grid

and the second method uses an explicit representation of the free surface and a
variational formulation with finite elements. Originally, the level set method was
chosen for its ability to handle topological changes. But because of the mass conser-
vation and curvature issues, we adopted the second approach. Topological changes
for the explicit approach are handled using the method in [140]. The two methods

are compared in Chapters 5 and 6.

14



1.4 Thesis Outline

This thesis is organized as follows. Chapter 2 describes the governing fluid
equations and boundary conditions, along with our model of contact angle hysteresis
and contact line pinning. Chapter 3 describes our level set method for simulating
droplet motion in the EWOD system and its numerical implementation. Chapter
4 describes our variational method, which includes our phenomenological contact
line pinning model. We also show the well-posedness of our numerical FEM scheme.
Chapter 5 presents numerical results, using both numerical methods, in comparison
with experiments that exhibit droplet splitting and bulk droplet motion. In Chapter
6, we describe our algorithm for controlling particle motion in the EWOD system,
along with some simulation test cases. Finally, Chapter 7 gives some discussion
about the trade-offs of our methods and a list of the contributions of this work. An
appendix is also included which contains some supplemental material and a list of

symbol definitions (see Appendix D for nomenclature).
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Chapter 2

EWOD Modeling

This section describes the EWOD modeling approach. In particular, our main
assumptions, derivation of the fluid equations, proper boundary conditions, voltage
actuation, contact angle saturation, and hysteresis effects are discussed in detail. A
list of the physical parameters for the geometry of the EWOD device, and the fluid
parameters for distilled water at standard temperature and pressure (assumed in

our model), is given in Table 2.1.

2.1 Governing Equations of the Liquid Flow

In the following sections, the main assumptions and governing equations for the
flow of liquid inside an EWOD device are described (see Figure 2.1). In particular,
we obtain a model similar to Hele-Shaw type flow with pressure boundary conditions

at the liquid-gas interface proportional to its mean curvature.

2.1.1 Navier-Stokes Equations

We start by considering the Knudsen number of the EWOD device, which
provides a measure of how accurate the continuum hypothesis is for a fluid system

[78]. For our case, we can assume the flow physics to be a continuum because the
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Figure 2.1: EWOD device geometry. The coordinate axes are defined such that

the top and bottom plates of the device lie in planes parallel to the z-y plane. The

physical parameters of the device are listed in Table 2.1.

Knudsen number is

Ao 6111 x 10~m
Kn = 2@r _ —3 10—4
DS T Thox10-om o x 1o

where Ay, is the mean free path of air molecules at standard temperature and
pressure, and H is the channel height of the device. Clearly, this is within the
continuum regime defined to be Kn < 1072 [78]. The Knudsen number associated
with the liquid flow is even smaller because the mean free path of water is much
lower than that of air.

Since the flow is a continuum, the dimensional Navier-Stokes equations are

applicable. Because we are modeling the flow of water, incompressibility and New-

17



tonian fluid assumptions may be used [109]. This gives
p(OV +V -VV) = —=Vp+ uvv (2.1)

V-V=0 (2.2)

in the bulk liquid, where V= (u,v,w) is the three dimensional velocity, p is the
pressure, 0; denotes the partial derivative with respect to time, and p and u are
the density and dynamic viscosity, respectively. Equations (2.2) and (2.1) represent
conservation of mass and momentum, respectively, with gravity ignored because the
potential energy change in the z direction is negligible when the channel height, H,
is small.

Next, we have the boundary conditions for a liquid droplet between two parallel
plates. On the top and bottom plates, we have the usual no-slip condition for velocity
(i.e. all velocity components are zero). Because the air surrounding the droplet is
not being forced, it does not significantly affect any droplet motion. Therefore,
by ignoring the airflow, we have the following conditions for the free surface of an

incompressible, Newtonian liquid (i.e. the liquid-gas interface) [11]

n-Th = —oy(k1 + Ka2) (2.3)

T+

T =0 (2.4)

where 0y, denotes surface tension coefficient, x; and k9 are the principal curvatures
of the interface [37], T is the stress tensor, 7 is the unit normal vector to the interface,
and 7 is any tangent vector to the interface. Physically, (2.3) states that the normal
stress across the liquid-gas interface is balanced by surface tension, whereas (2.4)
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Figure 2.2: Velocity profile: the fluid velocity field is assumed to have a quadratic

profile in the z direction.

says the tangential stress vanishes because the shear stress at the liquid-gas interface

is negligible.

2.1.2 Hele-Shaw Type Flow

The Reynolds number is small (approximately 1 to 5) because we have pressure-
driven flow in a slot with channel height much smaller than the diameter of the
droplet [109]. Therefore, we assume the flow can be modeled by a two-dimensional
field. By making the additional assumption that the x and y fluid velocity compo-
nents u and v have a quadratic profile in the z direction (i.e. local Poiseuille flow;
see Figure 2.2), equations (2.1) and (2.2) can be non-dimensionalized and reduced

to a form similar to Hele-Shaw flow [11]:

Vip =0 (2.5)
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where 4 = (u,v) is the vector velocity field. The term on the far left of (2.6) is
the extra term beyond the usual Hele-Shaw equations. This time derivative term
is included because it may have a large magnitude due to rapidly varying pressure
boundary conditions if high frequency voltage actuation is used to modulate the
droplet’s contact angles.

Parameter Symbol Definition

Surface Tension | oy, = 0.07199 J/m?

Dynamic Viscosity p=0.89¢g/m-s

Density p=996.93 Kg/m?
Channel Height H =70 pm

Electrode Length Lgiee = 1.4 mm

Length Scale L ~ 3 X Lgie.

Velocity Scale Up (see Sec. 5.1)
Time Scale to = L/Uy

Pressure Scale Py =o0,/L

Reynolds Number Re = pUoH /1t

Capillary Number Ca = pUy/oy,

Table 2.1: Physical Parameters of the EWOD device for the experiments described

in Sections 5.1 and 5.2. See Appendix D for a list of symbols.

The boundary conditions for equation (2.5) are then given by the Young-
Laplace relation [11], which says (in non-dimensional form) that the pressure on
the liquid-gas interface is equal to the total curvature of the interface (i.e. the sum
of the principal curvatures). Because the channel spacing is so small, this can be
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approximated by
L - .
P = Kay + he at the liquid/gas interface (2.7)

where kg, is the non-dimensional curvature of the droplet in the z-y plane, s, is
the non-dimensional curvature of a cross-section of the droplet along the z axis (see
Figure 2.3), and L is the z-y length scale of the device. Given that (2.5) has been
posed in two dimensions, equation (2.7) is evaluated at each point of the boundary

of the two-dimensional (2-D) droplet and is discussed in Section 2.2.1.

2.2 Physics of the Droplet Boundary

Above, we described the governing equations of liquid droplet motion. We now
discuss the geometry and different physical phenomena happening at the liquid-gas
interface, such as voltage actuation, contact angle saturation, and hysteresis. We
show how these effects are modeled and how they affect the computation of the

boundary conditions.

2.2.1 Interface Curvature

The interface mean curvature is approximated using the individual curvatures
Key and K, in equation (2.7). We compute the z curvature by assuming the interface
has a circular cross-section (see Figure 2.3). The z-y curvature computation requires
a representation of the shape of the two dimensional droplet boundary. This is
accomplished by using either 1) a level set method to implicitly capture the interface
(described in more detail in Section 3.4.2), or 2) an explicit representation (described
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2-D Droplet

K, = (cos(6;) + cos(6y))/H

Figure 2.3: Overhead view of a 2-D droplet with side view zoom-in of the interface.
The liquid-gas interface is assumed to have a circular cross-section, which gives an
estimate of the z curvature, s, in dimensional form. The z-y curvature, Ky, is just

the curvature of the boundary of the two dimensional droplet.
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Figure 2.4: Curvature note: k,, and s, are both positive for the bulging droplet on

top. For the inward bending droplet, only &, is negative.

in Section 4.2.1).

To use the circular approximation for computing the z curvature, we must
know the slope of the liquid-gas interface cross-section at the floor and ceiling of
the EWOD device. This is given by the top and bottom contact angles, ¢, and 6,
respectively (see Figure 2.3). After some basic geometry, the dimensional z curvature
is given by

1
K, = —ﬁ[cos(Gt) + cos(6y)],

which gives the non-dimensional curvature as
K, = —[cos(0;) + cos(0y)] (2.8)

Through the use of EWOD, contact angles can be voltage controlled, thereby
allowing the droplet pressure field to be actuated through the boundary condition

(2.7). The details of voltage actuation and contact angles are described in the next
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sections 2.2.2 and 2.2.3.

2.2.2 EWOD Charging Time

We analyze the electrical charging time of the EWOD device to determine if
it must be included in our model. Consider the circuit diagram shown in Figure
2.5. Using transfer function theory [104], which reduces the ordinary differential
equation associated with the electric circuit to an algebraic problem, we can obtain
an estimate for the time constant of the device. The transfer function for this circuit
is given by

18 + Qo

T(s) = (2.9)

382 + a8 +

where the coefficients are given by

a1 = (Cr+ Co)RoRyr

ay = Rop+ Ry

as = RpRoCoRyCr

ay = RoRr(Cr +2Co) + R(RoCo + RrCr)

as = Ro + Ry + 2Ry

Using the parameters for water, silicon dioxide, Teflon, and the dimensions of the
EWOD device [29], equation (2.9) becomes

(s) = 1927.5(s + 3.957 x 1079)
(54 3.132 x 10-5)(s + 2439.7)

After approximately canceling the two near-identical terms in the numerator and
denominator, we are left with a transfer function describing a first order differential
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Figure 2.5: EWOD lumped circuit schematic. A voltage source is connected across
the device by connecting with the ground electrode (top) and electrode grid (bot-
tom); the electrodes are assumed to be perfect conductors. Each layer of Teflon,
and silicon dioxide layer, can be modeled as a parallel resistor and capacitor. The
liquid is assumed to only be resistive. Values for the circuit components can be
obtained from [91]. The output voltage V,,; is only taken across the bottom plate
of the device because that is where the majority of the electrical energy is stored

(due to the silicon dioxide layer).
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equation. The defining parameter of any first order system is the time constant,
which in this case is 0.41 milliseconds. Using this, the electrical charging time is
estimated as four times the time constant, or 1.64 milliseconds.

For the splitting droplet experiment in Section 5.1, the time to split is 0.167
seconds. Because the majority of the voltage drop occurs across the bottom SiOs
and Teflon layer and the charging time is more than 100 times faster than the bulk
fluid motion we are interested in (i.e. droplet splitting), we assume the output
voltage is instantaneously equal to the input voltage. Therefore, given that there
is a direct relation between contact angle and applied voltage (see Section 2.2.3),

EWOD is capable of changing the contact angle very quickly.

2.2.3 Contact Angles and Saturation

There is a considerable amount of literature on contact angles and wetting
phenomena; see the following references for a sampling: [23], [110], [39], [35], [146],
[119], [41], [69], [98]. In this section, we are concerned with how the contact angle
varies with respect to the applied voltage.

According to [94], [17], and [36], for a sessile drop on a single dielectric plate,
the Young-Lippmann equation predicts a near parabolic curve relating contact angle
to the capacitive voltage across the plate (see Figure 2.6). However, if Young-
Lippmann is used to simulate droplet splitting, it predicts an incorrect shape for
the motion of the droplet. This is because electrowetting, in reality, deviates from

the Young-Lippmann theory at high voltages and reaches a saturation limit (also
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shown in Figure 2.6). In Section 5.1.1, we present simulations using the Young-
Lippmann equation and saturation to illustrate the importance of modeling the
latter. For more information on the causes of contact angle saturation of sessile
droplets, see [124].

The available literature only discusses a sessile droplet on a single plate. For
this thesis, we need data on contact angle variations of a droplet sandwiched between
two plates. In [29], experimental contact angle data for the EWOD device is given at
an applied voltage of 0 and 25 volts. The top contact angle remains approximately
the same at 117 degrees regardless of voltage actuation. This is because most of
the dielectric energy is stored in the bottom plate due to the presence of the SiOq
layer. Therefore, we assume the nominal contact angle on the top plate is fixed at
117 degrees. The bottom contact angle varies between 117 and 90 degrees at 0 and
25 volts respectively.

In order to model contact angle variations on the bottom plate for any voltage,
we must combine the two experimental data points for the parallel plate case with
the six data points for the single plate case (shown in Figure 2.6). In other words,
we must transform the contact angle versus voltage data for the single plate case
into useable data for the parallel plate case. Because there is an overlap between
two of the data points for both cases, we define a linear mapping that represents

this correspondence

117° —90°

=" (6, —80.4%) + 90° 2.10
1197 —80.4° " )+ (2.10)

2

where 6; is the contact angle for a single plate and 6, is the contact angle for two
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parallel plates. This equation maps 119.0° to 117.0° and 80.4° to 90.0°. By taking
the six data points and their piecewise interpolating polynomial for saturation on a
single plate as input to this linear map, we obtain the saturation curve for two plates
as output (see Figure 2.6). Due to the scarcity of data on contact angle variation
for the parallel plate EWOD device, we assume the two plate saturation curve in

Figure 2.6 is true for our model.

2.2.4 Hysteresis

Contact angle hysteresis is another piece of the boundary physics we need to
complete our model of droplet motion using EWOD forces. Hysteresis refers to
the difference in contact angles between the advancing and receding ends of sessile
drops. It is a direct consequence of contact line pinning, which acts as a force that
resists any sliding motion, and it can be seen when water droplets stick to the side
of a solid surface (see Figure 2.7). For more information on contact angle hysteresis
and line pinning, see [23], [39], [35], [146], [119], [41], [69].

From Figure 2.7, for a sessile drop on a single plate, it can be seen that the
advancing and receding contact angles are greater and smaller, respectively, than
the nominal contact angle. This is also true for a droplet inside the EWOD device
(shown in Figure 2.8). Ideally, if there were no hysteresis, the nominal contact angle
at the interface of the droplet should be determined by the two plate saturation
curve in Figure 2.6 and the applied voltage at the interface. But in the presence

of hysteresis, the contact angles deflect from their nominal values which affects the
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Figure 2.6: Contact Angle Versus Voltage Curves: theoretical and experimental
data for contact angle variations using electrowetting on dielectric. The dotted
line denoting the Young-Lippmann (Y-L) curve is theoretical [94], [17], [36]. The
single plate saturation curve has six experimental data points (given in [29]) with a
piecewise interpolating polynomial (see dashed line and ‘o’ data points). The two
plate saturation curve has two experimental data points [29] with an interpolating
curve derived from the single plate case in Section 2.2.3 using a linear map (see solid
line and ‘¢’ data points). This curve is used in our simulation to predict the correct

droplet motion and splitting time (see Section 5.1.3).
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Figure 2.7: Illustration of contact line pinning and hysteresis. The contact line of the
droplet is where the liquid-gas interface meets the solid surface. Line pinning simply
means the contact line (and the droplet) is stuck to the surface. A direct result of
this is contact angle hysteresis, which refers to the situation where the receding
angle 0 is less than the nominal (equilibrium) angle 6, while the advancing angle
04 is greater than 6. In the diagram above, 6, is the contact angle of the droplet on
a horizontal surface, whereas 0 and 0, are the contact angles when the surface is
tilted. The droplet can slide by using a large enough tilt angle, but the motion will be
limited by the static frictional effect of line pinning and contact angle hysteresis will
still be present. A similar situation happens in EWOD, where hysteresis also acts
as a retarding effect by deforming the liquid-gas interface shape in an unfavorable

way (see Section 2.2.4).
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Figure 2.8: Effects of contact angle hysteresis in the EWOD device. A droplet
is shown moving from left to right due to voltage actuation (OFF/ON). When
hysteresis is present, the contact angles differ from their nominal (non-hysteresis)
values. The effects on the liquid-gas interface pressure are also shown. The presence
of hysteresis causes the pressure gradient throughout the droplet to be weakened

from the nominal case (P — P4 > Pp — Py).
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pressure on the boundary by the Young-Laplace relation (2.7).

To see how it is affected, consider a circular droplet in motion due to voltage
actuation (see Figure 2.8). Let P4 and Px denote the pressures at the advancing
and receding ends of the droplet, respectively, when no hysteresis is present. And let
P, and ]BR denote the same pressures with hysteresis. It is clear from Figure 2.8 that
the z curvatures at the receding and advancing ends of the droplet are larger and
smaller, respectively, for no hysteresis than with hysteresis. From equation (2.7), it
can be seen that the curvature change implies that Pp > f’R and Py < JSA.

This change in boundary pressure weakens the pressure gradient throughout
the droplet from what it would be without hysteresis because its magnitude is pro-

portional to the pressure difference
IVP| o |Pr — P4

IVP| o |Pg — P4

where VP and VP are the pressure gradients with and without hysteresis, respec-

tively. Using the fact that Pp > IBR > Py > P4, we obtain the inequality
IVP| < |VP|.

Hence, the driving force of the droplet motion is decreased when hysteresis is present.
This is why our simulation (with just saturation modeled) predicts a split time over
ten times faster than the experiment shows (see Section 5.1.2).

From the discussion above, an obvious way to model hysteresis is to modify

the contact angle of the interface based on which way it is moving. However, from
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our own numerical experiments with the level set method, this is not very robust.

Therefore, we opted for a simpler model by assuming that
VP = K, VP

where K}, is a constant smaller than 1. In other words, we scale down the pressure
gradient in (2.6) to account for hysteresis. This is analogous to the contact line
friction model in [36] and [143], which also acts as a retarding effect on liquid
motion.

Scaling the pressure gradient introduces one fitting parameter into the simu-
lation, but is straightforward and capable of approximately capturing the droplet
motion and time scale observed in the experiments (see Section 5.1.3). However, we
do stress that it is not exact nor does it capture the effect of line pinning, which is
observable in EWOD as demonstrated in [29] by the fact that droplets do not move
unless sufficient voltage actuation is used. Contact angle hysteresis is not completely
understood, so we opted for a model that is computationally quick but still captures
the lossy effect of droplet motion that is induced by line pinning; namely hysteresis.
In Section 2.3, we describe an alteration of the EWOD pressure boundary conditions
that is able to account for contact line pinning.

We now estimate the hysteresis constant in terms of contact angles. From the

relations given above, we have

_ |Pr— Py

hs—T
" |Pr— P4

where the pressure terms are given by (2.7) and (2.8). Using these, Kj,s can be
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estimated by

Gum :[ cos(Orov — Apys) + cos(Opov — Apys)
—co8(0y 257 + Apys) — cos(Bp 25y + Apys) }
Gaen = [ cos(0¢ov) + cos(Op0v)
— c08(0t.251) — cos(0p.a5v) }

Gnum

= G
EeNn

(2.11)

where Ay, is the extra amount of contact angle deflection from the nominal angle
due to hysteresis, and 6; and 6, are the top and bottom contact angles, respectively.
The voltage subscripts specify the actuation strength of the contact angles, with
the top angle fixed at 117.0° regardless of voltage and the bottom angle obeys the
two plate saturation curve in Figure 2.6. Due to the lack of data on hysteresis of
EWOD driven droplets, we assume the contact angle deflection to be the same on
the top and bottom of the advancing and receding ends of the droplet. In Section
5.1.3, we use (2.11) to estimate the hysteresis angle deflection that corresponds to
the appropriate constant, /K, that ensures the simulated splitting time matches

the experiment.

2.3 Alternate Contact Line Pinning Model

The model described above does not accurately account for contact line pinning
(see Section 2.2.4). Therefore, an alternative model is described in the following

section and is based upon the assumption that contact line pinning can be modeled
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in an analogous way to static (Coulomb) friction.

2.3.1 Phenomenological Approach

Contact line pinning (or sticking) is a readily observed phenomenon in most
wetting applications (see [23], [39], [35], [146], [119], [41], [69]). It is not a fluid
viscous effect but rather a kind of molecular adhesion that occurs at the three-
phase contact line of the droplet. This can prevent motion of a droplet, even under
an applied force (see Figure 2.7) and is observable in the EWOD system. As of
today, the nature of this effect is still somewhat controversial. Most modeling of
contact line pinning uses molecular dynamics simulations [137], [63], which can be
computationally very expensive.

But for our purposes, a molecular dynamics simulation is not necessary or de-
sirable. Thus, to improve the agreement between simulation and experiment, we use
a phenomenological approach to incorporate this effect into our continuum model.
This is done to avoid a molecular/atomistic description that would be impractical
for enabling useful simulations of fluid flow in an EWOD device. Recently [16], some
new models for contact line dynamics have been proposed that avoid an atomistic
description and are designed to be incorporated into a continuum model.

Macroscopic experiments [146], [103] indicate that the line pinning force scales

with the length of the contact line (see Figure 2.9). In other words,

Fraz = CpinLe (2.12)

where F},,.. is the maximum total force that can resist motion of the droplet, L
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Droplet
Slip!

‘Pinned’

Figure 2.9: Diagram of simple contact line pinning experiment. An adjustable
inclined plane is shown with a droplet resting on it. On the left, the droplet slightly
deflects towards the right because of gravity but does not move because of the
contact line pinning effect. When the angle of the inclined plane is increased to a
high enough value, the force due to gravity is strong enough to overcome the pinning
effect, and the droplet slides down the plane. Given the angle at which the droplet
first slips, one can compute the maximal pinning force given the droplet volume,
density, and gravitational force. After performing this experiment several times for
droplets of varying volumes, it is found that F,,, scales linearly with the contact
line length L. [146], [103]. This relation is written as Fi,up = CpinLe, Where ¢y, is

the line pinning coefficient with the same units as surface tension.
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is the total contact line length, and c,;, is the line pinning coefficient with units
of force per length (units of surface tension). So the constant c¢,;, represents the
maximum force per unit length that a piece of contact line can exert against the
droplet to prevent its motion. Therefore, we model contact line pinning similarly
to static (or Coulombic) friction, in which case the friction force always opposes

motion and cannot exceed a certain threshold value (see Figure 2.11).

2.3.2 Including Line Pinning into the Governing Equations

Since the EWOD governing equations are posed in 2-D, we must ‘average’
the above line friction model in order to incorporate it into the pressure boundary
condition. This is done by averaging the maximal line friction coefficient c,;,, over
the channel height H of the EWOD device (see Figure 2.10). This gives a maximal
‘pinning pressure’ ]3;;0 = 2¢pin/H (in dimensional form), which represents the max-
imum opposing force per liquid-gas interface area that the contact line can apply
against motion of the interface. The factor of ‘2’ accounts for the interface contact
line pinning at the floor and ceiling of the EWOD device. The non-dimensional
pinning pressure is given by

1 2¢pin

P, == 2.1
pn PO H ) ( 3)

where Fy is the reference pressure scale. This allows us to introduce a variable

pinning pressure A to the boundary condition (in non-dimensional form)

L
D= Ky + 7 + A, (2.14)
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Top Platel

Air

Bottom Plate Bottom Plate |

Figure 2.10: Contact line force averaging. Contact line friction is a force that is
active along the three-phase contact line. On the left, the contact line pinning force
is shown concentrated at the contact line (at both the floor and ceiling). On the
right, the pinning force has been redistributed over the channel height. Since the
governing EWOD fluid equations have been averaged along the channel height, we
average the contact line friction force across the channel height. This redistributes
the force from a length of contact line (at floor and ceiling), to a vertical strip along
the liquid-gas interface. This allows the line friction to be included in the pressure

boundary conditions as an additional pressure term (see equation (2.14)).
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where A = P,;,, sgn(u - 1) (see Figure 2.11). In other words, if the normal velocity
of the liquid-gas interface is positive, then the pinning pressure will push back with
maximum positive pressure +F,;, to limit the motion. Likewise, if the normal
velocity is negative, the pinning pressure will push back in the opposite direction
—P,;n,. And if the normal velocity is zero, then \ takes on a value between +F,;,
and acts as a lagrange multiplier to enforce the constraint that the interface does
not move (see Figure 2.12). This also means that |A\| < P,;,, which agrees with the
above experimental observation.

It is important to note that this line pinning model must be implemented
exactly in order to correctly capture the pinning effect. Replacing the ‘sign’ function
by a smoothed version, and plugging it into the pressure boundary condition gives
poor results and does not simulate pinning. This model also introduces a coupling
between the velocity and pressure boundary condition, which makes it non-linear.
Despite this, we are able to include this model into our variational formulation of

Chapter 4, and we have a method of solution. Unfortunately, it is not clear how to

include this model into our level set method. Hence, it is not used in Chapter 3.

2.4 Final Equation Summary

This section collects all the equations and simplifies some of the notation. The
first section gives the model without any contact line pinning, and the next section
indicates how the model changes when the contact line pinning model of Section 2.3

is included.
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+Ppin,

_Ppin

\

Figure 2.11: Line pinning variable versus normal velocity. The line pinning friction
variable A is defined by the ‘sign’ function of the normal velocity: A\ = Py, sgn(@-1).
If the normal velocity (@ - 77) is positive, the friction ‘pressure’ pushes against the
interface with maximum +P,;,; vice-versa when @ - i is negative (note that 7 is an
outward pointing normal vector). When # - 77 = 0, the pinning variable takes on a
value between £P,;, (i.e. —Pyn, < A < +P,;,) and acts as a lagrange multiplier to

enforce the constraint that the interface does not move. Also see Figure 2.12.
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A= _Ppin

Figure 2.12: A 2-D droplet with parts of the boundary pinned. The pinned regions
are denoted by a dashed line; unpinned regions are shown as a solid line with velocity
arrows indicating direction of motion. An outward motion is considered positive
(@ -7 > 0), and an inward motion is negative (@ -7 < 0). The pinning variable A
is defined on the boundary I' of the droplet. On the unpinned regions, the value
of A saturates to +P,;,. On the pinned regions (@ -7 = 0), A continuously varies
between — Py, and +P,;,. In our simulations (see Chapter 5), A is used to indicate

where the boundary is pinned, i.e. the boundary is pinned wherever |\| < Pp,.
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2.4.1 Model Without Contact Line Pinning

We now write the final model equations (non-dimensionalized) describing the
fluid flow of a liquid droplet inside an EWOD device. The equations for the pressure

field are

Vip =0, in Q (2.15)

p=kK+FE onl (2.16)

where V? := V - V is the Laplacian operator, {2 denotes the domain of the liquid
droplet in two dimensions with boundary labeled I" (see Figure 2.13), p is the pres-
sure, and & is the curvature in the z-y plane (note: we have dropped the subscript

xy for convenience). The symbol E is the electrowetting forcing

E=—k,, (2.17)

where L is a chosen length scale, H is the channel height, and x, is the z curvature
given by

K, = —[cos(0;) + cos(0p)] (2.18)

where 6, and 6, are the contact angles on the top and bottom of the EWOD device,
respectively. The top angle is assumed to be 117.0° regardless of the applied voltage.
The variations of the bottom angle are given by the two plate saturation curve in
Figure 2.6.

The equation for the velocity field is

adyi + i = —Vp, in () (2.19)
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St

Vip=0

adyi + B = —Vp

p=Kk+E

Figure 2.13: Diagram of 2-D droplet domain with notation. The domain of the
droplet is denoted by €2 and its liquid-gas interface is labeled I'. The unit vectors 7
and ¢ denote the outward pointing normal vector and ‘right-hand’ oriented tangent
vector. Inside the droplet, the pressure field obeys Laplace’s equation, and the
velocity field is governed by a Hele-Shaw type equation. The pressure boundary

condition depends on the curvature of I' (denoted ) and the EWOD forcing E.
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where @ = (u,v) is the vector velocity with x and y components denoted by u and

v. The constants o and 3 are given by

(G @) ) e

where Uy is a chosen velocity scale, p is the fluid density, p is the dynamic viscosity,

K}y is the hysteresis constant, and Ca is the capillary number.

Because we have two-phase flow, we need an equation to describe the motion
of the droplet boundary I'. For each point & on the boundary, the change in position
is given by

8,7 = (@(T,1) - (7, 1))A(T, ) (2.21)

where 7 is the unit outer normal vector of the boundary. Basically, the droplet
boundary moves with the normal velocity of the fluid. The next two chapters discuss

the numerical simulation of these equations.
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2.4.2 Model With Contact Line Pinning

The governing equations inside the domain {2 are the same as in the previous

section, except the pressure boundary condition is modified by the following relation

p=kK+E+ A, (2.22)

where A is a pinning variable and is defined by

A= P, sgn(d - 7). (2.23)

The X encodes the contact line pinning effect and is able to partially account for the
loss of EWOD forcing available to move or split a droplet. The other loss mechanism
is due to contact angle hysteresis when the droplet is in motion and is accounted
for by the hysteresis constant K},s. Chapter 4 discusses the simulation of EWOD

fluid dynamics with this pinning effect included.
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Chapter 3

Implicit Front Tracking with The Level Set Method

In this chapter, we describe our level set implementation of the EWOD gov-
erning equations. This was the first method we experimented with and does not
include the contact line pinning model. In chapters 5 and 6 we show comparisons

between our level set method and the variational formulation given in Chapter 4.

3.1 Introduction

The most crucial part of simulating the fluid equations in Section 2.4 is in
handling the time-varying two-phase droplet boundary modeled by (2.21). Various
methods for simulating two-phase flow are available (see Section 1.3 for a survey).
For this thesis, the method needs to be capable of simulating splitting and joining
of droplets without excessive computation. Therefore, we first chose the level set
method [105], [123], [24], which implicitly tracks the droplet boundary as the zero
level set of a scalar function defined over the z-y plane (see Figure 3.3). This scalar
function deforms and changes shape based on the fluid velocity field, which causes
the zero level set to also change. Hence, the motion of the droplet boundary is
captured through the evolution of the scalar function.

This level set function is used to define the domain of the droplet at each

instant of time, allowing the pressure and velocity fields to be computed from finite
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Figure 3.1: Algorithm flowchart.

difference approximations to equations (2.15) and (2.19). We combine these methods
in a third order Runge-Kutta time-stepping algorithm that specifies an order to the
computation of the pressure field, velocity field, and level set update (see Figure
3.1). The following sections give the details of our algorithm, which is based on the
methods used in [50] and [24].

All simulations were performed with MATLAB on a Pentium 4, 3.6 GHz with
2 GB of RAM running Windows XP. The computing time of each simulation varied

between 3 and 6 minutes for a 108x108 mesh, which shows the speed of the method.
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Figure 3.2: Computational domain layout. Liquid region corresponds to interior

nodes. Boundary nodes are adjacent to the interior nodes.

3.2 Discretization

The computational domain is defined to be the unit square and is discretized
by a regular cartesian grid (see Figure 3.2). For the simulations given in Chapter
5, we used a 108x108 mesh. On this grid, the level set function, ¢, and the fluid
variables # and p are sampled. A small buffer region, three grid nodes thick, is
defined at the sides of the computational domain. No droplet motion is allowed
inside the buffer region because of potential problems with computing second order

spatial derivatives there.
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Figure 3.3: Example of a level set function. The zero level contour is highlighted

with a thick black line and shows a droplet about to split.

3.3 Initialization

The level set function, ¢, is initialized to a signed distance function with the
zero level contour corresponding to the initial interface shape (see Figure 3.3). By
distance function, we mean that the value of ¢ at a grid point in the computational
domain corresponds to the shortest distance that the grid point is from the interface.
Signed distance means that ¢ is positive inside the droplet and negative outside.
Next, the velocity field, @ = (u,v), is set to zero. And finally, we choose a small

initial time step before entering the main update routine discussed in Section 3.4.

3.4 Main Update Routine

At each time step of our simulation, the fluid variables and level set function
are updated by computing a convex combination of three forward Euler steps. This
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method is a third order Runge-Kutta method, and is detailed in [105] and [112].
In each Euler step, the level set is updated first, followed by the pressure, and

then velocity. The updated level set is used in computing the pressure field for the

new time step, which is then used to update the velocity field (see Figure 3.1). In

the following sections, we give the details of each of these subroutines.

3.4.1 Update Level Set

The level set function is updated through a standard convection equation:

O+ - Ve =0 (3.1)

This equation represents conservation of the quantity, ¢, while being transported
by the velocity field, @. Hence, the zero level set ‘quantity,” ¢ = 0, is transported by
the local fluid velocity around the droplet boundary. The numerical implementation
uses an upwinded third order Hamilton-Jacobi weighted essentially non-oscillatory
(WENQO) method for discretizing the velocity-gradient term, which uses #, and ¢
from the previous time step. This method is robust and is described in detail in [105].

In this thesis, to reduce simulation time, only the grid nodes in a small band
surrounding the zero level set are actually updated. This does not reduce accuracy
because the whole level set must be reset to a distance function periodically (see

Section 3.5.1).
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3.4.2 Solve For Pressure

The domain, €2, of the droplet is defined to be the regions in the z-y plane
where the level set function, ¢, is positive (see Figure 3.3). The computational
domain of a hypothetical droplet is depicted in Figure 3.2. Each of the grid nodes
is located on an electrode with a known applied voltage. The local curvature of the

boundary, I, is then given by [105]:

o _¢i¢yy - 2¢x¢y¢xy + ¢§¢xw
- (62 + ;)%

(3.2)
$=0

where the level set derivative terms are approximated using central differences. Be-
cause of fundamental problems with differentiating numerical data, the level set
function, ¢, must be filtered prior to computing the derivative terms [112]. In addi-
tion, k must be post-filtered to ensure smooth curvature data. This is mainly due
to the explicit nature of the curvature calculation used here.

Then, we get the bottom contact angle, 6, at each boundary node using the
known voltage there and the two plate saturation curve in Figure 2.6. Voltage tran-
sitions near the edge between two electrodes are smoothed out using linear interpola-
tion in a narrow region to prevent large localized velocities caused by discontinuous
boundary conditions. Finally, the boundary pressure values are computed using
equations (2.16), (2.17), (2.18), and (3.2) evaluated on the boundary nodes.

The pressure values at the interior nodes are computed by solving (2.15),
which implicitly contains the conservation of mass equation (2.2). The numerical
solution is obtained by using a simple red-black Gauss-Seidel iterative solver with a
relative error tolerance of 1078 [46]. Note that Gauss-Seidel is easily implemented
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on a regular cartesian grid. Other more advanced methods for solving a matrix
system of equations exist but would require the matrix structure to be recreated at
every time step because the domain of the droplet is always changing. In addition,
the Gauss-Seidel solver is implemented in C, for speed, and called from MATLAB.
Therefore, we saw no significant advantage with using a different method.

Once the pressure values are known, the pressure gradient, Vp, at every inte-
rior node is computed using a central difference formula [46]. These values are then

used in the velocity update routine.

3.4.3 Update Velocity Field

The fluid velocity, 4, obeys a first order time differential equation given by
the vector equation (2.19). The pressure gradient provides a forcing term in the
equations, which causes a velocity field to develop. We compute the velocities
on our computational domain by discretizing (2.19) in space while keeping time
continuous. This approach is commonly known as a semi-discrete method [130] (or
method-of-lines) and allows for the use of an analytic solution to (2.19) for updating
the velocity field.

For a time-invariant pressure gradient, the steady-state solution for equation

(2.19) is given by
G = VP
SS ﬂ

Let w; be the initial velocity at time ¢;. Then, by assuming the pressure gradient

52



remains constant during the time step, At, the velocity field at ¢; + At is given by:

B8

il (33)

= —AtL > —At
Ugynr =€ "ot; +[1—e

where the above equation is the analytic solution for the vector velocity in (2.19)
evaluated at t; + At. We apply this update to all interior grid nodes to obtain the
velocity field inside the droplet for the current time step.

The last piece needed for updating the velocity is to extend it from inside
the droplet to outside. In Section 3.4.1, the velocity field is needed to update the
level set function. But in order to do this properly, it must be extended into the
boundary and exterior nodes of the computational domain. This is accomplished
by letting the velocity components diffuse into the exterior region (see Figure 3.4),
which ensures a continuous velocity field for updating the level set. We now give
the details of this extension algorithm.

First, fix the values of i, at the interior grid nodes and set the edge node
values of the computational domain to be zero. At each boundary and exterior grid
node (excluding the edge nodes), compute a value for i, using this formula:

Uss|it1,j + Uss|i—1j + Usslijr1 + Usslij—1
4

ﬁss‘i,j =

where (i,7) are the row and column coordinates for each grid node. Iterate this
process a fixed number of times for all boundary and exterior grid nodes. With each
iteration, the velocity values diffuse further away from the interior region. For our
simulations, we used 50 iterations to extend s, which is then used in (3.3). This
guarantees that the velocity field will always be extended. Our method is nothing
more than Jacobi iterations executing on all boundary and exterior nodes and acting
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(a) Without Extension (b) With Extension

Figure 3.4: Velocity Field Extension. Illustration showing before and after results

of extending the velocity field by diffusion using Jacobi iterations.

on velocity values. In [105] and [24], the method they use for extending the velocity
field is based on a convection-type equation that propagates velocity data from
the interior region into the boundary and exterior nodes. However, we do not use
their method because it is computationally more complex. Another technique for
generating velocity fields that also preserves the distance function property of the
level set function is given in [123], but this is a very expensive computation. We

prefer our method because it is simpler and gives excellent performance.

3.5 Remaining Tasks

After updating the level set function, pressure, and velocity fields, there re-
main two final tasks. Reconditioning the level set function and choosing the next

time step. Once completed, the program loops back to Section 3.4 to continue the
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simulation.

3.5.1 Correct Level Set

Despite the ingenuity of the level set method, it does have problems. Since
we are using the fluid velocity to update ¢, it is highly likely that the level set will
become distorted and introduce numerical inaccuracies [123]. This requires peri-
odically resetting ¢ so that it is always close to being a distance function. This
is done by explicitly finding the zero level set of ¢, which represents the droplet
boundary, and recomputing the signed distances at each grid point in the compu-
tational domain. We speed up this calculation by using a coarse sampling of the
boundary for computing signed distances of grid nodes far from the boundary. For
closer grid nodes, we use a finer sampling. The advantage of keeping it a distance
function is that it increases the accuracy of computing spatial derivatives of ¢. In
addition, it ensures |V¢| ~ 1, which increases the accuracy of computing curvature
with equation (3.2) because the denominator is close to unity. Other methods exist
for maintaining the distance function character of the level set (see [105], [123], [24]),
but we decided to use a more straightforward approach.

The other main problem with the level set method is that, even if it is updated
with a divergence free velocity field, it does not preserve mass [105]. In general,
it tends to lose mass as the simulation progresses. This is mainly due to inherent
numerical diffusion in the discretization of equation (3.1). We alleviate this problem

by adding an appropriate constant offset to ¢ at each time step. This ensures global
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mass conservation because the constant offset affects the size of the zero level set
(see Figure 3.3). The mass is measured by computing the enclosed area of the zero
level set, which is directly proportional to the mass (by incompressibility). If there
is more than one droplet, say after a split, then different constants are added to the
regions of the level set corresponding to those droplets. Hence, mass is conserved
individually for each droplet.

Unfortunately, the constant offset does not ensure local mass conservation,
such as in the pinching region of a splitting droplet, which can cause the droplet in
our simulation to ‘hesitate’ while splitting and sometimes get stuck. The two left
and right ends would bulge and pull apart as usual, but as the neck joining them
became thin it stopped moving. This was completely erroneous because the velocity
field inside the droplet dictated that it should split apart. One reason for this is
that the level set method does not lose mass at equal rates in different regions
of the domain. Therefore, a constant offset cannot properly correct for this. In
addition, the dynamics of droplet pinching are not resolved very well because the
grid resolution is fixed, uniform, and quite coarse in the pinching region (i.e. only
two to five grid points).

Recently, [44] introduced a particle level set method that ensures global and
local mass conservation. And in [96], a method for adaptive refinement is described
that can resolve fine-scale dynamics. However, the first method is computationally
intensive because of the number of seed particles needed to adequately reconstruct
the level set as well as the particle re-seeding routines necessary to make the algo-

rithm work. And the second method leads to more involved data structures and
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coding. Therefore, we opted for the following simpler, faster method for correcting
the splitting problem.

First, we check for potential splitting of the droplet by looking for thin necking
regions in the flow. This is done by using information contained in the level set
function, ¢, itself. If it is not close to splitting, then we do nothing. Otherwise, we
modify ¢ by slightly decreasing its height in a small region around the pinch point
at each time step. This prevents the level set from getting stuck and allows it to
complete pinch-off without drastic modification to the level set function. In Table
3.1, we present simulation results for the grid resolution versus time to pinch-off
for the splitting case discussed in Section 5.1. The splitting time of the simulated
droplet only varies by a few percent from the 108x108 grid resolution case used in

Section 5.1.3.

3.5.2 Choose Time Step

The next time step is chosen adaptively by the following formula [105]

o
max(|uf + [v])

At =
where h is the grid spacing of the computational domain, v and v are the velocity
components at the current time step, and the maximum is taken over all grid nodes
in a thin band around the zero level set. It is not necessary to consider the whole
domain because we only update level set values inside the thin band. This formula is

based on the Courant-Friedrichs-Lewy (CFL) condition, which specifies the largest

time step that can be taken and still allow the simulation to remain stable [102]. It

57



is common to have some safety margin by choosing a smaller time step, but this is
unnecessary because the HJI-WENO method in Section 3.4.1 has built-in artificial

dissipation which enhances stability. For more details, see [105] and [102].

Grid Resolution | Pinch Time (ms) | % Dev.
84x84 127.9 —-0.9
90x90 126.4 —2.0
96x96 125.5 —2.7

102x102 126.0 —2.3
108x108 129.0 +0.0
114x114 132.7 +2.9
120x120 133.9 +3.8
130x130 140.0 +8.5
140x140 131.2 +1.7
150x150 139.8 +8.4
161x161 125.0 —3.1
174x174 134.2 +4.0
187x187 1254 —2.8
201x201 129.8 +0.6

Table 3.1: Pinch Time Versus Grid Resolution. Simulation results for the grid
resolution versus time to pinch-off for the splitting case discussed in Section 5.1.
Percent deviations are taken with respect to the 108x108 grid resolution case. The

splitting time of the simulated droplet only varies by a few percent.
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Chapter 4

Variational Method for Explicit Front Tracking

In the level set method, the interface was captured implicitly by the zero set
of a scalar function (see Figure 3.3). For explicit front tracking, an explicit mesh is
used to represent the liquid-gas interface (see Figure 1.5b). The following sections
describe a variational formulation of the front tracking method that gives a stable
way to compute curvature accurately using the Finite Element Method (FEM).
This method was pursued in lieu of the difficulties we experienced with the level set
method (i.e. noisy curvature calculation and poor mass conservation). It also gives
us more tools for analyzing the well-posedness of our EWOD model (i.e. does the
partial differential equation (PDE) model have a unique solution?).

The mathematical analysis of free boundary problems is wide ranging. At
the PDE modeling level, the well-posedness and long-time behavior of solutions is
not trivial due to the nonlinear nature of geometrically driven flows that can cause
the solution domain to deform considerably (e.g. motion of droplets by surface
tension) [12], [125], [61], [117]. Recently, [26] proved the well-posedness of a nonlinear
elastic shell interacting with a Navier-Stokes fluid using higher order Sobolev spaces.

In this chapter, we start by reviewing the variational method and FEM. We
then derive the variational formulation of our EWOD model, both with and without

the contact line pinning model. We proceed to give an analysis of the well-posedness
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of the time-discrete and fully discrete variational formulations of the EWOD equa-
tions. Knowledge of the well-posedness of our numerical scheme is desirable because

it ensures that our method is stable and accurate.

4.1 Introduction to the Variational Method and Finite Elements

A variational formulation [47], [58], [114], is an integral representation of the
usual ‘strong’ form of a partial differential equation, such as that given in equations
(2.15) and (2.19). A variational formulation is derived by multiplying a strong form
equation with a smooth test function then integrating over the domain where the

PDE is defined. We demonstrate this process through Laplace’s equation.

4.1.1 Variational Form of Laplace’s Equation

The strong form of Laplace’s (or Poisson’s) equation with Neumann data is

given by
_Ap - f7 n Q)
4.1
@ =g¢g, onI o
(9ﬁ - gv I

where g and f are given data and A := V -V = V2 is the Laplace operator.

Multiplying the first equation by an arbitrary smooth test function ¢ (see Figure

/Q—V-quz/ﬂfq (4.2)

Next, we perform an integration by parts to get

dp
Vp'vq_/__,q:/f% 4.3
/Q r On 9 ( )
60

4.1) and integrating gives
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Figure 4.1: Example test function over the domain 2. Intuitively, test functions
are used to extract information about the solution of the PDE through the integral
representation. The variational formulation provides a convenient way of encoding
the conditions that a function must satisfy in order to be a solution of the PDE. A
particular test function provides a very small amount of information, in the support
of the test function (i.e. where it is non-zero), about the PDE solution. Hence, one

must test with all possible test functions in order to ‘see’ the whole solution.

which introduces a boundary term. Inserting the boundary condition from (4.1)

/QVp-qu/ngﬂL/qu- (4.4)

gives

The next step to obtain the variational formulation of (4.1) requires the use
of certain function spaces. The first space needed is denoted by L?(2), which is the

space of all functions whose squares are integrable (over the domain €2) in the sense
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of Lebesgue. The second space is given by:
H'(Q) = {p € L*(Q) : Vp € [LX(Q)]*}, (4.5)

where [L?(9)]? is the set of 2-D vector functions, whose individual components are
in L*(Q). Functions in H' are said to be ‘weakly’ differentiable because they do not
have to be point-wise differentiable (i.e. their derivatives only exist in the Lebesgue
sense). This is useful from a theoretical and practical viewpoint, because it gives
freedom in approximating the true solution of the strong form PDE.

The variational formulation of (4.1) is now given by the following statement.

Find a solution p € H*(2) such that

/Vp-qu/gq+/fq, for all ¢ € H'(Q), (4.6)
Q r Q

where f is in the dual space of H'(£2) and g is in the dual space of H'/?(I") [59], [21].
The space H' was chosen because it is the least ‘regular’ function space such that
the integrals in (4.6) make sense. Note that the solution p is not required to be twice
differentiable, as it is in equation (4.1). For this reason, equation (4.6) is also called
a weak formulation because there are fewer restrictions on the smoothness of p. The
well-posedness of this formulation is well known [47] (i.e. it has a unique solution).
In addition, if the solution to (4.6) is smooth (i.e. twice differentiable in the usual
sense), then it is possible to derive the strong form (4.1) by only assuming the weak
form (4.6) is true and (essentially) following the above steps in reverse. In this case,
the strong and weak forms are said to be equivalent. For most formulations this
is true, but one must take care that the introduction of the function spaces in the
weak formulation does not introduce any ‘strange’ behavior in the weak solution.
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‘Hat’ Function

(

sub-domain of 2

Figure 4.2: Triangulated domain and ‘hat’ function. On the left, a domain has
been partitioned into a (coarse) triangulation, and is denoted by . On the right,
a local ‘hat’ function is shown over a sub-domain of 2. There is one hat function
for each vertex in the triangulation. The collection of hat functions defines a finite
dimensional subspace of H'(Q) and is used to approximate solutions of the PDE

listed in equation (4.1).

4.1.2 Finite Elements for Laplace’s Equation

Finding a solution to (4.6) can be done by writing p and ¢ as linear combi-
nations of basis functions that span all of H'(Q) (i.e. the Galerkin method). This
would lead to a set of equations for computing the coefficients of the basis functions.
However, the basis functions are not easily obtainable when €2 is an arbitrary do-
main. Therefore, an alternative method consists of replacing the space H'(2) by a
finite dimensional subspace. One then only needs to construct a finite dimensional

basis, which can be constructed in the following way. Let the domain 2 be parti-
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tioned into a set of disjoint elements. In 2-D, 2 can be partitioned into a set of
triangles, for instance. Then, we define a set of functions which are subordinate to
the partitioning. In the case of a triangulation, one can take a set of basis functions,
Q C H'(Q2), to be piecewise linear ‘hat’ functions that are linear over each triangle
and continuous at the edges of the triangles (see Figure 4.2). This gives a new finite

dimensional formulation: find a solution p € () such that

/Vp-qu/gq+/fq, for all ¢ € Q. (4.7)
Q r Q

The well-posedness of this problem is directly inherited from the infinite dimensional

case (4.6). Problem (4.7) leads to a sparse linear system of equations that can be
solved by many standard techniques for solving matrix equations [18], [20], [76].
This process of choosing a finite dimensional subspace by partitioning the domain
into a finite number of elements is called the finite element method.

In the following sections, we state the proper strong and weak form of the
governing equations for EWOD driven flow. We show the well-posedness of the
time-discrete (continuous in space) formulation, as well as for the fully discrete

version.
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4.2 Variational Formulation of Model Without Line Pinning

In this section, we derive the variational formulation of the governing equations
(see Section 2.4.1) and show that the weak and strong forms of that model are
equivalent. For clarity, we do not consider contact line pinning at this time. The
line pinning formulation only has an additional term to the formulation derived here,
and is postponed until Section 4.3. In deriving the variational form, we assume that
the domain is C? (i.e. its boundary can be locally described by a twice differentiable
function).

First, we rewrite the EWOD flow model in Section 2.4.1 in a slightly different

form:
adi + fu+ Vp =0, Q,
V-i=0, 9 (4.8)
p=r+E, T,

where the first equation is conservation of momentum, the second is conservation of
mass, and the third is the pressure boundary condition. Note that Laplace’s equation
for pressure has been replaced by the second equation in (4.8). The equations in (4.8)
are more convenient because they allow us to derive a mixed variational formulation
of the PDE model that allows the pressure boundary condition to be included as

a natural boundary condition. This is advantageous for computing curvature (see

below). In addition to (4.8), we have the following equation of motion for the time-
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varying liquid-gas interface I'

(4.9)

where X (-,t) : I — T'(t) C R? is a parameterization (see Appendix A) of the set of
points I'(¢), s is the parameterization variable, I is the parameterization interval, 7
is the outward pointing normal vector of ', ¢ is the tangent vector, and o(s,t) is
any bounded smooth function.

According to (4.9), the time-varying set of points I'(¢) (i.e. the interface mo-
tion) only depends on the normal component of the velocity (- 7) because the extra
tangential component ¢ only serves to re-parameterize X. In other words, the shape
of the interface only depends on the normal velocity. And since only the shape
matters in regards the boundary condition in (4.8), the extra ¢ term is completely
irrelevant for the time-continuous problem. In fact, one can alter the equation of
motion to be

=00 G(X (s, 1), 1), (4.10)

which is what we use in deriving the weak form of the time-discrete problem given in
the following sections. We make a point about this ‘irrelevant’ tangential component
now to address a small issue with the weak formulation of the time-discrete problem,
which is discussed further in Section 4.2.3.

For reference, we call (4.8) and (4.10) the fully continuous strong form of the

EWOD flow problem.

66



4.2.1 Time-Discrete Strong-Form

Next, we define the time-discrete version of (4.8) and (4.10) by first partition-
ing the time axis into time-steps At;, for i in some finite index set. Let Q° and I'
be the domain and interface at time index #;, and let X “(+) be a parameterization of
. Let X*t1(-) be a parameterization that approximates the shape of the interface

at time index t;,1 and is given by the following time-discrete version of (4.10)
X (s) = XU(s) + Aty @ (X (s)), forall s € I, (4.11)

where @'*! is the velocity (defined on Q7) at the next time index.

Using a finite time-step to update the position of the interface introduces a
time-discretization error (i.e. a difference between X! and where the interface
‘should’ be for the time-continuous case) that is directly related to the size of At;yq
and the velocity @', For the fully continuous case (4.8), (4.10), the presence of an
‘arbitrary’ tangential component of the velocity was irrelevant (i.e. only the normal
component determines the evolution). Ergo, it is desirable that the discretization
error only depend on the normal component of velocity. This is the case if the tan-
gential component is bounded (in some appropriate sense) by the normal component
(@ - @) i’ Therefore, we consider any velocity with the same normal component
as the update velocity in (4.11), and whose tangential component is bounded by the
normal component, to be equivalent to the update velocity appearing in (4.11) with

respect to the time-discrete strong form.

We obtain the update velocity by solving a linearized, time-discrete version of
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equation (4.8), which is listed as

utt — +1 i+1 ‘
7 Vpit! = 0, Qz’
o— Atz+1 + Bu' ™ 4+ Vp

V.a@tt =0, O (4.12)
Pt = kit L BT
where @' is the (known) velocity at time index ¢;. Here, we have used a finite
difference approximation of the time derivative term 0,u. Given X 1 we define the
interface at time ¢;,, by

[+ = (X (s) 1 s e I}, (4.13)

and x“*t! is an approximation of the curvature of '+
The solution domain is kept explicit in (4.12) when solving for the new velocity

i1

U —i+1

(i.e. @'t is defined on the current domain Q°), which is effectively a linearization

*1 is not the

step. But the curvature term x‘*! is not explicit, meaning that '
curvature of I'*. In fact, we have some freedom in choosing how the curvature is

computed. Before stating how the curvature is approximated, we re-write the update

(4.11) in a more convenient form:
X o (XN HZ) = X o (X)) UE) + Aty @ (1), for all & e I, (4.14)

where we use ‘o’ to emphasize the composition of maps or functions (i.e. if f and
g are functions, then f o g(x) = f(g(x))). Equation (4.14) can be written more
concisely as

Xt o (X)) = Xio (X)) + Aty @t (4.15)
where (X?)~! : " — [ is the inverse map of X'. Obviously, X’ o (X')~! is the
identity map idpi : I — I', but we prefer to keep it as written for clarity.
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From differential geometry [37], [58], [7], the vector curvature of T and T"*!
is defined (see Appendix A, equation (A.26)) using the Laplace-Beltrami operator

or ‘surface Laplacian’ by

— .

R = Apa (X o (X)), (4.16)

K= —Ap (X7 o (X)), (4.17)

In other words, the vector curvature is given by the surface Laplacian of the identity
map on the surface. Formulas (4.16) and (4.17) are true for 1-D and 2-D surfaces.
For a 1-D surface, the surface Laplacian of the identity map is just the second
derivative, with respect to arc-length, of the curve parameterization. For the purpose
of our time-discrete problem, using (4.16) corresponds to an implicit computation
of the curvature, while (4.17) is explicit because it is the curvature of the current

domain boundary I'?. In our case, we use a compromise given by

R = — A (X o (X1, (4.18)

— gl — —Arz‘<)2i+l o ()‘(’1)71) i,

which is semi-implicit because we use the updated surface parameterization defined
by (4.15) but compute the surface Laplacian on the original surface '

The above time-discretization was chosen because it leads to a linear set of
equations that describe the velocity at each time-step. A fully implicit approach
would not be linear because the domain Q! at the next time-step is not known
a priori. In addition, the semi-implicit discretization in (4.18) ensures a stable

computation of the curvature [8], [9], [43]. This decouples geometry from the physical
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variables and converts the original nonlinear PDE system into a sequence of linear

elliptic PDE.

4.2.2 Variational Formulation of the Time-Discrete Problem

From the time-discrete equations given in Section 4.2.1, we proceed to derive
the variational formulation by the standard means (see Section 4.1). Let ¢ be an
arbitrary smooth vector test function and multiply the first equation in (4.12) by ¥

and integrate:

AO‘ /(a’i“—ﬁi)-mrﬁ a"'+1-17+/ Vp'th- 5 =0. (4.19)
ti+1 i Qi Qi

Next, integrate the pressure gradient term by parts, plug in the boundary condition

in (4.12), and rearrange to get

«Q . . . . Q . . .
( —1—5)/ f[‘“-ﬁ—/p”lv-ﬁ%—/ R = / 12"-27—/ E'v-i'.
Aty Qi Qi ri Ativ1 Joi ri

(4.20)

We now concentrate on simplifying the boundary term involving the curvature.

Using our semi-implicit definition (4.18), we have

/ni“ﬁiﬂ:— Ap (X o (X7 - 7.
K

Fi
Using the fact that Api = Vi - Vi (i.e. the surface Laplacian is the surface diver-
gence of the surface gradient; see Appendix A and equation (A.18)) and integrating

by parts on the boundary (A.32), we get

/ ki T = [ V(X o (X)) Vi,
Fi

]_"i

70



where the dot - (on the right side) is the ‘double dot product’ of two matrices (A.33).

Finally, plugging in the update formula (4.15) gives

/ KT U= / Vri (Xl © ()?i)_l + Aty @) - Vi, (4.21)
i ri

where we update with the full velocity @

We use the full velocity because it simplifies the implementation. If we only
used the normal velocity component, then our computational domain would need
to have a C' boundary to ensure that the normal vector ¢ is continuous. This is
necessary because of the surface gradient term in (4.21). However, computing with
a moving C! boundary complicates the numerical method, so is undesirable. Al-
ternatively, using a polygonal domain (or iso-parametric elements) to represent the
liquid-gas interface (as is typically done with FEM), would mean 7’ is discontinuous,
so Vit would not make sense in our formulation. But using the full @ avoids this
issue, and is equivalent to just using the normal component anyway (see Section
4.2.1). One way to keep the normal velocity update would be to replace the normal
vector by a continuous approximation, but this would introduce extra discretization
error and further complicate the method. Ergo, we chose to use @ ! to update the
interface position.

Combining equation (4.21) with (4.20) and rearranging gives the weak formu-

lation of the first (conservation of momentum) equation:

( o + ﬁ)/ ,Ji-‘rl LU= / pi-i-lv . 27+ Ati—i—l Vriﬁ"i-‘rl . sz’l_)':
Atiyy Qi Qi I (4.22)

a /mﬁ—/ Eia-ﬁf—/ Vi (X0 (X)) - Vi,
Ati+1 Qi Ti ad

The variational form of the second (conservation of mass) equation in (4.12)
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is obtained simply by multiplying by an arbitrary smooth test function ¢ and inte-
grating:

/ qV - it = 0. (4.23)
Qz‘

Next, we need the correct function space to pose the variational form in. We

start by defining a scalar product s;(-,-) : C®(Q¢) x C=(Qi) — R by

s(il, 0) ::/ ﬁ-17+/ (V-ﬁ)(V-U)Jr/ ﬁ-17+/ Vil - Vi, (4.24)
Qt Qi I I

and define a norm induced by this scalar product |||@]|| := +/s;(@, @). We then define

the function space V' as the closure of C°(€%) with respect to the norm ||| - |||, i.e.

V' = O () (4.25)

In other words, the space V* is the set of functions that are limits of C>°(Q¢) Cauchy
sequences that converge with respect to the norm ||| - ||| [84], [87], [47]. We denote
this norm by:

—

|

vi i= /s (U, 0). (4.26)

Therefore, the space V¢ and norm || - ||+ define a Hilbert space [47], [84], which is
required for the well-posedness of the variational formulation. We now make note of
some functional relations that will be useful later in showing the discrete INF-SUP
condition. Using Definition 3.2, Corollary 3.4, and Theorem 3.17 in [1], one can

show the following inclusions:

HY Q)N HY(TY) V' C H(div, Q") N HY(T), (4.27)

where H(div, Q") := {v € [L*(Q)]* : V- v € L*(Q)} [59].
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The variational formulation of the problem now reads as follows: find a velocity
@ € V' and pressure p € P, such that (4.22) and (4.23) are true for all 7 € V' and
all ¢ € P!, where P* := L%(Q%). The electrowetting force E' is required to be in
the dual space M (discussed later; see equation (4.53)), although in practice it is
actually more regular. The boundary I'¥ must be, at least, Lipschitz to make sense
of the surface gradient operator V.. This is satisfied in our computations because
we use a continuous approximation of the boundary that is piecewise C' (i.e. a
polygon with curved iso-parametric sides) (see [1] for more details). The spaces V°
and P’ are the ones with the minimal regularity needed to make sense of the integrals
appearing in (4.22) and (4.23). Note that the superscript ¢ denotes dependence on

the current domain 7.

4.2.3 Equivalence of Weak and Strong Forms

Next, we show that the weak formulation implies the strong form assuming
the solution is smooth and the domain is smooth. Normally this is obvious, but
in this case there is an ‘artifact’ of the weak formulation that arises because of the
definition of Vi. The space V! contains vector velocity functions whose tangential
component on I'" is unrelated to the vector function values in the interior of °.
This could affect the equivalence with the time-discrete strong form in Section 4.2.1
if the tangential component of the solution is completely arbitrary. We now clarify

this issue.
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Notation for Interior and Decoupled Tangential Velocity

First, we define some notation for a function in V. Let ¥ € V¢, which is a
function defined on the closure @, and let ;,; denote ¥ on the open set 2*. Because
of a standard result for the normal trace of H(div, ") functions, [59], we know that
U7 = Uy -1 on I''. Which means that the normal component of the velocity on
the boundary is dependent on the velocity in the interior. No such result exists for
the tangential component. In other words, there could be a ‘jump’ in the tangential

ri - 1). So we let Uy denote the tangential component of @/

velocity (i.e. Uy -t # U
on I, which has no connection with ¥j,;. Therefore, when we write ¥ € V¢, we are

really referring to the pair of functions (¥, U7) that are decoupled.

Derive Strong Form Equations in the Bulk

Next we derive the strong form of the governing PDE from the weak formu-
lation by assuming that the domain is smooth and that we have a smooth (i.e.
C>°(Q)) solution (@, p) of the variational form. Let © be a smooth test function and

apply it to (4.22). After integrating the pressure term by parts, we get

o ) . . . )
( + ﬁ)/ a*z—&-l ST+ sz—i-l = / pz—i-lﬁz . Atz‘—H VF”—[L-H . vFiU:
Ati+1 Qi Qi ri Ti

a /mﬁ—/ Eia-ﬁf—/ Vi (X o (X)) - Vi,
Ati+1 Qi T I

(4.28)

Now suppose ¥ has compact support in Qf, meaning ¢ is chosen so that it has

zero value on the boundary I'. This eliminates the boundary terms and, after
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rearranging, gives

T _ g . -
| (@M=t Gt ) e =, (4.29)
(el i+1

where we have replaced u and v with u;,; and v;,; because the integral is on the
open set . Since (4.29) is true for all smooth functions ¥, we get the strong form
of the momentum equation:

il — @

-ty gttt + Vpttt =0, in Q)
Aty

The conservation of mass equation follows similarly by letting ¢ be smooth and
arbitrary in (4.23),
V-atth =0, in Q.

int

Derive Strong Form of the Pressure Boundary Condition

Now that we have the strong mass and momentum equations, (4.28) simplifies

to

_ /pl+lﬁl U4+ Ati+1 / VF”—[L'-&-I X VFZ'U:
A a (4.30)

—/ Eiv-i — / Vi (X0 (X)) - V.
ri ri
Because the domain and ¢ are smooth, we can integrate the last term by parts to

get

Vi (X0 (X)) - Vit = — / Ari(X'o (XN .0 = / KU, (4.31)
T

ri ri
by definition of the curvature of I'* (4.17). But this implies that the left-hand side of

(4.31) is zero if the test function ¥ is purely tangential. Therefore, the last integral
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in (4.30) only sees the normal component of ¥, which allows us to replace ¢ by ¥,
in three of the four integrals of (4.30) because they only depend on the normal

component. This gives

- / piJrlﬁi N ﬁint —|— Atprl ‘ Vri’lf+1 N VF’L((Uznt . ﬁz)ﬁl + ?7{’) —
l s (4.32)

_/ Eiﬁint . ﬁz — / Vl"i ()?Z o (XZ)71> : Vpiﬁmt,
ri ri
where we have written ¢ (in the other remaining integral) in terms of the decoupled
normal and tangential components, both of which are assumed to be smooth and
arbitrary.

Next, we are free to take ¥, = 0 but keep @ arbitrary (because it is a test

function). This gives

V(g - i) + @) - Vipdy = 0, (4.33)

1nt
I

where we have expanded @' in terms of its decoupled components. We then fix
+1

Uy = ;" and obtain the relation:

K
After taking the absolute value and applying the Cauchy-Schwarz inequality, we get

Ve o re < IVe (@ @) o Ve o,

— mt

(4.35)
= Vst lors < Ve (@ - )0 llori-
In fact, because u: uﬂ ! is tangential (see Appendix A, Lemma A.6.2), we get that the

full H*(T") norm of the tangential component is controlled by the H*(T") semi-norm

of the normal component:

I e < ClIVee((@img - 7)) o (4.36)

mt
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where the constant C only depends on the diameter of I'*. This means that the
decoupled tangential component is not completely arbitrary, and is bounded by the
normal component of the interior velocity.

Because the decoupled tangential component is bounded by the normal com-
i+1

ponent, we have that the full velocity @ on I'? is equivalent to i

i with respect to

the interface update equation (4.11) (or the more concisely written equation (4.15)).
Hence, we can apply (4.15) to get the strong form of the boundary condition for the

time-discrete problem. We proceed by first rearranging (4.32) and setting 0y = 0,

_ / PR G + / Bt - it
I T

. (4.37)
+/ Vi (X7 o (X)) + Atiga@™) - Vi (T - 7)) = 0,
T

where we have the full velocity as the update. Plugging in the equivalent update

(4.15), while choosing a ¥j,,; such that vj,,

= @i’ on the boundary, gives

- / P+ Vi (X o (XH)7Y) - Vi (i) + / E'p =0. (4.38)
ri ri ri
Integrating the surface gradient term by parts and using the approximation of the

updated curvature (4.18), we get

—/_pi“sﬁ/_(“i“ﬁi) (i) +/_Eiso =0,
Fl Fl FZ

= (_pi+1 + Hi-‘rl 4 EZ)QO — 0
T

(4.39)

for all smooth ¢. This gives the strong form of the pressure boundary condition for
the time-discrete problem
Pt = kit L BT
Therefore, we have proved that the weak and strong forms of the time-discrete
problem are equivalent. The decoupled tangential component in the weak formula-
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tion is not completely arbitrary and is bounded by the normal component. Hence,
it only perturbs the evolution of the liquid-gas interface within the same time-
discretization error (at each time-step) as if we had completely neglected the tan-
gential component.

The well-posedness of this variational formulation is a special case of the well-
posedness of the formulation that includes the contact line pinning model. So we

defer answering this question until the end of Section 4.3.

4.3 Variational Formulation of Model Including Line Pinning

The variational formulation provides a natural way to include the contact line
pinning model. This is another instance where the variational technique is able
to improve on our level set method. The following sections start by rewriting the
strong form of the time-discrete EWOD model and simplifying the notation. We
skip writing the strong form of the fully continuous problem, because it is only a
minor modification of (4.8) and (4.9) by the model given in Section 2.4.2. Next,
we give the variational formulation, which is a minor adjustment to the formulation
given in Section 4.2.2. Then, we discuss the well-posedness of the time-discrete and

fully discrete equations.

4.3.1 Time-Discrete Strong Form

For simplicity, we only consider one time-step of the time-discrete problem.

This allows us to drop the time index notation, which is convenient. The following
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equations are similar to those given in Section 4.2.1.

The interface update equation is given by
YoX1=XoX '+ Atq (4.40)

where X is a parameterization of the interface at the initial time t, Y is the new
updated interface parameterization, and At is the time-step. The velocity u is at

the next time index ¢;, and is obtained by solving

a—a

At

Q + pfu+ Vp =0, in 2,
V-7=0, in Q, (4.41)
p=rk+E-+A onl,
where 4 is the velocity at time index t, and X is given by

A= Py sgn(u-n), T, (4.42)

where (2 and I' denote the domain and interface at tq, 77 is the outward normal vector
of I', E is the electrowetting forcing at ¢y, and A is the contact line pinning ‘pressure.’

The curvature k is defined using the semi-implicit scheme in (4.18), namely

kit = —Ap(Y o X7, (4.43)

= K = _AF<?OX_1) 'ﬁ.

4.3.2 Variational Formulation of the Time-Discrete Problem

The variational form of the EWOD pinning model is the same as in Section
4.2.2, except an extra unknown variable A\ appears in the pressure boundary con-
dition. This means we need another equation to close the system. The pinning
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variable \ acts as an inequality constraint on the velocity u. Therefore, we ap-
pend a variational inequality to our previous variational form [80], [60], [42]. This
is outlined as follows.

Assuming we have a smooth solution to (4.41) on a smooth domain, we mul-

tiply it by smooth test functions and integrate to get

——l—ﬁ/u v—/pV U—l—At/Vpu va—l—/)\ﬁﬁ
At/gﬁo v—/FEv n—/Vp)Z' )?)Vpﬁ,

/ gV - =0, (4.45)
Q

(4.44)

which is similar to the non-pinning case except an additional term, fr AU -1, 18
n (4.44) and X satisfies (4.42). We now proceed to derive an inequality relation
that is a direct consequence of the definition (4.42). This derivation is extremely

non-obvious, but its purpose will be made clear later.

Derive Variational Inequality

First, let K be a set of smooth functions defined on I' in the following way
(see Figure 4.3)

K ={peC™T):|pul < Pyn}, (4.46)

(i.e. the set K is a convex set in the space of smooth functions defined on the

interface I'). Now let u € K and consider the following inequality:

(@- @) < (- 7). (4.47)
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Figure 4.3: Convex set of functions. A plot of an example function p in the convex

set K is shown.

interface I" (i is a function defined on I'). The function p is periodic because T is a
closed curve. Above the plot, an example droplet domain €2 is shown with dashed
lines indicating pinned regions of the boundary where || < P,;,. Functions in K
are limited in amplitude to £F,;, point-wise. The set K is convex because of the
following: let u1 and pg be in K, and let = (1 —¢) g +tpe, where 0 < ¢ < 1. Then

clearly — Py, < 1 < + Py, at each point on I', which implies p is in K. Hence, by

the definition of convexity, K is convex.
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That inequality is true for the following reason. If @ -7 = 0, then (4.47) is clearly

satisfied. If « -7 > 0, then A\ = P,;, and dividing by (u - 77) gives

which is satisfied because p € K. If @+ < 0, then A\ = —P,;,, and dividing by (u- )
flips the inequality to give

which is also satisfied. Upon rearranging (4.47) and integrating, we get

/F(ﬁ- ) (n—A) <0, (4.50)

which is the variational inequality we were looking for.

The relation (4.50) (and the set K') actually implies the formula (4.42) by the
following argument. First, suppose u € K and can be arbitrarily chosen, and let
A € K with |A| < P,;, in an open set of the free surface I'. Given a smooth function
© with support in the same open set, we can always find § > 0 sufficiently small
such that p := XA + dy is still contained in K. Inserting this function p into (4.50)

we realize that
/(ﬁ-ﬁ)go:O = u-n=0,
r
because ¢ can have either sign and is arbitrary. Alternatively, if A\ = +P,;, (in an

open set of '), then we can only choose p := A — dp with § > 0 sufficiently small

and the function ¢ > 0 to guarantee p € K. This yields

IS
31
[V
)

/(d~ Ne>0 = (4.51)
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Likewise, we get a relation @ -7 < 0 when A\ = —PF,;,. This implies that A\ =
P, sgn(@ - 1), where X is free to vary between —P,;, and +P,;, when @ -7 = 0.
Altogether, this shows the equivalence of (4.42) and (4.50) (with the set K).

The variational inequality allows us to treat A as an additional unknown,
and embeds the relation (4.42) into the act of solving the weak formulation. This is
advantageous because it avoids introducing a discontinuous function into our method

and it captures the inequality constraint exactly.

Function Space For Pinning Variable

Before precisely stating the full weak formulation of the pinning model, we
must specify the proper space in which the pinning variable A lives. In other words,
given U in V, what is the correct space for A such that fr AU - 1 ‘makes sense’ and
allows for the weak formulation to be well-posed? It turns out that A should be
viewed as a functional [87] that acts on objects of the form - 7. In this case, the
integral does not make sense, so we rewrite the weak form using the duality pairing
(le. <A\ U7 >=: [ A7)

We now precisely define the duality pairing. Let G = {n: n = ¢-7i, where ¥ €
[H'(T")]?}. The space G is a Banach space endowed with the norm

Inlle = inf 171, (4.52)
ve [HY(D)P
U-n=1
Next, let G* be the dual space of G (i.e. the set of functionals defined on G) [47], [87],
and let < -,- > denote the duality pairing between G and G*. The space for the
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pinning variable is defined to be
M:={peG :<pul>=0} (4.53)

i.e. the space of functionals with mean value zero. This is done to enforce a unique
solution for A in the variational formulation. Physically, this is due to the fact that
since A depends on the velocity, and the velocity is unaffected by constant offsets to
the pressure boundary condition, A is arbitrary up to a constant. The norm on M

is then given by

< p,m >
[[#ellne = sup ————

. 4.54
Pl (4.54)

Next, we define a closed convex subset of M (analogous to K used before) that
captures the inequality constraint dictated by equation (4.42) within the framework

of this particular dual space.

Convex Set of Functionals

In order to include the condition of equation (4.42) into our variational frame-
work, we introduce the following closed convex set of functionals:
A={peM:—P,, <1,0-i><<pu0-1>< Py, <1,0-71 >,

(4.55)
for all 7 € [H*(T)]? such that #'- 7 > 0 a.e.}.

The convexity is clear. We now show why it is closed. Let {u;} C A be a sequence

such that pu; — p € M. This means that
klim < U, U > =< pu, T -7 >, for all o € [H(T)]?.
So, since p € A for all k, we have that u satisfies

—Ppin <1, U1 ><<p,0-1>< Py, <1,0-1 >, (4.56)
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for all ¥ in [H'(T"))? such that -7 > 0 almost everywhere (a.e.), which means p € A.
Therefore, A is closed.

The definition of A in (4.55) is somewhat abstract. However, if y € A can be
identified with a function in L?(T'), then yu satisfies |u| < P, a.e. by the following
argument. Suppose y is in L?(T') N A. Then the duality pairing can be replaced by

an integral, and the condition in A reads

—/Ppmﬁ- n < /,uﬁ- n < /Ppmﬁ- ii, for all ¥ € [H*(T')]? such that 7 -7 > 0 a.e.
r r r
Then, since v - 7 > 0 a.e., we have that
/(szn_u>ﬁﬁ20:>(szn_M) 20:>N§+szn7 a.c.,
r

/(Ppm‘i_ﬂ)ﬁﬁ202><Ppm+/~L)ZOZ>MZ_Ppm; a.c.,
r

which means

| < Ppin, ace.,

and is the condition defined earlier by the convex set K. So, clearly the definition

(4.55) captures the condition set by equation (4.42).

Variational Equations for the Pinning Case

Finally, we state the full variational formulation of the EWOD pinning model.
The function space for the velocity is denoted by V and is a complete space under
a certain norm (recalled below). The pressure space is given by P := L*(Q), and
the pinning multiplier space M is defined to be a set of mean value zero functionals
(see (4.53)).
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The variational formulation now reads as follows: find a solution « in V, p in

P, and A in A such that

(A%*ﬁ) (/Qa-my/g(v-a)(v-ﬁ)) +At/rvpﬁ.vrz7+

—/pV-U+<)\,U~ﬁ>: (4.57)
Q
i/ao-ﬁ—/m-ﬁ —/VF(“OX*).VF@ for all 7 € V,
At Q T N
—/qV-ﬁ:0, for all ¢ € P, (4.58)
Q
<(u—A),(u-1)><0, for all u € A. (4.59)

—

We have added an augmented lagrangian term [, (V - @)(V - ¥), with parameter
~v > 0, to the first equation. This is consistent with the governing PDE because the
velocity is divergence free by (4.58). This is added to improve the convergence of
our algorithm for solving the variational inequality (see Section 4.3.6) and will be
discussed later.

Next, we recall the appropriate norms for these spaces:

191 = 190 aiv, ) + 190y (4.60)

lalle = llall 2. (4.61)

and the M norm ||u|ly was defined in (4.54).

Now, let us define the following bilinear and linear forms:

ali, 7) = (wa) (/Qﬁ-ﬁﬂ/ﬂ(v-ﬁ)(v.ﬁ)) +At/rvpvz-vpﬁ, (4.62)

b (0.0) = = [ 4V T+ < it (4.63)
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X(v) = &/ﬂo-ﬁ —/Eﬁ-ﬁ —/vp(XoX'—l)-vpﬁ, (4.64)
At Jq r r
With (4.62), (4.63), and (4.64), we can rewrite the variational form more concisely:

find (i, p, A) € V x P x A such that

a(i, §) + (T, (p, \)) = v (D), for all 7 € V,
(4.65)

b(u, (g, — ) <0, for all (¢, ) € P x A.

This is called a mixed variational formulation because there is more than one func-
tion space being used and they are different [21], [59]. The well-posedness of this
formulation is discussed in Section 4.3.3. It should be noted that the domain €2
does not need to be smooth for our weak formulation (4.65) to make sense. It only
needs to be piecewise smooth and continuous. This is true for polygonal domains
and for domains with piecewise quadratic boundary. We make use of this when we

discretize with finite elements.

4.3.3 Well-Posedness of the Time-Discrete Problem

We can guarantee the well-posedness of (4.65) if all of the following properties
are true (see [22], [129], [80]):
e the bilinear form a(u, ¥) is coercive over all of V| i.e.
a(v, ) > |77,
for some fixed constant ¢ > 0.

e the bilinear form b(7, (¢, i) satisfies the INF-SUP condition.

e the convex set A is closed.
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The condition on a(-,-) can be relaxed to just being coercive over the kernel of b.
However, it is convenient to take a to be coercive over the whole space. This makes
the proof of the well-posedness of the fully discrete problem easier (Section 4.3.4)
and guarantees the convergence of our iterative algorithm for solving (4.65) with the
inequality constraint (Section 4.3.6). In the following sections, we prove the first
two items in the list. We showed previously that the convex set was closed. Note
that our convex set is not a convex cone, which is the usual assumption made in

some of the literature.

An Alternate Norm on V

Let ||i]2 = [t -0+ [o(V-a@)(V-0)+ [ Vrd - Vi, We show that
| - [Jaitv is @ norm on V. The only norm property that needs to be checked is
that if ||t]|lawy = 0, then V.5 @ = 0. So, let 4 € V, and let ||@[[aty = 0. Then

|Vrillor = 0, which implies @|r = @, (constant vector) in L*(T"). By standard

Sobolev embedding [93], [1], this gives
[(@ = o) - 7il| -1 /2,0 < c||@ — Uollo,r = 0. (4.66)

Next, because  is in H'(I'), the H~/2(I") norm of % can be written as

55 o < ﬁo . ﬁ,w >1/2 fF<ﬁo : ﬁ)w
- Ay = o~ Al yar = sup _ qup drlBo A
weH () w10 wert(@) llwllia

where we used (4.66), <, >y, is the duality pairing between H~'/?(T") and H'/*(T"),
and the pairing has been replaced by an integral because of the regularity of u, and

w. Now note that there exists a non-empty subset Iy of I' such that g - 77 > ;||
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on I'p. And also note that we can find a wy in H'(2) such that wy is smooth, wy > 0
on I'y, and wy = 0 on I'\ I'y. Therefore, because 0 = ||t|| g(giv,0) > || - 7||-1/2,0 (by

hypothesis), we get

Jp(to - w)yw _ alio| fr, wo

0> sup > > co|ty),
weH(Q) w10 [[woll1,0
where ¢ > 0. Hence, @y = 0, which means that @ = 0 in V. So, || - [|atv is a norm

on V. Specifically, || - ||lawv is equivalent to the V norm defined previously (4.60). In
other words,

[@llv = l[@llawy = evlldllv, (4.67)

where ¢y > 0 is a constant that only depends on €.

Coercivity of af(-,-)

The coercivity follows from the previous result. Since a(iu, @) > At||d]|%y (the

constants « and 3 are typically larger than 1), we get that
a(t, @) = Atl|d 3y = At clldlf. (4.68)

So the coercivity constant depends on the time-step Aft.

INF-SUP Proof

The ‘INF-SUP’ condition has many forms, all of which are equivalent [21], [18].

We use the following form of it:

sup b(T, (q, 1))

sev v

> Bo(llallz + lullfe) /2, for all (g, 1) € P x M, (4.69)
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for some constant 3y strictly greater than zero. The idea of the proof is that we
construct a ¥ in V that gives us the inequality, then take the supremum (sup) over
all of V. The proof is broken up into the following steps:

STEP 0:

Fix ¢ in P and g in M. We will construct a velocity ¢ that will give us (4.69).

STEP 1:

First, we construct a vector function vy € [H'(T')]? such that
[pelle = < i, %o -7 >, Vo]l = 1. (4.70)

By the definition of the M norm (4.54), there exists an 7y in G such that [|ng||¢ = 1
and [|ullm = < p,m0 >. Note that adding a constant to 1y would not affect the
numerator of (4.54) (because p has mean value zero, i.e. < pu,1 > = 0), whereas
the denominator would change. Hence, to attain the supremum in (4.54), 7 must
have mean value zero to minimize the denominator. Likewise, by the definition of
the G norm (4.52), there exists a vy € [H*(T")]? such that ||Ty|li.r = ||70llc = 1 and
Ny = Vo - 1. Ergo, vy satisfies (4.70) and ¥ - 77 has mean value zero.

STEP 2:

Next, we use Proposition B.0.1 in Appendix B. Let ¢ € [H'(Q)]? satisfy the

following problem:

(4.71)

U= ||p|lmvo + aiis, T,

where « is a constant to guarantee compatibility and is given by

a—i/—q
Tl Jo
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and the vector 77, is described in Appendix C.

Now, note the following inequalities:

1/2
Msi/mdmumsiwm,
)= T NG

17lle < lulballollr + laf 7]l
Using these inequalities, 7 from step 1, the construction of 7, (given in Appendix
C), and Proposition B.0.1, we get that the solution to (4.71) satisfies these bounds
[Ty < Tl < esllalle +17020) < el + ). (472)

1]l1r < er(llglle + ), (4.73)

Note that ¢ is also contained in V by (4.27).
STEP 3:

Now, insert the function ¢ from step 2 into the bilinear form b

b(T, (¢, 1) = JodV U+ <pv-i> o @ Fplle < g Uo7 > o< p, 1>

1oy [Tl 1w
(4.74)

By step 1, we get

b, (a,00) _ Nl + el )
[l [l

STEP 4:
Finally, using the bounds given in (4.72) and (4.73) and taking the supremum
over all of V| we get

b(v, (g,
sup W01 5 g g2+l (4.76)
Y |9]lw
for some fixed constant By > 0. Since ¢ and pu were arbitrary, this proves the

continuous INF-SUP condition.
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This proof holds for domains €2 that are not just smooth but rather piecewise
smooth. This is true for polygonal domains and domains with curved sides. The

only part that changes is the particular choice of 7is (see Appendix C).

4.3.4 Finite Element Discretization

One must be careful when choosing how to discretize the function spaces in
a mixed variational formulation (i.e. which finite element spaces to use). Choosing
an ‘obvious’ or straightforward discretization can adversely affect the stability of
the method (i.e. its well-posedness) as well as the order of convergence. The key to
ensuring a stable method is to ensure that the same criteria listed in Section 4.3.3
is true when using finite dimensional approximations of the usual function spaces.

First, we partition the domain Q (and I') into a set of triangles (and sides)
(see Figure 4.2). Denote this set of triangles by Tq and the set of sides of I' by Sr.
This means the domain €2 has a polygonal boundary I' or, if curved triangles are
used on the boundary, the boundary sides are piecewise quadratic (see Figure 4.4).
If piecewise linear functions are used to approximate the velocity, then a polygonal
representation of the boundary is adequate. In our case, we use piecewise quadratic
functions to approximate the velocity in order to have a stable method. Thus, we
approximate the domain with curved triangles.

Next, we state the polynomial spaces that will be used in approximating V,

P, and M. Let Pi(D) be the space of polynomials of order £ on the sub-domain D.
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Figure 4.4: A triangulated domain with curved triangles on the boundary. The
boundary I' of the domain €2 is composed of curved sides that are piecewise quadratic
and continuous. The ‘dots’ mark the degrees-of-freedom (DoF) of the quadratic
polynomials that are defined on each triangle. Quadratic sides are required to
compute curvature accurately when using piecewise quadratic polynomial functions

to approximate the velocity field [128].
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Define
Vi = {i = (u,v) € [C(Q) N HY(Q)) : u,v|r € Pp(T), for T € Tq} (4.77)
to be a space of piecewise vector polynomials of order k, and define
Qr:=1{q€ CQ)NL* Q) : qlr € Pu(T), for T € Tq} (4.78)

to be a space of piecewise scalar polynomials of order k. We also need a space of

piecewise discontinuous polynomial functions on the boundary I':
My, = {p € LET) : qls € Pu(S), for S € Sr}, (4.79)

where LZ(T') is the space of L? functions on I' that have mean value zero.
Let V,, C V, P, C P, and M, C M be conforming finite dimensional subspaces

defined by:
Vh = ‘/2, ]Ph = Ql, Mh = Mo, (480)

where h is a discretization parameter that refers to the maximum size of triangles
in Tg. We also need a discrete version of the convex set defined in (4.55). This is

given by

Ay ={peMy, : =Py, < u|ls < +Ppip, for each S € Sr}, (4.81)

and is conforming: A, C A.
The variational formulation of the discrete problem then reads: Find (@, p, \) €

V;, x Py, x Aj, such that
a(w, 0) + b(v, (p, N)) = x(0), for all 7 € Vp,,
(4.82)
b(t, (g, ;p—N)) <0, for all (¢, p) € P, x Ap,.
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Note the very similar structure of (4.82) to the continuous case (4.65). The only
difference is that we have chosen finite-dimensional spaces (V,, P, A;) to replace

the continuous spaces (V, P, A).

4.3.5 Well-Posedness of the Fully Discrete Problem

The well-posedness of (4.82) follows by the same criteria as for the continuous
case. Because the finite element spaces are conforming to the infinite dimensional
spaces, the only criteria to check is that the INF-SUP condition is still satisfied [21],
[18].

We split the proof of the discrete INF-SUP condition into two stages. First, we
prove it for the triple, (Va, Qq, M), (i.e. for piecewise continuous and quadratic ve-
locity, piecewise constant pressure, and piecewise constant pinning variable). Then,
we prove it for the triple, (V, Q1, My), (i.e. the spaces we chose in the formulation
(4.82)).

In both cases, we make use of Fortin’s criteria [21], [18], which uses the con-

tinuous INF-SUP condition to prove the discrete version:

Proposition 4.3.1. (Fortin’s Criteria) Suppose that the bilinear form b:V x (P x
M) — R satisfies the INF-SUP condition. In addition, suppose that for the con-
forming subspaces Vy, Py, Ml,, there exists a bounded linear projector 11 : V. — V,
such that

b(0 — 117, (¢, 1)) = 0, for all (¢, 1) € Py x M. (4.83)

If |||y < c||v||v for some constant independent of h, then the finite element spaces
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Vi, and (P, x M) satisfy the INF-SUP condition.

Proof. Let p € M, C M and let ¢ € P, C P. By the assumption that the continuous

INF-SUP is satisfied, we have

b(v, (q, b(117, (g,
BoClall2 + ) < sup AN _ gy, U010, 1))
Fev 19| gev 19|
b(1lv b(v
< esup (17, (g 1) _ ¢ sup (¢ (g, 1))
sev  [1d]lv sev,  |IUllv
which is the discrete INF-SUP condition, with constant [y /c. O

The projector II is called a Fortin interpolation operator. The goal next is to

construct a suitable Fortin interpolator.

Discrete INF-SUP with (V5, Qo, My)

Again we proceed in steps. Note that the duality pairing for the pinning
variable can now be written as an integral because p is piecewise constant in L2(T).

STEP 0:

Assume that ¢ € [H'(Q)]* N [HY(T)]* C V.

STEP 1:

Define the V, — Qo projection I10]7 on each triangle 7" in the following way:

[Ld|r € Po(T),

[, 0|7 (%) = 0, for all Z = vertex of T

/(17—11217)-77

S

/(U—Hgﬁ)-f
S

(4.84)

0, for all S C 0T,

0, for all S C 0T,
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where 7 and t are the normal and tangent vectors of the triangle side S. In the case

of a triangle that is not curved, the last two conditions in (4.84) would simplify to
/(17— [I,7) =0, for all S C 9T (4.85)
s

However, for iso-parametric elements (i.e. curved triangles on the boundary), we
need the other two conditions.

STEP 2:

Now verify that the following is true
b(T — TIyw, (g, 1)) = 0, for all 7 € [H*(Q)]> N [HY(T))? (4.86)

and for all ¢ € @y and p € My. We do this by breaking up the integrals over

individual triangles and sides:
b(v — 11, (q, 1)) = —/qV-(U—Hgﬁ)—i-/u(ﬁ—ﬂzﬁ)~ﬁ:
Q r

== Yl [ Vo) 3 s [ (=T

TeTq SeSr

TeTq scor

where the divergence theorem was used in translating integrals over triangles to

integrals over sides.
STEP 3:

We need the following estimates for the Il interpolant (taken from [21]):

0]y = |Tat], 4 < cllvlly 7 < e(h'|Flor + [0]1r),

— [[IL0] 1 < c(h|Tllor + |T]17), (4.87)
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where hy is the size of triangle T and T is the standard reference triangle [18], [20].
The next estimate follows by an inverse inequality (see equation (4.5.2) on page 111

of [20]),
1Ty |1,s < chg'(|d]o.s, (4.88)

where hg is the length of a side S C I' of a triangle.
STEP 4:
Let IT; be the Clément [30] or Scott-Zhang interpolant [122] (onto vector piece-

wise linear polynomials, V}), which has the following properties:

> b5 — Lol < el g, (4.89)
TETQ
Z |7 — L5 < |7l g, (4.90)
TeTq
> hPE - il < il r, (4.91)
SEeSr
T3] 1r < e[Vl r, (4.92)

where (4.91) and (4.92) follows from the properties of the Scott-Zhang interpolant,
or by setting the Clément interpolant on the boundary to the nodal interpolant
of the H'(T") function, which has point-wise values because I' is a 1-D curve (i.e.
HY(T') € C°(T") when T is 1-D [47], [93], [1]).

STEP 5:

Now we derive two intermediate inequalities:

(4.87)
Mo (1 = )allTg = Y (T = )dlff, <

TeTq
(4.89), (4.90)
<er Y AP (I =TT ¢ + (1 = )3l 7} < el

TGTQ

(4.93)
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(4.88)
Mo (1 = T)alfT = Y oI =) d]f s <

SESy
(4.91)
< Z h |(I —11) _)|os < CZH{)'H%,F’
SeSr

STEP 6:

We define the main (Fortin) interpolant:

Hhﬁ = H117+ HQ(U— Hlﬁ),

2

(4.94)

(4.95)

and we can derive the following estimates, starting with the [H'(€)]? norm,

- . . . (4.93)
T3] 1,0 < [[TL1]) 1,0 + [[T(V = IL9)|le <

89), (4.90)

< o' — vl e + [[U] 10 + e[Vl a7 1,0

IN

and also for the [H(T")]?> norm,

B B B . (4.94)
[TL 0|1 < [T 6|y + ([T (0 — T 0) |1

. = (4.92) .
< Mllur + ellvfir < elldfhr
Hence, we get that the Fortin operator (4.95) is bounded in the [H'(Q)]

norm,

Mx 0]l + [av]le < e(([dle + 7)),
And we also have that IIj, satisfies (4.83),
b(T — 0,7, (g, 1)) = 0, for all ¥ € [H'(Q))* N [H'(T)],

and all ¢ € Qo, u € My,

(4.96)

(4.97)

‘N[HYD)P

(4.98)

(4.99)

because of (4.86) and the fact that v — 1,0 = (¢ — [1,70) — (¥ — 11, 0) = @ — [0,

where [H*(Q)* N [H(T)]? 2 @ = ¢ — [, 0.
STEP 7:
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Next, we extend the Fortin operator to all of V (recall definition (4.25)) us-
ing Proposition B.0.1. To do this, first let @/ € V and note that V - @ € L*(Q)

and @ € H'(T') by the inclusion relation (4.27). Moreover, we have the following

compatibility condition

/v-w:/v-wmz/wmt-ﬁsz-ﬁ,
Q Q I I

where we use the decoupled velocity notation from Section 4.2.3. Hence, we can let

v € [H' ()] N [H'(T')]? satisfy the following divergence problem:

d, Q,

Y

<y
Il
<

V -

w) F?

<y
I

where ¢ satisfies the bound: ||U]|1.0 < ¢(||@|ir + ||V - @|oq). Then define a new
operator 1T : V. — V,, where V, is the space of (vector) piecewise continuous
quadratic polynomials, in the following way: IIw = I, (note: ¥ depends on ).
STEP 8:
To prove that this new operator satisfies the Fortin criteria, we must first verify

that it is bounded in the V norm. This is done using properties of the solution of

the problem in the previous step,

(4.98

.98)
< o[[tlia+ 7)) <

T |lv < e1 ([[Tpv] 10 + [ Had]lr)
(4.100)

< a(|V - dloq + [|[W]1r) < es(|| ]| meaiv) + |@]ir) < ealldillv

STEP 9:
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Finally, we verify that II satisfies (4.83),

b(w — 1, (q, p)) = —/

Q

= —/ qV (U - Hhﬁ) + ,u(ﬁ— Hhv) n= (4101)
Q T

— b5~ Tt (g.)) 2 0,

for all ¢ in Q¢ and p in My. The property (4.101) is true for any w € V. Hence,
by Fortin’s criteria, the discrete INF-SUP condition is satisfied, using the Fortin

interpolant II.

Discrete INF-SUP with (V2, Q1, My)

Here we will use the previous section and the proof of the standard Taylor-
Hood element to prove that the discrete INF-SUP condition holds for the triple
(Va, Q1, My).

STEP 0:

Let ¢ € Q1 (i.e. a piecewise linear continuous function over ) and let g be
the L? projection of ¢ onto piecewise constants. Also, let u € M,.

STEP 1:

Since the INF-SUP condition is true for (V5, Qq, My) (see previous section),

there exists a wy € Vj, such that

_,—V > 50(“@”12@ + ||H||§/J{)l/2'

By letting @ := (||g||2 + ||ul|3)"/? 22—, we get the following useful property:

llo v

b(d, (g, 1)) = Bo(llgllz + Ilellze),
(4.102)

1@y = (lfallz + lluli) 2.
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Using (4.102), gives the following estimate

b o)) = = [ ¥+ [t -

:_/qu.wnt/ru(w'ﬁ)_/Q(q_q)v'w: (4.103)
zmm@w»—é@—WV“Q

> Bo(|[ql12 + luliF) — llg — alle(lglE + lullE) "2,

where, in the last line, we used the Cauchy-Schwarz inequality and the fact that
IV - ]|o.0 < [[w]v

STEP 2:

We use some of the proof from the Taylor-Hood case. From [21], there exists

aZ e Vysuch that Z=0on T, ||Z]ly < a1]|Z]1.0 < callg — Gllp, and

—/qv-zz(:suq—au%»-
Q

Let v = @ + §Z, where § > 0 is to be chosen. Plugging into b(-,-) gives

4.103), (Step 2
b(7, (q, 1)) = b(w, (q,,u))—d/gqv.g ( )2( p2)

> Bollall? + lllfe) = lla = lle(Ial? + lullf) > + desllg - l2 =

(Cauchy ineq.) g, 1
> - (@l + llull) + (bes = 55-)lla — all3-
2 20
And then setting 6 = %3)03 + 4o gives
. Bo /- _ Bo Do
0T, (0. 0) > 2l + g~ )+ il = S Clalld + Il (410)

where the equality follows by orthogonality in L*().
STEP 4:
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Finally, the bound for ¢ is

1515 < 20115 + 6*N121%) < ([l + Nulif + lg — gll3) =

(4.105)
= ci(llallz + llullin),
and forming the quotient gives
b(T, (q, 1t)) o 2 2\1/2
— = = 5 Ulallp + .
||U||V 204(” ||IP ||:U’||M>
Therefore, b satisfies the discrete INF-SUP condition for (Va, @1, My):
b(, (¢, p b
sup 201D o oo iy, (4.106)
sev,  Vllv 2¢4

4.3.6 Solving the Linear System with Inequality Constraint

Finally, given the inequality constraint (4.59), we still need a method of com-
puting a solution in the discrete case. In this section, we present our method for
solving the variational inequality for the case when M is approximated by discrete
L? functions (i.e. M is replaced by M, which is a space of piecewise constant func-
tions). Note the duality pairing in (4.59) can now be written as an integral involving
L? functions (we make use of this). The rest of the analysis is alla Glowinski [60],
but applied to our problem.

For convenience, we rewrite the discrete variational equations with the duality

pairing replaced by an integral. For the rest of this section, let u € V;, p € P,,, and
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A € Ay, (the discrete convex set) be the true solution of the discrete problem

<%+ﬁ> (/Qﬁ-ﬁJrv/Q(Vﬂ)(Vﬂ)) +At/rvpﬁ-vp17+

—/pv-17+/w.ﬁ:i/go.g_/Eg_ﬁJr (4.107)
Q T At [¢) r

— / VF(X o Xﬁl> . V[‘U, for all v € Vh,
T

— / qV -u =0, for all g € Py, (4.108)
Q

/ (it 7) (5t — A) < 0, for all € Ay, (4.100)
I

Iterative Solution Scheme (Uzawa Method)

We proceed to derive an Uzawa method, which basically takes advantage of
an L?(T") projection property. Note that all functions in this derivation are discrete,
hence all integrals are well-defined. The first step is to perform the following trick

using the variational inequality (4.109):

oz/rpa-ﬁm—»:/F[A—<A+pﬁ-ﬁ>w—m:/u—w)(x—u), (4.110)

r

where p > 0 and w := X\ + pu - 7i. This implies that A is the L? projection of w onto
Ay, (i.e. A= Py, (w)). This can be seen by Figure 4.5 or by minimizing the following

functional over the convex set Ay:

T :/|/\—w|2= min/|,u—w|2. (4.111)
r HEAR JT

In other words, using the standard techniques of minimization leads to equation

(4.110).
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Figure 4.5: Projection onto a convex set. By equation (4.110), we know that the
inner product of the functions (A —w) and (A — ) must be negative or zero for all
i in the convex set Ay (note: w := X+ p - ). This is only possible if A is the

L*(T") projection of w onto Ay, (i.e. A = Py, (w)).
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Therefore, the exact solution of the discrete problem must satisfy this L2
projection property

A= Py, (A + pil - ). (4.112)

This suggests the following iterative method for solving the variational inequality:
Nt =Py (N + pi - 7). (4.113)

where \° is an initial guess (say 0) and p acts as a relaxation parameter. The initial
velocity 4 is obtained by plugging A\° into equation (4.107) and solving (4.107)
and (4.108) using standard methods for saddle point problems. Then we apply the
projection (4.113) to obtain A' and plug it into (4.107) and solve for @'. We iterate
this process several times until both sequences {\} and {@’} converge.

In the actual implementation, we let Uz and U%. be the L?(T") projection of
@ -7 and @’ - 7i onto My, respectively. This allows @ -7 in (4.110) to be replaced by

Us. So by the same argument as before, we get that the exact solution A satisfies
A= Py, (A + pUs).
Therefore, we actually use the following update equation in our iterative algorithm
NFL = Py, (N 4 pU?). (4.114)

The convergence proof using (4.114) is almost exactly the same as with (4.113),
except one must also use the properties of the L*(T") projection with respect to Uy
and UZ. But the convergence of the solution variables @@/, p/, and M are exactly the

same, hence we only give the proof using (4.113).
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Convergence Proof of the Uzawa Method

This proof is similar to Glowinski, except it is applied to a different problem.
Let M, =N — X\ pl =p —p, and @, = @ — @ denote the error between
the iterate and the exact solution. Because the L?(T") projection, Py, , is an L*(T")
norm decreasing map (follows by the minimization argument (4.111)), we have the
following;:

H)\j+1H0F < H/\err + puerr ﬁHO,F' (4115)

err

Squaring both sides gives

”Agj_rlHOl" < ”/\errHO,l" + 2p/ /\irr(_zrr ’ ﬁ) + p2||ﬁgr'r ’ ﬁ||(2),1"7 (4116)

which, by moving terms around, gives

H)\errHO,F - H)\ijrng,F Z p[ /)\érr( Wepp * _‘) pHuerr ﬁHg,F] (4117)

Now we need to take advantage of the PDE. Due to the linearity of the terms in

(4.107) and (4.108), we have

(—a +ﬁ) (/ v+7/(V @, )(V >+At/Vrﬁéw Vit +
At 0
/pér,,v / i §oii=0, for all 7 € V,,, (4118)

/ qV -, =0, for all ¢ € Py,

By setting the test functions 7 = @/, and ¢ = p/,, in (4.118), we get

[ = (o 8) ([l [ 190w )+
+At/|vruerr )

- a(uirw uirr)
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which implies that (because a(-,-) is coercive)

err err err

—/)\j (@ -7) > AT |12, (4.119)
T

where ¢ > 0 is a constant. Combining (4.119) with (4.117), and the fact that

H@er ' ﬁHO,F < ||7’_LZT’!‘H1,F < ||ﬁgrr||V7 giVGS

IXpello.r = INE G0 = o2t = p) .5 (4.120)

err err err

Hence, if p < 2cAt, then {||M,..[[5r} is a decreasing sequence of numbers, so it

converges to some number (by the least upper bound axiom/Bolzano-Weierstrauss
Theorem [85]). This means the right hand side of (4.120) goes to zero as j goes to
oo. Therefore,

@ — 1,  asj— oo. (4.121)

In order to show that ||\, |y and ||pZ,..||p go to zero as j — oo, we must make

use of the INF-SUP condition. Using (4.118) and the definition of the bilinear forms

(4.62), (4.63) in (4.82), we have that

b(, (pl,., N ) = a(—id ., 7), for all 7 € V. (4.122)

So, we just divide by the norm and take the supremum to get:

IGACRT) I C )
Iy

v - < aol|@. . ||v 4.123
eV, ||U||V eV, ||U 0|| e'rr” ) ( )

where ag > 0 is the continuity constant for a(-,-). Using (4.106), we obtain

LS Bo
] >
HU UHV = 2a004

(I = p B+ IV = Alf)"2. (4.124)
So, by (4.121), we have that p’ — p and M — X in their respective norms. Note

that the convergence of M’ is in a negative norm (recall the dual space M (4.53)).
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It is possible that there may be oscillations in the true discrete solution A because
we are using piecewise constants to approximate the continuous solution in M. In
practice, the behavior of A is determined by the ‘forcing’ in the problem (i.e. the
curvature x and electrowetting force E). For the computations in this thesis, the

behavior of A seems appropriate.
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4.4 Handling Large Deformations and Topological Changes

One of the drawbacks of using the explicit front tracking method is the presence
of the mesh. Because the interface is moving, the underlying mesh must move with
it. If the droplet is undergoing a large deformation, such as a splitting motion,
this can cause mesh distortion (i.e. elongated triangles/elements in the droplet
triangulation and/or inverted elements). It is known that distorted meshes can
adversely affect the accuracy of the finite element solution [127]. Therefore, any
explicit front tracking method must also be able to handle severe mesh distortion.

We handle large mesh deformations by using mesh smoothing and periodic
re-meshing. Topological changes are handled using a hybrid variational-level set
method and is described in [140]. We give some highlights of the algorithm in the

following list. For more details, see [140].

e Mesh smoothing and re-meshing. We use standard techniques, such as opti-
mization based mesh smoothing [45] and re-meshing with the program ‘Trian-

gle’ [126].

e Updating mesh topology. We use a level set method to guide the evolution of

the explicit finite element mesh through a topological change.

e Mesh reconstruction after the topological change. We use an active contour-
based minimization approach to adjust the mesh in the local region of the

topological change.
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Chapter 5

Simulations Versus Experiments

We present comparisons between our simulation method and five different ex-
periments. In each section, we describe the experimental setup and the correspond-
ing simulation results. In the first experiment (splitting water droplet), we discuss
the various physical phenomena affecting the motion of the droplet (i.e. saturation
and hysteresis) and how the simulations were modified to capture these effects. Sim-
ulations for the first two experiments were run using the level set method (Chapter
3) and variational method (Chapter 4). The remaining experiments are compared

to the variational method only.

5.1 A Splitting Water Droplet

In Figure 5.1, an overhead view of an EWOD device with three electrodes
running left to right is depicted with a splitting droplet. The voltage actuation,
from left to right, is 25 volts, 0 volts, 25 volts and is constant throughout the
split. In the first frame, an initial near-circular droplet is shown just before voltage
activation. After the voltage is turned on, the liquid-gas interface over the left
and right electrodes deforms and induces a low pressure region there. The regions
where no voltage is activated remain at high pressure. In the subsequent frames,

the droplet is pulled from the left and right sides, while it is pushed in from the

111



top and bottom. The droplet elongates along the horizontal dimension and is being
pinched in the vertical direction. This causes two smaller droplets to form on the
left and right sides, with a thin neck joining them. The neck eventually gets so thin
that it snaps due to capillary instability. The two smaller droplets then continue
moving to the left and right electrodes because of the pressure differential created
from the voltage actuation. Finally, the two droplets come to rest on the two 25 volt
electrodes. The total time of this experiment is approximately 167 milliseconds.
Next, we present three simulations showing the effects of the various physics
at the boundary. The first simulation is for contact angle variations obeying the
ideal Young-Lippmann curve (see the Y-L curve in Figure 2.6). Next, we simulate
droplet splitting assuming only contact angle saturation (see the saturation curve
for two plates in Figure 2.6). Finally, we show a simulation that includes saturation
and hysteresis. In Table 5.1, we list the pertinent parameters of each simulation
for the level set method; Table 5.2 lists the parameters for the variational method.
In all cases, the velocity scale Uj is chosen so that the non-dimensional velocities

during the simulation are order one.

5.1.1 Ideal Young-Lippmann

In Figures 5.2 and 5.3, we have a simulation (level set) of droplet motion
when no contact angle saturation or hysteresis is being modeled. As can be seen,
the general shape of the splitting droplet is not the same as in the experiment.

Just after the voltage is turned on, the droplet shape has much more of a bulge
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0.0 ms | 33.3 ms

= |

l 66.7 ms | 100.0 ms

"l

| 133.3 ms l | 166.7 ms [

Figure 5.1: Droplet splitting experimental results with level set simulation overlay.
Six frames showing the video snapshots of the experiment (courtesy of CJ Kim
and Sung Kwon Cho at UCLA). The three electrodes shown in each frame have
activation voltages (from left to right) of 25, 0, and 25 volts. Each electrode is
approximately square with a side length of 1.4 millimeters. The dashed-line droplet
outlines are from the simulation depicted in Figures 5.10 and 5.11 and show a direct
comparison between experiment and the level set simulation including contact angle

saturation and hysteresis.
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Y-L Sat All Units

L 4.406 4.406 4.406 mm
U 1500 500 50 mm /sec
to 2.94 8.81 88.12 msec
Py 16.3 16.3 16.3 N/m?
Re 117.6 39.2 3.92 non-dim.

Ca | 0.01854 0.006181 0.000618 | non-dim.

o 137.3 15.25 1.695 non-dim.
1] 881.4 293.85 326.5 non-dim.
Khpys 1.0 1.0 0.09 non-dim.

Table 5.1: Simulation Parameters for the Level Set Method: Numbers for three
simulations are listed here: (Y-L) uses the Young-Lippmann theory, (Sat) adds in
saturation, and (All) includes saturation and hysteresis. Each simulation uses a
different value of Uy so the maximum non-dimensional velocity is close to unity.

This also causes Re, Ca, «, (3, and ty to differ. Grid resolution is 108x108.

in the center than shown in the experiment. This becomes more pronounced in
later frames, with two thin necks developing between the three bulging parts of the
droplet. The droplet then splits into three pieces instead of two as in the experiment.
Finally, the two larger droplets come to rest on the active electrodes, with the smaller
satellite droplet resting in the center. The total time to complete the split and reach
equilibrium is 8.8 milliseconds, 18.9 times faster than the experiment.

The variational method, shown in Figures 5.4 and 5.5, gives a similar result
except the total split time is 7.6 milliseconds.

Because no saturation or hysteresis is being modeled, the simulated EWOD
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Figure 5.2: Young-Lippmann Model with the level set method (part A): simulation
frames showing splitting behavior under the ideal Young-Lippmann theory. Simu-

lation continued in Figure 5.3.
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0.8 0.8
0.6 0.6
P ] /\
e \_/
0.4 0.4
4.94 ms 5.65 ms
0.2 0.2
0 0.5 1 0 0.5 1
0.8 0.8
0.6 0.6
< >
0.4 0.4
5.79 ms 5.95 ms
0.2 0.2
0 0.5 1 0 0.5 1
0.8 0.8
0.6 0.6
0.4 0.4
6.50 ms 8.80 ms
0.2 0.2
0 0.5 1 0 0.5 1

Figure 5.3: Young-Lippmann Model with the level set method (part B): simulation
frames showing splitting behavior under the ideal Young-Lippmann theory. Split

time is 18.9 times faster than the experiment.
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Figure 5.4: Young-Lippmann Model with the variational method (part A): simu-
lation frames showing splitting behavior under the ideal Young-Lippmann theory.

Simulation continued in Figure 5.5.
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Figure 5.5: Young-Lippmann Model with the variational method (part B): simu-

lation frames showing splitting behavior under the ideal Young-Lippmann theory.
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Split time is slightly shorter than with the level set method.




Y-L Sat All Units

L 4.2 4.2 4.2 mm
U 750 250 50 mm/sec

to 5.6 16.8 84 msec

P 17.14 17.14 17.14 N/m?

Cpin 0.0 0.0 0.003 N/m
Re 58.8 19.6 3.9 non-dim.
Ca | 0.009272 0.00309071 0.0006181 | non-dim.
« 32.7 3.64 0.9662 | non-dim.
I} 400.6 133.5 177.4 non-dim.
Khys 1.0 1.0 0.1505 non-dim.

Table 5.2: Simulation Parameters for the Variational Method: Numbers for three
simulations are listed here: (Y-L) uses the Young-Lippmann theory, (Sat) adds in
saturation, and (All) includes saturation and hysteresis. Each simulation uses a
different value of Uy so the maximum non-dimensional velocity is close to unity.
This also causes Re, Ca, «, 3, and ty to differ. The length scale is slightly different

than for the level set method because there is no ‘buffer region’.

force is much larger than in reality. This causes the droplet to be pulled apart so
fast that the middle region is never able to become a thin neck. As a result, three
satellite droplets are created instead of two. In fact, the z curvature of the liquid-
gas interface (i.e. the EWOD force) is so large that the x-y curvature component is
practically negligible. This is why the droplet does not resist being pinched in two
places; the EWOD force here dominates the large curvature forces induced by the

pinched regions.
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5.1.2 Saturation

For the simulation (level set) shown in Figures 5.6 and 5.7, we have added the
effect of contact angle saturation. The splitting motion of the droplet now looks
much closer to the experiment. As the droplet is pulled apart, a single thin neck
joins the two bulging ends. The neck then breaks, allowing the two droplets to come
to rest on the left and right electrodes. However, the time scale is still not correct.
The time to reach equilibrium here is 14.33 milliseconds, which is 11.6 times faster
than the experiment.

The variational method (Figures 5.8 and 5.9) gives a similar result except a
small satellite drop is released in the center and the split time is 12.17 milliseconds.
The lack of a small satellite drop in the level set simulation is possibly due to the
coarse grid used (108x108), whereas the triangular mesh in the variational simulation
becomes more refined around the pinching area.

Including saturation does slow the droplet, but it is still not enough. In real-
ity, the line pinning induced contact angle hysteresis is extremely significant in most
wetting phenomena. Hysteresis slows motion by reducing the pressure gradient (see
Section 2.2.4). Therefore, it is not surprising that this effect must be included to ac-
curately simulate droplet speed. The following section presents our final simulation
of splitting with hysteresis included (and also contact line pinning for the variational

method).
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Figure 5.6: Saturation Model with the level set method (part A): simulation frames

showing splitting behavior when contact angle saturation is included. Simulation

continued in Figure 5.7.
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Figure 5.7: Saturation Model with the level set method (part B): simulation frames
showing splitting behavior under the contact angle saturation model. Split time is

11.6 times faster than the experiment.
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Figure 5.8: Saturation Model with the variational method (part A): simulation
frames showing splitting behavior when contact angle saturation is included. Sim-

ulation continued in Figure 5.9.
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Figure 5.9: Saturation Model with the variational method (part B): simulation
frames showing splitting behavior under the contact angle saturation model. A
small satellite drop is released in the center (not present in the level set simulation).

The split time is also slightly shorter than with the level set method.
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5.1.3 Contact Angle Hysteresis and Line Pinning

In Figures 5.10 and 5.11, we show several frames of our simulated (level set)
splitting droplet, which are also shown as dashed-line overlays in Figure 5.1. The
hysteresis constant, Kj,,, is 0.09. This simulation is similar to the one in Figures
5.6 and 5.7, except that the time scale is now correct. The simulated droplet now
splits in the same amount of time as the experiment, as shown in Figure 5.1.

The value of the hysteresis constant, Kj,s = 0.09, was chosen to make the
simulation time scale match the experiment. By using (2.11) and experimental data
from Figure 2.6, we estimate the contact angle deflection due to hysteresis to be
Apys = 6.4°. In [106], the authors give a value of about 20° for sessile drops of
water sliding on top of a Teflon surface. This discrepancy is reasonable because the
droplet size and geometry in the EWOD device is different than in [106].

Our hysteresis constant is also analogous to the contact line friction coefficient
in [143], where they treat contact line friction as an extra forcing term proportional
to the velocity of the contact line. In their case, the forcing term has units of force
per unit contact line length. By scaling their friction force by the ratio of contact
line length to volume for a droplet in an EWOD device (to put it into units of force
per unit volume), we can include this as a body force term in the Navier-Stokes
equations. After going through the same derivation as in Section 2.1.2, we obtain
an equation similar to (2.6), except the coefficient of the velocity term has an extra
positive term added to 12(L/H)?. Hence, the coefficient is larger than before. If we

ignore the velocity time derivative term in (2.6), the extra friction force is equivalent
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Figure 5.10: Saturation and Hysteresis Model with the level set method (part A):
simulation frames showing splitting behavior when both contact angle saturation

and hysteresis are added (K}, = 0.09). Simulation continued in Figure 5.11.
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Figure 5.11: Saturation and Hysteresis Model with the level set method (part B):
continuation from previous figure. The droplet splits in the same amount of time as
the experiment. Overlays of this simulation are shown in Figure 5.1 on top of video

frames from the actual experiment.
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to multiplying the pressure gradient by a constant smaller than 1 (i.e. Kjys). In fact,
our choice of hysteresis constant corresponds to a contact line friction coefficient of
0.5664 Newton-seconds per square meter, which is comparable to the values listed
in [143] for a column of fluid comprised of deionized water between two parylene
coated electrodes.

However, keep in mind that these estimates are rough approximations. The
hysteresis constant is not an exact model and it does not capture line pinning.
Our initial goal was not to model line pinning or contact angle hysteresis in great
detail, but to show that a simple scaling constant is all that is needed to produce
simulations that approximately capture the shape and speed of splitting droplet
motion. In other cases of droplet motion, however, contact line pinning is more
noticeable (see experiments in the following sections) and should be included in the
model.

In Figures 5.12 and 5.13, we have our variational simulation that includes

contact angle saturation, hysteresis, and contact line pinning. The contact line

pinning coefficient is taken from experiments done in our lab, and is given by
Cpin = 3 X 107 N / m. The hysteresis constant required to match the simulated
split time to the experiment is given by Kj,s = 0.1505, which is larger than for the
level set method. This is because our contact line pinning model partially retards
the EWOD force, so less hysteresis is required to slow the droplet down. See Figure

5.14 for an overlay of the variational simulation with the experiment.
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Figure 5.12: Saturation, Hysteresis, and Contact Line Pinning Model with the vari-
ational method (part A): simulation frames showing splitting behavior when the full
model is used (Kpys = 0.1505, ¢y, = 3 x 1072 N / m). Bolded parts of the droplet
interface represent regions that are ‘pinned’ because of contact line pinning. Note
that pinning only restricts the normal velocity to zero; there can still be a tangential

motion. Simulation continued in Figure 5.13.
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Figure 5.13: Saturation, Hysteresis, and Contact Line Pinning Model with the vari-
ational method (part B): continuation from previous figure (same format). The
droplet splits in the same amount of time as the experiment. Overlays of this simu-

lation are shown in Figure 5.14 on top of video frames from the actual experiment.
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Figure 5.14: Droplet splitting experimental results with variational simulation over-
lay. Same format as Figure 5.1. The dashed-line droplet outlines are from the
simulation depicted in Figures 5.12 and 5.13 and show a direct comparison between
experiment and the variational simulation including contact angle saturation, hys-

teresis, and contact line pinning.
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5.2 A Moving Water Droplet

This section compares our simulation to another experimental case to give
more supporting evidence for our model. The EWOD device shown here has eight
electrodes arranged in a square-like pattern. A predetermined voltage sequence was
used to actuate the droplet so it moves to the right first, then up, and finally to the
left. All constants in our level set simulation are the same as those used in Section
5.1.3 (i.e. Kpys = 0.09), and the same computational grid resolution (108x108) is
used (see Table 5.1).

From Figure 5.15, it is evident that the simulation follows the experiment fairly
well. The match is not exact, however, and this is mainly because line pinning is
not taken into account, and hysteresis is not being modeled very accurately. But
the overall motion and time scale are correct.

Figure 5.16 shows the same moving droplet experiment with our variational
simulation that also includes contact line pinning. All constants are the same as in

Section 5.1.3 (i.e. Kpys = 0.1505, ¢y = 3 x 1073 N / m); see Table 5.2.

5.3 A Moving Glycerin Droplet

The EWOD device in this experiment has only two electrodes arranged in a
horizontal fashion with a droplet of Glycerin (Glycerol) being actuated. A voltage
of 50 volts is first applied to the left electrode with 0 volts on the right. This causes
the droplet to flow to the left electrode. The voltage actuation is kept constant for

two seconds when it switches to 0 volts on the left, 50 volts on the right, which
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Figure 5.15: Moving water droplet motion experimental results with level set simu-
lation overlay. Four frames show video snapshots of the experiment (courtesy of CJ
Kim and Jian Gong at UCLA). A time-varying sequence of voltages is applied to
the eight electrode pattern so as to make the droplet move right, up, and then left.
Each electrode is square with a side length of 1.4 millimeters. All device parameters
here are the same as for the splitting experiment shown in Figure 5.1 except the elec-
trode pattern is different. The dashed-line droplet outlines (from simulation) show
a direct comparison between the experiment and a level set simulation including

contact angle saturation and hysteresis (/s = 0.09).
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Figure 5.16: Moving water droplet motion experimental results with variational
simulation overlay. Same format as Figure 5.15. The dashed-line droplet outlines
(from simulation) show a direct comparison between the experiment and a vari-
ational simulation including contact angle saturation, hysteresis, and line pinning
(Khys = 0.1505, ¢pip, = 3x 1072 N / m). The simulated droplet appears to follow the
real droplet a little more closely as compared to the level set simulation in Figure

5.15.
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causes the droplet to switch direction of motion. Again, the voltage actuation is
kept constant until after two seconds it switches back, causing the droplet to also
switch its direction of travel. This process repeats.

Figure 5.17 shows a comparison between the variational simulation and the ex-
periment; Figure 5.18 shows only the simulation. Simulation and device parameters

are given in Table 5.3.

5.4 A Joining Water Droplet

The EWOD device in this experiment has three electrodes arranged in a hori-
zontal fashion with two droplets of water being actuated to join together. A voltage
of 65 volts is applied to the center electrode (with wire coming out the top), with 0
volts applied to the left and right electrodes, which causes the two droplets to flow
together. The voltage actuation is constant throughout the experiment. Eventually,
the two droplets connect and merge together.

Figure 5.19 shows a comparison between the variational simulation and the ex-
periment; Figure 5.20 shows only the simulation. Simulation and device parameters

are given in Table 5.3.

5.5 A Splitting Glycerin Droplet

This experiment uses the same EWOD device as in Section 5.4, except that
a Glycerin droplet is being actuated to split apart. A voltage of 65 volts is applied

to the left and right electrodes, with 0 volts applied on the center electrode which
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5966.7 ms

Figure 5.17: Moving Glycerin droplet experimental results with variational simula-
tion overlay. Frames show video snapshots of the experiment (courtesy of CJ Kim
and Jian Gong at UCLA). The applied voltage (50 volts) switches between the left
and right electrodes every two seconds. Each electrode is square with a side length
of 1.5 millimeters. Simulation and device parameters are given in Table 5.3. Note
the large time-scale because glycerin is highly viscous. The simulation follows the
experiment fairly well, except the ‘tail’ narrows more in the simulation than in the

experiment.
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Figure 5.18: Moving Glycerin droplet variational simulation. The applied voltage
(50 volts) switches between the left and right electrodes every two seconds. Each
electrode is square with a side length of 1.5 millimeters.

parameters are given in Table 5.3. Bolded parts of the droplet interface represent
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regions that are ‘pinned’ because of contact line pinning.
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Figure 5.19: Joining water droplets experimental results with variational simulation
overlay. Frames show video snapshots of the experiment (courtesy of CJ Kim and
Jian Gong at UCLA). The applied voltage (65 volts on the center electrode only)
causes the two side droplets to flow together and eventually merge. Each electrode
is approximately square with a side length of 1.5 millimeters. Simulation and device
parameters are given in Table 5.3. The simulation matches the experiment fairly
well in the first four frames. However, the pinning behavior in the experiment is

significantly different than the simulation in the last two frames.
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Figure 5.20: Joining water droplets variational simulation. The applied voltage (65
volts on the center electrode only) causes the two side droplets to flow together and
eventually merge. Fach electrode is approximately square with a side length of 1.5
millimeters. Simulation and device parameters are given in Table 5.3. Bolded parts

of the droplet interface represent regions that are ‘pinned’ because of contact line

pinning.
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causes the droplet to pull apart. The voltage actuation is constant throughout the
experiment. Eventually, a thin neck develops between two smaller droplets and the
neck collapses.

Figure 5.21 shows a comparison between the variational simulation and the ex-
periment; Figure 5.22 shows only the simulation. Simulation and device parameters

are given in Table 5.3.
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Tl

Figure 5.21: Splitting Glycerin droplet experimental results with variational sim-
ulation overlay. Frames show video snapshots of the experiment (courtesy of CJ
Kim and Jian Gong at UCLA). The applied voltage (65 volts on the left and right
electrodes) causes the droplet to be pulled apart and eventually split. Each elec-
trode is approximately square with a side length of 1.5 millimeters. Simulation and
device parameters are given in Table 5.3. The match between the simulation and
experiment is very good. The only difference is that, in the experiment, slightly

more fluid flows into the left satellite droplet than in the right droplet.
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Figure 5.22: Splitting Glycerin droplet variational simulation. The applied voltage
(65 volts on the left and right electrodes) causes the droplet to be pulled apart and
eventually split. Each electrode is approximately square with a side length of 1.5
millimeters. Simulation and device parameters are given in Table 5.3. Bolded parts

of the droplet interface represent regions that are ‘pinned’ because of contact line

pinning.
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Moving Glycerin  Joining Water Splitting Glycerin Units
Olg 0.0645 0.072294 0.0645 J / m?
i 265.98 0.9348 265.98 g / m-sec
p 1235.15 997.44 1235.15 Kg / m?
H 0.1 0.1 0.1 mm
Lgiec 1.5 1.5 1.5 mm
L 3.0 4.5 4.5 mm
Up 0.4 15 1.1 mm / sec
to 7500 300 2727.3 msec
P 21.5 16.065 21.5 N / m?
Cpin 0.0015 0.009 0.0015 J / m?
Re 1.8575E-4 1.6005 5.1081E-4 non-dim.
Ca 1.6495E-3 1.9396E-4 4.5361E-3 non-dim.
@ 1.8759E-5 0.19675 8.4772E-5 non-dim.
154 36.356 66.383 59.744 non-dim.
Khpys 0.49 0.071 0.82 non-dim.
Op.0v 107.35 111.62 107.35 degrees
O 501 68.46 - - degrees
Op.65v - 70.01 64.32 degrees

Table 5.3: Simulation Parameters for the experiments in Sections 5.3 (Moving
Glycerin), 5.4 (Joining Water), and 5.5 (Splitting Glycerin) using the Variational
Method. Note the large viscosity of glycerin. We assumed a 90%/10% glyc-
erin/water mixture for the glycerin experiments. 0,0y, 6y 501, 0y 65 are the contact

angles on the bottom plate of the EWOD device at 0, 50, and 65 volts, respectively.
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Chapter 6
Controlling EWOD

6.1 Introduction

This chapter shows that Electro-Wetting-on-Dielectric (EWOD) systems con-
tain enough control authority to steer individual particles on trajectories inside the
liquid drops. It is possible, for example, to actuate the available electrodes surround-
ing a single droplet in such a way that the resulting fluid flow inside the drop will
carry a particle around a figure ‘8" path or will carry two particles along separate
trajectories (see Figure 6.1).

Steering particles inside droplets introduces another level of functionality into
electro-wetting systems. By being able to steer individual particles inside droplets
to 10 micrometer resolution, it will be possible to precisely place cells under or on
top of localized sensors, to stretch out DNA strands (by steering beads attached
to the two ends of the strand in different directions), to move particles from one
location to another at rates much faster than those created by diffusion, to steer
and sort particles within a single drop, or to ensure that certain particles remain
in one drop while other particles are steered to a drop that is being split away.
In essence, our control methods allow electrowetting systems to achieve some of
the same capabilities as laser tweezers [6], [72], [32], although only in two spatial

dimensions and with less accuracy.
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Figure 6.1: The EWOD system manipulates fluids by charging a dielectric layer
underneath the liquid that effectively changes the local surface tension properties
of the liquid/gas interface creating liquid motion. Existing (move, split, join, and
mix) capabilities of electrowetting devices are shown schematically (see [89], [79],
[131], [107], [111], [28], [55]) above the new particle steering capability developed in
this thesis. The view is from overhead the EWOD device. Shaded circles represent
droplets of liquid. Squares are electrodes, where the lighter shading indicates the
electrode is on. Directed lines specify the direction of motion. The multi-shaded
droplet shows the diffusion and mixing of two chemicals; here mixing is enhanced

by the fluid dynamics created inside the droplet due to its imposed motion.
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Steering results are demonstrated using a model [142] of fluid flow in the UCLA
EWOD system [89], [29] and the simulation tools developed in the previous chapters.
This model of EWOD fluid dynamics includes surface tension and electrowetting
interface forces, Hele-Shaw type 2-phase fluid flow, and the essential loss mechanisms
due to contact angle saturation, contact line pinning, and the related mechanism
of contact angle hysteresis. The model has one free parameter associated with the
frictional effect due to hysteresis, but all other parameters are either derived from
first principles or taken from experimental data. And the model is validated against
experimental results for the UCLA devices (see [142] and Chapter 5).

To experimentally demonstrate particle steering in the UCLA EWOD system
would require real time implementation of the least squares control algorithm, a
vision system to find the location of the particles and to track droplet shapes in
real time, and integration and experimental validation of the feedback closed loop
architecture shown in Figure 6.2. Some of these tasks have already been demon-
strated in Shapiro, et al [4], [5], which developed a particle tracking vision system, a
real time control algorithm implementation, and closed loop feedback integration for
steering of particles in a micro fluidic system driven by electro-osmotic (as opposed
to EWOD) actuation. It remains to create a real time control implementation for
the EWOD system, to implement our vision algorithm on the UCLA devices, and
to achieve the feedback control system integration. However, the size of the vision
system, which is currently a microscope and a camera with an image algorithm im-
plemented on a digital signal processing chip, can be reduced to an on-chip contact

imager as demonstrated in [54]. This permits the feedback EWOD system, with
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vision feedback, to remain portable and hand-held.
Section 6.2 describes the particle steering control task and algorithm develop-
ment. This is followed by some numerical demonstrations in Section 6.3 that show

which particle trajectories can and cannot be achieved.

6.2 Particle Steering Control Algorithm

We consider neutral particles that are simply carried along by the (vertically
averaged) planar fluid flow. Thus, a particle at the location ¥ = (z,y) will simply

follow the velocity of the fluid at its location
I = (%), (6.1)

where @ = (u,v) is the flow field from equation (2.19) (see Section 2.4.1) and the
overhead ‘dots’ denote derivatives with respect to time. The pressure gradient in
equation (2.19) can be thought of as a control for manipulating the velocity of the
particle or particles. It is by controlling the pressure gradient field inside the droplet,
by changing the pressure on the interface via electrode voltages (see equations (2.16),
(2.17), (2.18) and Figure 2.6), that we can achieve particle steering using actuators
already available in the EWOD device. Steering of multiple particles along complex
trajectories requires controlled actuation of the electrode voltages. Therefore, the
control problem is to find an electrode voltage sequence that creates a temporally
and spatially varying flow field that will carry all the particles along their desired
trajectories.

The control problem described above is a trajectory-tracking problem: we
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seek to find the control inputs that will cause the system (in this case the particle
positions) to follow a desired trajectory. A naive inspection of the equations of
motion, especially (6.1) for the particle dynamics, would suggest that the control
problem is standard in linear control theory and a linear quadratic regulator (LQR)
tracking controller [90] could be used. However, the particle motion depends on the
droplet shape and on the number of electrodes that the droplet overlays at any given
moment. This information is not known a priori, which means that an LQR cannot
be used. For this reason, we do local estimation and control at each time step of
our simulation using a least squares framework to compute the necessary pressure
boundary conditions and then compute the electrode voltages that will achieve these
boundary pressures (see Figures 6.3 and 6.5). Any particle deviation from the
desired trajectory that may arise from thermal fluctuations, external disturbances,
and actuation errors is corrected using feedback of the particle’s position. Figure
6.2 gives a diagram of the closed loop feedback architecture.

Our particle steering algorithm proceeds as follows:

1. Initialization: Represent the desired trajectory of each particle as a set of

points connected by straight line segments.

2. Sensing: Feed back the particle position data and the location of the droplet
boundary to the control algorithm (as would be provided by the vision sensing

system).

3. Control algorithm part A: Choose the desired velocity directions of each par-
ticle so that the particles will move towards and then along the desired tra-
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Figure 6.2: Particle steering closed loop feedback control architecture. 1) The
EWOD device is observed by 2) an image system (a microscope/camera or an on-
chip contact imager) which transmits information to 3) a computer or chip that
contains 3a) an image processing algorithm to identify droplet shapes and the loca-
tion of the particles and 3b) a control algorithm that computes the actuator voltages
that will move the particles from where they are to where they should be, and 4)
these actuation voltages are then applied on the EWOD device. The loop repeats
at each time step to steer the particles along their desired trajectories. The zoomed
overhead view of the EWOD device (at right) shows a single droplet with one parti-
cle floating inside. The curvy line indicates the desired path of the particle. In our
control algorithm, we sample the trajectory by many points (only seven points are

shown here; see numbered stars 1-7).
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jectories.

4. Control algorithm part B: Solve a least squares problem for the necessary
voltage actuation to induce a pressure gradient field that will create a flow

field to carry the particles along the desired directions obtained in step 3.

5. Actuate: Apply the computed control voltages at the current time step of our
simulation and advance the simulation to the next time step. This updates
the droplet shape and particle positions. Then go back to step 2 and repeat

the feedback control loop.

The algorithm details are described below.

6.2.1 Algorithm Initialization

We represent the desired trajectory curves for each particle as a fine sampling
of points connected by straight lines. The points are indexed in the order in which
the particles should follow them (i.e. the trajectory is parameterized; see Figure
6.2). Complicated trajectories are broken up into separate segments for ease of
particle tracking (see Section 6.2.3). For simplicity, only one particle and trajectory
is considered in the following sections. Multiple particle steering is discussed in

Section 6.2.5.

6.2.2 Particle Position and Droplet Boundary Sensing

We need to know the shape and position of the droplet as well as the position
of each particle in order to apply our control algorithm. At the beginning of each
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time step, we obtain the position of the particle and the location of the droplet
boundary using feedback through a vision system (see Figure 6.2). The issues of
integrating a vision system with an EWOD device are not considered here. For
the purposes of this thesis, the particle positions and droplet shape information are

taken directly from the simulation.

6.2.3 Compute the Desired Direction of Particle Motion

Next, the desired direction of motion for the particle is chosen to be a unit
vector that points from the particle’s current coordinates towards one of the trajec-
tory points. Since maximum forcing of the pressure gradient is used to drive the
particle in the desired direction (see Figure 6.4), it is necessary to choose a trajectory
point that is just out of reach of the particle for the current time step. Otherwise,
it is possible that the particle could overshoot trajectory points and trace out an
unwanted zigzag path around the trajectory.

Hence, we find the target trajectory point by first finding the closest trajectory
point to the particle. Then, using the trajectory parameterization (i.e. the index
list; see Figure 6.2), we look ahead after the closest point and choose the target
to be the first trajectory point that is out of reach of the particle. This ensures
the particle will move forward along the trajectory and not zigzag. If the closest
trajectory point is the last point of the trajectory, then the particle aims for the last
point.

For a self-intersecting or extremely curvy trajectory, it is possible that the
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particle could become stuck in a loop and not travel the entire trajectory. We resolve
this issue by breaking the trajectory into smooth segments that do not intersect and
only allow the particle to ‘see’ one segment at a time. As a result, the particle follows
one piece of the trajectory until it reaches the end, where our algorithm switches to
the next segment. Therefore, without loss of generality, we assume in the following
subsections that the trajectory consists of just one segment.

The forcing of the particle is created by the pressure gradient. And the desired
unit vector discussed above determines the direction of forcing. This unit vector is
used in the next section to calculate the pressure boundary conditions needed to

realize the pressure gradient that will move the particle in the desired direction.

6.2.4 Least Squares Solution for the Boundary Conditions

Figure 6.3 shows an overhead view of a sample droplet in the EWOD device
containing a single particle. The current drop shape overlaps four electrodes, hence
four actuators are available to move the single particle. In each of the four cases,
only one electrode is on; the other electrodes are off. The arrows inside the droplet
show the fluid flow for each of the four voltage actuations. The big dot represents the
particle with a thick arrow indicating the negative direction of the pressure gradient
at the particle location (note that the fluid flows opposite to the pressure gradient).
Our algorithm centers on the idea of taking an appropriate linear combination of
pressure gradients in Figure 6.3 to make the particle (or particles) move in the

direction(s) we want at a particular time step. This will directly correspond to
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Figure 6.3: Linear combination of pressure gradients for a single droplet overlaying
four electrodes (small dashed squares). The diagram above shows a droplet in an
EWOD system with four different instances of voltage actuation. In each instance,
only one of the four electrodes is on. The particle floating inside the droplet (black
dot) has a thick arrow indicating its direction of motion for each single electrode
actuation. These arrows actually represent the opposite direction of the pressure
gradient when a unit pressure boundary condition is set on the thick curve that
overlays the shaded electrode, with zero pressure boundary conditions everywhere
else. The thin curvy arrows show the fluid flow inside the droplet. Since the pressure
field obeys Laplace’s equation (2.15), it is linear and we can make the particle move

in any desired direction by taking an appropriate linear combination of the four

possible boundary conditions given above.
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finding the right combination of electrode voltages at every time step to realize the
desired particle motion (or motions).

First, given the current droplet configuration, we solve (2.15) for the pressure
field inside the droplet for a single active electrode. The pressure boundary condi-
tions are defined to be 1 on the droplet boundary that lies over the active electrode
and 0 everywhere else (see Figure 6.3). From the pressure solution, the pressure gra-
dient at each particle’s position is computed. After repeating this for each electrode,

we obtain a matrix of pressure gradients

VP(#) - VPy(i)

VP (Zy,) -+ VPy(Zn)

where 7; = (z;,y;) are the coordinates for the jth particle. Each column of pressure
gradients VP, (Z;) in the matrix corresponds to a single active electrode; each row
corresponds to a single particle. The total number of particles is m, and the number
of available electrodes is N. The minus sign accounts for the direction of particle
motion.

Next, given the desired pressure gradient at each particle’s location in the
droplet, we wish to find the appropriate boundary conditions to realize it. Because
Laplace’s equation for the pressure (2.15) is linear regardless of the droplet shape,
solutions for single active electrodes can be combined linearly to obtain the pressure

gradient field due to many active electrodes. This reduces our problem to solving a
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linear system

&1 by

GE=b E=1| b= : |, (6.3)

L €N . L bm .
where Z;j is a 2x1 vector representing the desired direction of motion for the jth
particle and £ is the vector of boundary values that will achieve b. We set I;j equal
to the unit vector in Section 6.2.3 that represents the desired direction of motion
for the jth particle. If 2m > N, the number of particle degrees of freedom is greater
than the available actuators and (in general) a least squares solution of (6.3) is
required to obtain the best fit of actuations £. Otherwise, it is a pseudo-inverse
problem and has a solution as long as the matrix has full row rank [133].

We solve (6.3) for £ using the singular value decomposition (SVD) [133]. This

is not an expensive computation since the matrix G is not large. In addition, each

component of the solution vector must be made to satisfy an inequality constraint
gmin S é-j S é-maza 1 S] S N7 (64)

where &,,;, and &4, are the minimum and maximum values that the pressure bound-
ary condition can be for any electrode. These constraints come from the limitations
of varying the contact angle (i.e. contact angle saturation [124], [138], [139], [103]).
Hence, &, and &4, are related to the minimum and maximum contact angles

achievable in the EWOD device (see equations (2.17) and (2.18)).
L . .
Emin = ——[cos(117.0°) + cos(90.0°)],
if (6.5)
Smaz = —77[c0s(117.0°) + cos(117.0°)].
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N/,
BC Value 2.53 j‘ .52,53

Figure 6.4: Linear transformation of boundary conditions; an example of satis-
fying the boundary condition constraints. On the left, the components of the
solution to (6.3) are plotted with the maximum and minimum constraint bounds
denoted by dashed lines (see equation (6.4)). On the right, the components
have been linearly mapped to enforce the constraints. This introduces a scaling
factor into the linear system (6.3), which affects the magnitude of the desired
direction vector b (i.e. the magnitude of the force acting on the particles). In ef-

fect, this causes the particle to be forced as much as possible in the desired direction.

In order to satisfy equation (6.4), we take the solution £ to (6.3) and transform each
of its components so that the full dynamic range of boundary forcing is utilized (see
Figure 6.4).

With this new transformed &, we know what the pressure boundary values
should be to realize the desired pressure gradient field. But it is not possible to

exactly enforce £ because we cannot directly control the planar curvature term x
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in (2.16). For a circular droplet, the planar curvature term is constant and has no
effect on the pressure gradient field [148]; hence, it can be ignored. Using (2.17) and
(2.18), it is straightforward to compute the contact angles needed to implement &.
For non-circular droplets, we use the same procedure. It is not reasonable to use the
planar curvature term in our control algorithm because it involves second deriva-
tives of data that cannot be accurately measured in experiments [112]. Instead, we
view it as a small error to the desired directional forcing of the particles. This error
grows as the droplet deviates from being a circle. This is not a problem for particle
steering for two reasons. First, the linear transformation of the boundary conditions
in Figure 6.4 ensures maximum forcing of the particle. Thus, the relative magnitude
of the error due to the planar curvature x is minimized. Second, any particle trajec-
tory tracking errors that may occur are corrected through our feedback system (see
numerical simulations in Section 6.3). However, the planar curvature does limit the
type of trajectories that the particles can follow (also see Section 6.3).

Finally, given that pressure on the boundary is directly related to the local
contact angle (2.18), we use experimental data for the contact angle versus voltage
characteristics of the EWOD device [29] to compute the electrode voltages needed
to achieve the boundary pressures £ (see Figure 6.5). In general, there will be some
uncertainty about the device parameters. In this thesis, we do not consider adaptive
or robust control strategies to deal with uncertain device parameters, but rather

demonstrate the potential for particle control and separation in EWOD devices.
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Figure 6.5: Voltage versus contact angle with contact angle saturation. Here we
show the inverse mapping of the thick black line in Figure 2.6 that represents the
contact angle variability of the EWOD device. The plot shows how to compute the
voltage needed to actuate a specific contact angle. The dashed line depicts the map-
ping from a 105.0° contact angle to a voltage of about 14.2 volts. We use this in our

control algorithm for estimating the necessary actuation voltages (see Section 6.2.4).
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6.2.5 Advance Simulation and Update Particle Position

Our simulation advances to the next time step after using the voltages com-
puted in Section 6.2.4 to solve for the induced pressure and velocity fields. The
velocity field is then used to update the position of the particle (see Figure 6.6).
The scaling described in Figure 6.4 ensures the particle will be forced as fast as
possible along the desired direction. Our algorithm runs by going back to Section
6.2.2 and repeating for each time step.

Multiple particle steering is easily handled by applying the above discussion
to each particle and its respective trajectory. The only change is that the linear
system in Section 6.2.4 has more rows to accommodate the extra particles. If the
number of electrodes is limited, then this can adversely affect the controllability we
have. A single particle can be made to track interesting trajectories with enough
electrodes (see Figure 6.7 and Figure 6.10). Two particles can be controlled for sim-
ple trajectories as shown in Figure 6.13. For more than two particles, most complex
trajectories cannot be tracked. Section 6.4 discusses the merits and limitations of

our method.

6.3 Controlling Motion and Splitting

This section presents results demonstrating basic particle steering control using
our experimentally validated simulation. A 3x3 electrode grid is used to actuate
and control the droplet where each square electrode is 1.4 millimeter on a side. We

present seven cases, with different levels of controllability, using both the level set
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Figure 6.6: EWOD particle steering control algorithm update. The droplet configu-
ration from Figure 6.2 is shown on the left. The direction of motion for the particle
is toward the trajectory point that is just out of reach for the current time step. This
control strategy ensures the particle will move as fast as possible and stays close to
its desired trajectory. On the left, the shaded electrodes contain the voltages needed
to move the particle in the desired direction. These voltages are computed by the
least squares solution in Section 6.2.4, the constraint map in Figure 6.4, and by the
voltage versus contact angle curve in Figure 6.5. The varying voltage grid induces
a pressure gradient field inside the droplet such that minus the pressure gradient at
the particle’s position is pointing along the desired direction of motion. This moves

the droplet and particle along the trajectory to the next time step.
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method and variational method and make note of their differences. This is followed
by a discussion of the possibilities and limits of our control algorithm. The voltages
generated by our algorithm are reasonable and are within the limits of the UCLA

device discussed in [29].

6.3.1 Figure ‘8" Path

Figure 6.7 shows a droplet moving in a way that makes a particle floating
inside follow a figure ‘8’ path. A circular droplet starts on the center electrode with
a particle resting in the center of the droplet. The dashed curve represents the
desired trajectory, which is made up of a fine sampling of points. Two segments are
used to represent the trajectory because of the self-intersection (see Section 6.2.3).
The voltages on the electrode grid are actuated using the algorithm in Section 6.2,
which causes the particle to move forward along the trajectory. For this case, the
droplet always overlaps enough electrodes to allow it to be controlled in a way that
keeps the particle moving on the figure ‘8’ path. The particle never deviates more
than 20 micrometers from the desired trajectory.

Figure 6.8 presents the same case using the variational simulation without the

pinning model; Figure 6.9 includes the pinning model.

6.3.2 Angular Path

In Figure 6.10, a particle is shown following an angular path that is represented

by five separate straight-line segments. This is to prevent the particle from rounding
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0.0 ms 83.9 ms
0.0v 23.5V 0.0v I 0.0V 18.4V 0.0v

~ [ Vs ~

0.0v 17{\/( 25.0V 0.0v \ W .0V
-7 N N I)

0.0v 14.1V 0.0v [ 0.0v 20.5V 7.7V

/
\ |

174.4 ms 242.0 ms
21.0vV 15.6V 0.0v I 0.0V 0.0v 0.0v
P
- I
2 .OV\ ) 0.0v 0.0v 2 ) 0.0v

]

18.4Vv 18.2Vv 0.0v [ 1&_ 15.7Vv 0.0v

Figure 6.7: Particle following a figure ‘8" path (level set method). An initially
circular droplet (denoted by the closed black curve) lies on a 3x3 grid of electrodes
(denoted by straight lines). The dashed figure ‘8" curve is the desired path, and a
large dot represents the particle with an arrow pointing in the desired direction of
travel. The light solid curve that overlays the dashed curve is the actual path of
the particle. The time-stamp is given in the upper left corner. The voltages on the
grid are time varying in such a way as to keep the particle moving along the desired

path with less than 20 micrometers deviation.
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0.0 ms 100.0 ms
00.0V 00.0V 00.0V 00.0V 13.6V 14.3Vv
P
/ N
b~ 9 r
00.0V OM\/( 00.0vV 00.0vV \ 1 V) oo.pv
_7 N _ _7\N
N /

\J
00.0V 00.0V 00.0v 00.0v 25.0V 23.2V
184.0 ms 276.4 ms
18.1V 00.0v 00.0Vv 13.7V 00.0V

/
259V \ 00.0v 00.0v \_.247 > 00.0V
00.0V 00.0v 00.0V 09.2v 08.0V 00.0V

Figure 6.8: Particle following a figure ‘8" path (variational method without pin-
ning). Same format as Figure 6.7. The results are similar to Figure 6.7 with some

differences in the droplet shape and total time to move the particle.
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0.0 ms 41.2 ms
00.0V 00.0V 00.0Vv | 00.0V 18.3V
TN
/ N\
b~ o /
00.0v O/Nf\\/( 00.0vV 00.0v \ 25.0V
N /
N——
00.0Vv 00.0v 00.0v [ 00.0v 00.0v 00.0Vv
83.2 ms 125.2 ms
00.0V 05.2Vv 00.0vV | 00.0V 07.1Vv 00.0V
/—§\
A . /
00.0V ROV 25.0 00.0v
\ 7 / \
00.0V 00.0vV 00.0vV [ 00.0v 00.0V 15.4Vv

Figure 6.9: Particle following a figure ‘8" path (variational method with pinning).
Same format as Figure 6.8, except the extra bolded parts of the droplet boundary
denote pinned regions of the liquid-gas interface. In this case, the droplet becomes
nearly stuck (shown in the last frame) and asymptotically approaches a completely
pinned state. This is because the particle is slightly off of the desired way-point, so
the algorithm is trying to force the particle back on but fails to apply enough forcing.
Basically, the control algorithm cannot account for potential pinning of the droplet.

It is possible to ‘unstick’ the droplet but would require a different algorithm.
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off the corners as it travels along the trajectory. Just as in Figure 6.7, the droplet
always overlaps enough electrodes to keep the particle on the path, with a maximum
deviation error of 25 micrometers.

Figure 6.11 presents the same case using the variational simulation without

the pinning model; Figure 6.12 includes the pinning model.

6.3.3 Arc and Point Paths

An example of two-particle control is shown in Figure 6.13. One particle is
held stationary while the other moves along a circular arc. The trajectory for the
stationary particle consists of a single point, which ensures that it stays close to that
point. As the particle on the right follows the circular arc trajectory, the stationary
particle oscillates around its desired position to within 10 micrometers. The droplet
itself becomes deformed because of the limited actuators and the restrictive task of
moving one particle and holding another still. This also prevents the particle on the
circular arc from moving past the point shown in the last frame of Figure 6.13 and
completing the arc.

Figure 6.14 presents the same case using the variational simulation without

the pinning model; Figure 6.15 includes the pinning model.

6.3.4 Particle Separation

In Figures 6.16 and 6.17, we demonstrate particle separation. A droplet starts

in the first panel with two particles spaced 0.31 millimeters apart. Both particles
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0.0 ms 79.3 ms
0.0V 17.8V 0.0V [|  20.0V 5.0V 15.6V
A
y /\ N
s N 7/
0.0V { K 17p+> 25.0V 20.0V 16 0.0v
N N
\J y
\_/
0.0V 17.8V 0.0V | 0.0V 17.8V 0.0V
149.0 ms 211.1 ms
17.2V 15.5V 0.0V [| 0.0V 19.9V 0.0V
TN
.0V 18; 0.0V 19.6V ) 18.4V
J y,
19.6V 25.0V 0.0v [| 18.0V 0.0v 0.0V

Figure 6.10: Particle following an angular path (level set method). Same format as

Figure 6.7. The particle is able to track the trajectory very well, even at the corners.
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0.0 ms 83.2 ms
000V | 000V | 00.0V | oo.0v fﬁ\\ 16.9V
/_\
y Pa N
/N ' %
00.0v | K oogew— ] 00.0v 00.0v K\15 00.0V
K oo < .;
N | e,
\/
00.0V | 00.0V | 00.0V [ 000V | 147V | 00.0V
200.8 ms 284.8 ms
144V | 09.7V | 00.0V | oo.ov | 000V | 00.0V
00V 1 15; 00.0V 17.9V \ 15.9V
189V | 250V | 00.0V [ 15.7V . 14.9V

Figure 6.11: Particle following an angular path (variational method without pin-
ning). Same format as Figure 6.8. The path of the particle appears to follow the
desired trajectory slightly better than for the level set simulation shown in Figure

6.10.
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0.0 ms
00.0v 00.0Vv 00.0Vv

oo.ov | K ooTa»es—\ 00.0V

00.0v 00.0V 00.0v

175.6 ms
14.4v 25.0V 07.0v

00.0v K 17I 00.0v

00.0V 14.1V 00.0V

Figure 6.12: Particle following an angular path (variational method with pinning).
Same format as Figure 6.9. The particle is able to follow the trajectory at first,
but then begins to deviate (see later frames). Eventually, it becomes nearly stuck

(shown in the last frame) and asymptotically approaches a completely pinned state.

83.2 ms
00.0V 25.0V 19.3Vv
0.0V K 71-2;2' 00.qv
00.0V 03.5V 07.8V
217.6 ms
15.1V 25.0V 02.4Vv
/
00.0v K 18I 00.0V
00.0Vv 14.5V 00.0v

Explanation is the same as that given in Figure 6.9.
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0.0 ms
0.0v 17.1VvV 25.0vV
pd ~ \
b
0.0v 17&/V 1757V
N—"
0.0v 18.5Vv 0.0v
97.9 ms
0.0v 15.3/”?3.0V
0.0v }WV 0.0v
0.0v 22.2V 0.0v

Figure 6.13: Two-particle control: one particle moves on a circular arc, the other is
stationary (level set method). Same format as Figure 6.7. The stationary particle’s
trajectory is a single point. As the particle on the right follows the circular arc, the
droplet distorts to accommodate both particle motions. Eventually, the algorithm is
unable to continue the particle motion due to the restrictive condition of moving one

particle while the other is held stationary, in addition to overcoming the curvature

effect of the deformed droplet.

169

35.0 ms
0.0V 0.0v /ES)V
o.ov |[ v \ 4.0V
\/
0.0V 18.3V 16.3V
119.1 ms
0.0V 2%’151V
0.0V 0@, 16.5V
0.0V 25.0V 0.0V




0.0 ms
00.0v 00.0v 00.0v
\‘
3\
00.0v 0]0_J)\V) 1 oojov
N

00.0v 00.0vV 00.0v
83.2 ms

00.0V o4y"2>zv
00.0Vv ZI.'WV 00.0v
00.0v 25.0vV 14.8V

Figure 6.14: T'wo-particle control: one particle moves on a circular arc, the other is

stationary (variational method without pinning). Same format as Figure 6.8. The

results are similar to Figure 6.13.
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0.0 ms 116.8 ms
00.0V 00.0V 00.0V 00.0V 00.0V KZ%OV
\ \

00.0v o0V 1 oojv 00.0v l}QV A4V
00.0V 00.0V 00.0v 00.0v 15.1V 09.8Vv
167.2 ms 209.2 ms

00.0vV 00.0V ZSy/'J?jV
00.0vV 00.0V 1£V 16.1V
00.0V 25.0V 14.1V 00.0v 00.0V 15.0V

Figure 6.15: Two-particle control: one particle moves on a circular arc, the other
is stationary (variational method with pinning). Same format as Figure 6.9. The

results are similar to Figure 6.14 with some variation of droplet shape.

171



follow separate diverging trajectories designed to stretch the droplet and separate the
particles. Once the particles near the ends of their trajectories (see third frame), our
control algorithm turns off (fourth frame), and we command an open loop voltage of
25 volts on the middle left and right electrodes and zero volts everywhere else. This
causes the droplet to split into two smaller drops, each of which contains a single
particle. The reason for not using our control algorithm to complete the split is
numerical instability. When both particles are in the lobes of the dumbbell shape of
the pinching droplet, the available forcing at the particles’ positions is fairly weak.
This causes the condition number of the G matrix in (6.3) to degenerate and produce
errors in the least squares solution. Therefore, we avoid this by commanding open
loop voltages that we know will split the droplet (see Figures 5.10 and 5.11). Also,
see Figure 6.24 for an example of how this numerical instability can affect particle
control.

Figures 6.18 and 6.19 present the same case using the variational simulation
without the pinning model.

Figure 6.20 presents a simulation of (attempted) particle separation with the

pinning model.

6.3.5 Sine Wave Path

In Figure 6.21, a particle is shown traveling along a sine wave path. The
particle is able to track the trajectory very well until near the end where there is

a kink in the particle’s path. The loss of tracking is because the droplet’s shape
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Figure 6.16: Two-particle separation into two satellite drops, part A (level set
method). Same format as in Figure 6.7. Each particle first follows a trajectory
that takes them away from each other. When there is sufficient distance between
the two particles (see last frame), our control algorithm turns off and the separa-
tion is completed by applying open loop voltages that split the droplet. Simulation

continued in Figure 6.17.
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109.9 ms 180.6 ms
0.0V o.or; 0.0V 0.0V o.?m 0.0V
Al I
25.09] 250V
0.0V 0.0V 0.0V 0.0V 0.0V 0.0V
221.1 ms 252.8 ms
0.0V o.t}u 0.0V 0.0V o.ju 0.0V
IV IV
25.0%“’%0% 2570V 25.0 o.ov@
0.0V 0.0V 0.0V 0.0V 0.0V 0.0V

Figure 6.17: Two-particle separation into two satellite drops, part B (level set

method). Same format as in Figure 6.7.
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0.0 ms 32.8 ms
00.0V 00.0 0v.ov | 25.0V( 00.0V \ 19.3V

)

— — P — — — —

000V | 00 00.0V 19.3V 8.1V 17.3V

§

00.0v 00.0Vv 00.0v [ 00.0v 00.0v 00.0vV
74.8 ms 84.8 ms
17.6V 00.0Vv 15.4V 00.0v 00.0 00.0V

(AN~ | L~V
5%y | 1{2\,&: Aov | 2oV | ooov | 2sov

25.

00.0V 00.0V 00.0V [ 00.0V 00.0V 00.0V

Figure 6.18: Two-particle separation into two satellite drops, part A (variational
method without pinning). Same format as Figure 6.8. The paths of the particles
follow the desired trajectories much better than for the level set method in Figure
6.16. Eventually, the algorithm turns-off (last frame) and open loop voltages are

applied to split the droplet. Simulation continued in Figure 6.19.
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116.8 ms 133.6 ms
000V | 000V | 000V 00.0v | 000v | o000V
~

25.0V

000V | 000V | 00.0V 000V | 000V | o000V

134.3 ms 151.0 ms
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000V | 000V | 000V 000V | 000V | o000V

Figure 6.19: Two-particle separation into two satellite drops, part B (variational

method without pinning). Same format as Figure 6.8.
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\ \
_ - \_)_ - _ - i _
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00.0v 00.0v 00.0v 00.0v 00.0v 00.0Vv

Figure 6.20: Two-particle separation into two satellite drops (variational method
with pinning). Same format as Figure 6.9. The particles attempt to follow the
splitting trajectories, but quickly become stuck due to contact line pinning (the
droplet is fully pinned in the last frame). The algorithm is unaware of the pinned

state and does not know how to compensate. See Figure 6.9 for more explanation.
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and position is such that the number of available electrodes that overlap the droplet
boundary is very limited. It becomes impossible to create a pressure gradient field
that will continue moving the particle in the tangential direction of the desired
trajectory. Hence, the particle drifts away from the trajectory by more than 100
micrometers. This situation corresponds to (6.3) having no exact solution, which
means only a least squares best fit of the desired forcing direction can be computed.
Eventually, however, the particle is able to reacquire the trajectory.

Figure 6.22 presents the same case using the variational simulation without

the pinning model; Figure 6.23 includes the pinning model.

6.3.6 Unstable Pinching Path

Figure 6.24 shows two initially separate particles trying to come together and
touch. The desired motion of the particles induces the droplet to try and pinch
together in an effort to have the particles touch. However, when the particles begin
to near each other, the droplet ceases its splitting action. Instead, the droplet holds
the necking region and begins to oscillate up and down. This is because we are
specifying two opposite directions of motion at points very close together leading to
a numerical instability in solving (6.3). As the particle positions get closer together,
the condition number of the matrix G degenerates causing spurious oscillations in
the control voltages. The droplet is unable to bring the particles together, much
less pinch, because of the randomly varying electrode voltages.

Figure 6.25 presents the same case using the variational simulation without
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Figure 6.21: Particle traveling on a sine wave (level set method). Same format as
Figure 6.7. The particle is able to track the sine wave path until the last time frame
where the particle drifts away from the desired trajectory momentarily (see ‘kink’

in the particle path just underneath the particle’s position in the last frame).
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0.0 ms 125.2 ms
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Figure 6.22: Particle traveling on a sine wave (variational method without pinning).
Same format as Figure 6.8. The particle follows the sine wave very well, until near
the end of the path where it is unable to continue. More electrodes would be needed
to continue the motion. Also note that the particle does not drift away from the
center of the droplet as much as for the level set simulation (Figure 6.21). It is
possible that the excessive drift in Figure 6.21 is a numerical artifact of the level set

method.
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Figure 6.23: Particle traveling on a sine wave (variational method with pinning).

Same format as Figure 6.9. The particle is able to follow the trajectory very well

until it becomes nearly stuck due to contact line pinning (last frame).
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0.0 ms 61.0 ms
18.0vV 25.0V 18.0V I 0.0v 18.6V 0.0v
0.0V | @—>15.2v=—@] 0.0V 0.0v -}{ 0.0v
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0.0V - - 0.0V 0.0V -%{—- 0.0v
0.0v 15.6V 0.0v [| 17.0V 25.0V 0.0v

Figure 6.24: Two particles trying to come together and pinch a droplet (level set
method). Same format as Figure 6.7. The particles travel on two separate trajec-
tories that would, ideally, bring them together. However, as they come together,
numerical instabilities in (6.3) cause random variations in the control voltages. This

causes the droplet to hold its shape and move up and down in an undesirable way.
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the pinning model; Figure 6.26 includes the pinning model.

6.3.7 Diverging Paths

Figure 6.27 shows two particles trying to follow diverging paths. At first
the droplet is able to deform enough to keep the two particles on their respective
trajectories. But this quickly fails. The droplet is unable to continue deforming in a
way that keeps both particles on track and moving forward. Because the trajectories
are just straight lines represented by two points each, the control algorithm keeps
the particles moving forward while trying to force them toward the endpoints of the
trajectories. The end result is both particles stay roughly parallel with each other
and are unable to recover their trajectories. This stems from a lack of available
electrodes and the limitations imposed by contact angle saturation.

Figure 6.28 presents the same case using the variational simulation without

the pinning model; Figure 6.29 includes the pinning model.

6.4 Discussion

The limitations of achievable particle control arise from having a small number
of electrodes available for actuation and from contact angle saturation. Moving
several particles in different directions requires many degrees of freedom in adjusting
the pressure boundary conditions. As the droplet moves, it must overlap enough
electrodes to allow the realization of the pressure gradient field needed to push the

individual particles along their trajectories. Hence, a finer electrode grid would allow
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0.0 ms 66.4 ms

00.0V 00.0V 00.0V | 15.5V 15.5V 15.5V
00.0V| @—=66.6%<—® ]00.0V 00.0V —% 00.0V
00.0V 00.0V 00.0V [ 15.8Vv 25.0V 15.8V
125.2 ms 175.6 ms

00.0V 25.0V 00.0V | 00.0V 15.5V 00.0V
00.0V - - 00.0V 00.0V %— 00.0V
12.6V 02.8V 12.6V [ 15.7Vv 25.0V 15.7V

Figure 6.25: Two particles trying to come together and pinch a droplet (variational
method without pinning). Same format as Figure 6.8. Results are similar to the

level set method (Figure 6.24).
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0.0 ms 133.6 ms
00.0v 00.0vV 00.0vV | 15.0V 14.4v 15.0V

)

00.0V| @—=66.6v=—8 )00.0V 00.0V A : - 00.0V

N
_

00.0vV 00.0V 00.0v [ 15.2v 25.0V 15.2v

167.2 ms 188.2 ms
16.3V 25.0V 16.3V | 15.5V 15.7v 15.5Vv

00.0vV 00.0v 00.0vV 00.0V

16.1V 16.1V [ 15.8V 25.0V 15.8Vv

KD €

Figure 6.26: Two particles trying to come together and pinch a droplet (variational
method with pinning). Same format as Figure 6.9. Results are similar to the non-

pinning case (Figure 6.25).

185



0.0 ms / 45.2 ms /
0.0v (070)Y) 0.0v Ll 0.0V 07.0)Y] 0.0V

y _ 1 [ _ e
25.0V /| 22.6V 0V 9V / 25V 0V
7 7
/}\\ P | P ]
z
¢

19. 0.0v

o.0v ® a6V 0.0V

111.6 ms / 174.1 ms

173V | 247v 0.0V | o0.0v
Y AN
/ Py Py
0.0V {43y » Y50V 0.0V ,
7N 2 7
0.0V 137V | 17.3v 0.0V 0.0V 0.0V

Figure 6.27: Two particles on diverging paths (level set method). Same format as
Figure 6.7. Each particle is attempting to follow separate trajectories, both of which
lead away from each other. Due to limitations of the pressure boundary actuation
and a lack of electrodes, the control algorithm is unable to keep both particles

moving on their respective paths.
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0.0 ms 74.8 ms

/ /
00.0V 0Q.0V 00.0V | 00.0V 0Q.0V 00.0V
/ /
7
/ _ 7 / _ 7
00. 00.0V 0.0V 9V s 25.0 02.0V
7 7
/N
7 7
[ ™"
'/ | Pq
@V 0p.ov 00.0v 00.0Vv 18.9 00.0v
7
142.0 ms / 251.2 ms
16.2V 0V 00.0V | 00.0V
/
7 \
/ _ 7
00.0V 15.4V_¥ .0V 00.0V ,
7
7
7 \% 7
Pg L Pg
15.2Vv 06.2V 16.3V 00.0V 00.0V 00.0V

Figure 6.28: Two particles on diverging paths (variational method without pinning).

Same format as Figure 6.8. Results are similar to the level set method (Figure 6.27).
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0.0 ms / 49.6 ms /
00.0vV 0Q.0v 00.0vV | 00.0V 000V 00.0V
/ /
/ /
/ A _ A
.0V 0e.0V

00. 000V | 020V
7
/N .
7
™ {
'/ L P
@v opov | o00.0v 000\ 10. 00.0V

—

BZN
\‘

/ /
108.4 ms / 251.2 ms /
00.0V 0Q.0v 00.0V | 00.0V 00.0V 00.0V
/ /
7/
A - A
s s
.Z\M 0e.0v 16.7V 4 0.0V
s s
/ L
/|
™ / ™
L P
00.0V 17. 00.0Vv 00.0v 18. 00.0Vv

Figure 6.29: Two particles on diverging paths (variational method with pinning).
Same format as Figure 6.9. The particles are able to follow their trajectories at
first, but eventually becomes nearly stuck (third frame). The last frame shows the
droplet asymptotically approaching a completely pinned state. Explanation is the

same as that given in Figure 6.9.
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more precise control of more particles simultaneously. Also, some trajectories will
require the droplet to become extremely distorted and may require it to split into
several pieces. To do this, one needs enough dynamic range in the boundary forcing
to overcome the droplet’s natural tendency to remain in a circular shape (see the
planar curvature term « in (2.16)). Contact angle saturation limits the boundary
forcing and the degree of droplet deformation, which can cause controllability to
be lost and particles to drift off of their desired trajectories (see Figures 6.21 and
6.27). In addition, if two particles are very close together, it is not possible to force
them in arbitrary directions. The limits of boundary forcing and the numerical
instability that enters into solving (6.3) inhibit close particle control no matter
how many actuators are present (see Figure 6.24). Contact line pinning can also
hinder particle steering for the algorithm developed here (see Figures 6.9 and 6.20).
However, this could be overcome by modifying the algorithm so that following the
desired trajectory could be abandoned in favor of unsticking the droplet. Another
improvement that can be made is to solve the linear system (6.3) while taking into
account the inequality constraint (6.4) directly (instead of scaling the solution as in
Figure 6.4). This could possibly give a solution ¢ that produces a higher forcing of
the particle in the desired direction of motion, which would be helpful for overcoming
droplet sticking.

As of today, it is only feasible to fabricate devices with a few actuators that
can control one or two particles. But it is interesting that existing EWOD systems
have enough control authority to steer a single particle along complex trajectories

and to steer two particles along simple paths.
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Chapter 7

Conclusions
We give a summary of the contributions of this work followed by some discus-

sion.

7.1 Contributions of This Work

This section is broken into four subsections: 1) modeling of EWOD flow, 2)
implementation of the implicit front-tracking level set method, 3) derivation of the
explicit-front tracking variational method, and 4) performing particle control in the
EWOD system. Each subsection lists and describes its main contributions. Note:

some of the contributions here have been published in [142] and [141].

7.1.1 Modeling EWOD Flow

1. Non-dimensionalized the problem and performed an order of magnitude anal-

ysis to derive the governing equations.

2. Demonstrated, computationally, the need to include contact line friction effects

to better match experimental data for EWOD-driven droplet motion.

3. Introduced a constant scaling factor (hysteresis constant) that approximately

models the frictional effects induced by contact angle hysteresis. This was
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necessary in order to adjust for the mismatch in time scales when comparing
simulations to experimental splitting times because our prior model had ig-
nored 3-phase contact line friction. This introduced a single parameter into
the simulation that had to be fit to the experimental data. But this scaling

factor is similar to other contact line friction models from the literature.

4. Compared simulations to experiments at UCLA. This is clearly important to
demonstrate the usefulness of our computational tool to the electrowetting

community.

5. Developed a phenomenological model of contact line pinning to account for
sticking of the three-phase contact line of a droplet, which is a noticeable effect

in the UCLA EWOD system.

7.1.2 Implementing the Level Set Method

1. Applied the level set method to simulating droplets moving in an EWOD

system.
2. Used a method-of-lines approach to evolve the velocity field at each time step.

3. Introduced a diffusion method for extending the velocity field when updating
the level set function. This is a necessary step when using the level set method,
and our diffusion method is not the usual technique for extending the velocity

field.

4. Modified the level set method so that it conserves mass while still being com-
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putationally efficient and able to evolve through topological changes.

5. Implemented the method in MATLAB with some routines written in C for

computational efficiency.

7.1.3 Deriving the Variational Method

1. Recast the EWOD fluid equations into a mixed variational formulation and
applied FEM. This was done to overcome the following problems in our level
set method: lack of accurate (local) mass conservation and noisy curvature
due to our previous explicit calculation that involved differentiating numerical

data.

2. Included our phenomenological line-pinning model into the variational formu-
lation using a variational inequality. This was another instance where the

variational method proved to be superior to the level set implementation.

3. Mathematically proved the well-posedness of the time-discrete version of the
EWOD governing equations (with contact line pinning), as well as for the fully

discrete version.

4. Developed a stable and accurate algorithm for the solution of the FEM linear

system that includes the contact line pinning inequality constraint.

5. Implemented the method in MATLAB with some routines written in C for

computational efficiency.
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7.1.4 Particle Control in the EWOD System

1. Developed an algorithm for actuating the voltages in an EWOD device for
controlling the trajectory of a floating particle just by using EWOD actuation.
This demonstrated to the electrowetting community that its systems could be

used to steer particles, and was new and unexpected.

2. Developed the algorithm capable of dealing with the non-linear aspect of the
evolution of the droplet shape. As a droplet moves across the electrode grid,
the forcing available for particle control changes in a way that cannot be
accounted for a priori. This requires the algorithm to compute the available
forcing at each time step of the evolution in order to control the particle

motion.

3. Accounted for constraints of voltage actuation to ensure maximal speed of
particle motion. The forcing available for particle control is limited by contact
angle saturation in the EWOD system. Therefore, we included a step in the
control algorithm that ensures the controlling voltages satisfy the constraints

while maximizing the particle speed along the given trajectory.

7.2 About the Model and Numerics

This thesis has presented a model and numerical simulation of droplet mo-
tion inside an electrowetting device. Starting from the full Navier-Stokes equations

we obtained a reduced order model, similar to Hele-Shaw type flow, that captures
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the bulk dynamic behavior of EWOD-driven droplets in 2-D. The key part of our
analysis is including contact angle saturation, a simple model of hysteresis, and a
phenomenological model of contact line pinning in order to match the experimental
data. Our simulation results show how the liquid-gas interface physics affect the
motion of the droplet. When all effects are included, our simulations compare fa-
vorably with the experiments but are not an exact match. The main reasons for

this are:

1. contact line pinning and contact angle hysteresis are not modeled exactly;

2. inadequate modeling of the detailed fluid dynamics near the liquid-gas inter-

face;

3. uncertainty in the experimental conditions.

Some improvements on item (1) can be made by considering a more realistic
contact line friction model. For example, the pressure boundary condition could be

modified to include a ‘viscous’ damping term:

— =

P=RK + E + Ppinsgn(ﬁ : ﬁ) + Dviscous<u : n),

where the extra term creates a boundary pressure that pushes back with increasing
normal velocity (Dyiscous 18 @ damping coefficient). This could replace the hysteresis
constant Kj,s and be more ‘physical’, however D,;scous Would still be a fitting pa-
rameter for the simulation. Including this extra term into the variational framework

is quite easy. One only needs to include another integral term into the a(-, -) bilinear
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form, namely:

Dyt | i+ 7)(7 7).
None of the function spaces would change and the well-posedness of the formulation
would be the same. In fact, adding this extra term would improve the variational
inequality solver because it adds another positive term. This is also another in-
stance where the variational/front tracking method is more flexible than the level
set method; it is not clear how to include a ‘boundary viscous term’ with level sets.

As for item (2), the current model does not accurately capture boundary effects
because they are ignored in the derivation of Hele-Shaw flow. One possible remedy
would be to vary the parabolic velocity profile assumption when near the liquid-gas
interface (e.g. make the velocity profile along the channel spacing be more uniform
rather than parabolic). However, this would complicate the resulting governing
equations. Moreover, it may be necessary to account for the 3-D fluid dynamics
near the interface in order to markedly improve the model (see [70] for an instance
where this was important).

Improving item (3) would require more controlled experiments and is beyond
the scope of this thesis.

The numerical methods introduced here are fast, and readily lend themselves
to control algorithm design and device optimization. Computing time of the level
set simulations (in MATLAB) varied between 3 and 6 minutes. Our variational
method (also in MATLAB) was comparable, with some simulations requiring up to

10 minutes to complete when simulating contact line pinning. We note here that the
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Uzawa iterative variational inequality solver can be slow to converge. This is mainly
due to the fact that our Uzawa method is essentially a steepest descent method, as
opposed to a conjugate gradient method which would be much faster. Deriving a
fast solver for our contact line pinning model is still an active area of research.

As for the performance of the two methods, the main advantage of the level set
method is that it has a simple grid structure and can go through topological changes
fairly automatically. But it is our belief that the variational method is superior with

respect to accurately computing boundary conditions, namely:

e being able to represent the boundary accurately;

e computing curvature accurately;

e simulating contact line pinning.

In addition, our variational method conserves mass better than our level set imple-
mentation and without including an ad hoc correction. The only drawback is in
computing through topological changes. But the method in [140] is able to account
for this. Therefore, our variational method is a good tool for simulating the fluid

motion of EWOD driven droplets.
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7.3 On Particle Control

A control method has been developed to steer individual particles inside elec-
trowetting systems. Using only existing EWOD electrode actuators, the algorithm
can steer particles to specific locations, hold one particle stationary while another
particle is moved along a path, and steer and sort particles within and across indi-
vidual droplets. The particle steering is achieved by creating fluid flows that carry
all the particles from where they are to where they should be at each time step. It
is possible to steer a single particle along interesting trajectories with a small (3x3)
number of electrodes. Steering two particles independently inside a single drop is
also possible for simple particle motions. A finer grid of electrodes, or the use of
larger liquid drops, would allow simultaneous steering of more particles along more
complicated trajectories inside a single drop of liquid. The particle steering results
outlined in Chapter 6 are based on the EWOD model described in Chapter 2 and
the experimentally validated simulation methods detailed in Chapters 3 and 4. An
experimental demonstration of particle steering in the UCLA devices will require
the implementation of a real time vision system, a real time control algorithm real-
ization, image sensing, control computation, and EWOD device system integration.
These items have been demonstrated for an electro-osmotically driven micro-fluidic
system (Shapiro, et al [4], [5]), so it is reasonable that the same could be done for

the EWOD system.
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Appendix A

Some Differential Geometry

This appendix states the basic definitions of differential geometry and derives
some formulas used in the main text. For more details on this subject, see the
references in [37], [7], [145], [38], [116]. Note: some of the notation in this appendix

supersedes the notation in the rest of the thesis.

A.1 Main Definitions

Differential geometry is the study of the intrinsic geometry or shape of a sur-
face. The surface can be a 1-D curve in a 2-D or 3-D space (R? or R?) or a 2-D
surface in 3-D space (see Figures A.1 and A.2). For example, a 1-D surface could
represent the liquid-gas interface of a 2-D droplet in an EWOD device. All differen-
tial geometric relations are true regardless of the way the surface is parameterized
(i.e. the way the surface is mapped or labeled).

For our purposes, we will use an explicit parameterization of the surface in
deriving the differential geometric relations. And for the sake of generality, we will
compute most of the relations for a 2-D surface (embedded in a 3-D space), but all
formulas derived here are true for a 1-D surface (curve) also. This is because a 1-D

curve can be interpreted as a cross-section of a cylindrical 2-D surface (see Figure

A.3).
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Figure A.1: A 1-D closed curve I" with mapping X. The mapping is defined on a
single reference domain U, which is just an interval. Only one reference domain is

needed for 1-D curves.

52
z X-’ A
|/
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\\\__/I
/’—\‘\\\ >Sl
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Figure A.2: Section of a 2-D surface I' with mapping X. The mapping is defined
on multiple open sets {U;, Us, U3} (reference domains) that are disjoint. Each U; is
mapped to a small patch (denoted by a dashed curve) on the surface I'. More than

one reference domain is required to cover the whole surface I' if it is closed.
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Figure A.3: A 1-D curve I' (in the z-y plane) shown as a cross-section of a 2-D
surface I';p.  All differential geometric formulas derived in this appendix are for
a 2-D surface in an ambient 3-D space. But these formulas also hold for a 1-D
curve in a 2-D ambient space. This can be seen by noting that a 1-D curve can be

interpreted as a cross-section of a cylindrical surface (shown here).
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A.1.1 Parameterization

Let T denote the set of points (in R?) that defines the surface, and let X U; —
I' C R? be a mapping that parameterizes a ‘patch’ of ' (i.e. )Z(Uz) C I') for each i in
some finite index set (see Figure A.2). Each disjoint open set U; is a reference domain
in R? with local 2-D variables s; and sy (i.e. X (U;) = {X(s1,52) : (s1,52) € U;}).
Furthermore, let X satisfy UZX(UJ — X(U;U;) = I'. Hence, X(-) = T'is a total
surface parameterization using local charts {U;} [37]. Note that X is a vector
function with coordinate functions denoted by X = (X1, X5, X3).

We also define the unit normal vector 77 (in terms of local coordinates) using

the surface tangent vectors d,, X and 8, X

95, X x 05, X)
\8slf X 852)?] ’

—~

(A.1)

n=

where the parameterization is chosen such that 77 is an outward pointing normal
vector when T is a closed surface. Note that |9, X x 9,,X| = /det(g) (see (A.2)

below). In the following, we assume that X is a smooth function (i.e. at least C?2).

A.1.2 Fundamental Forms

The fundamental forms from differential geometry [37] are defined in the fol-
lowing way. The first fundamental form of differential geometry is given by a metric

which, for a 2-D surface, is a 2x2 matrix denoted g¢:

g1 912
g= , (A.2)

921 g22
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where the coefficients g;; are given by certain derivatives of the parameterization

gij = 05, X - 0, X, for 1 <i,j < 2. (A.3)
Note that g is symmetric. The inverse of the matrix ¢ is given by
1 911 912 1 922 —0d12 (A 4)
g = = : _
det(g)
g g* —g21  Ju

where we denote the coefficients of the inverse with a superscript for the indices. Of

course, we have the following property because g g~ = I:

2 2
o0 = gng” = gug", (A.5)
k=1 k=1
6/ =1,i=j, (A.6)
6/ =0,i# 7.
The second fundamental form A is also a 2x2 matrix:
hir his
h = : (A.7)
har has
where the coefficients h;; are given by [37]
X (A.8)

hij = =0y, 0, X =1 - 9,,0, X, for 1 <i,j <2.

J

Using (A.2) and (A.7), the total and Gaussian curvatures (both scalar) are

given by (respectively):

2
K=ri+ ==Y ghy (A.9)
ij=1
det(h) (A10)

Rg = Rk = det(g)’
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where k1 and k9 are the principal curvatures of the surface I'. There are two curva-
tures because I' is a 2-D surface (note: for a 1-D curve there is only one curvature,
denoted k). The minus sign in (A.9) ensures that the total curvature is positive for
a closed elliptic surface [37] when the normal vector 7 is defined to point outwards.

The vector curvature (or total curvature vector) is simply the product of the

scalar total curvature with the normal vector: k1.

A.2 Surface Derivative Operators

We define operators on the surface I' that are directly analogous to the gradi-

ent, divergence, and Laplace operators in standard calculus.

A.2.1 Surface Gradient Operator

Let w: I' — R be a scalar function defined on the surface I'. Then the surface
gradient Vp(-) of w in local coordinates is defined by
2
[Viw]o X =Y 490,00, X, (A.11)
ij=1
where @ = w o X is in local coordinates. Note that [Vrw] o X is a 1x3 row vector.
Let ¢ : ' — R? be a vector function on I', and let ¢, denote the coordinate

functions of @ (i.e. @ = (¢1,92,¢3)). Let @ = Go X and G, = ¢ o X denote

the functions in local coordinates. Then we define the surface gradient of a vector
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function (in local coordinates) by

(Vi) o X
[VFSB] © X = [VF‘PQ] ] X ) (A12)
[VF903] S )?
where
2
[Vrgrl o X = g70,,10,, X. (A.13)
ij=1

Note that [Vr] o X is a 3x3 matrix. We will also have need of the following quantity
as well

2
Vr(XoXMoX =) ¢"0,X®0,X, (A.14)

ij=1
where X o X! is the identity map on I'. But we prefer to keep it as written.
A.2.2 Surface Divergence Operator

The usual divergence operator is defined as V - ' = trace(V). We define the

surface divergence operator in a similar way (again in local coordinates)

2 2 3
Vi @loX =" 690,53 0,X=> g7 0,610, X, (A.15)
k=1

ij=1 ij=1

where [Vr - @] o X is a scalar function.

Surface Divergence of the Identity Map

From standard multi-variable calculus, we know that V - ¥ is equal to the

dimension of the space. We show a similar result for the surface divergence
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Proposition A.2.1. IfT" is a 2-D surface, then

Vi (XoX 1) =2 (A.16)
And for a 1-D surface, we have

Vi - (XoX 1) =1 (A.17)
Proof. Applying (A.15) to the identity map (X o X~1) gives

2 3 2
Ve (XoXoX =Y g7 0,X:0,Xp = g70,X -0, X.
k=1

i,j=1 i,j=1
And using the definition of the first fundamental form (A.3) and properties (A.5)
and (A.6), reduces this to
2 2 2
Ve (XoXHeX=3 gYg;=) 0= 1=2
ij=1 i=1 i=1
giving the assertion for a 2-D surface. Formula (A.17) comes from the fact that the

metric for a 1-D surface is a 1x1 matrix g = 9,X(s) - X (s) (where s is the only

parameterization variable) and the surface divergence is just

9, X (s)

V- (XoX Y oX = - 9,X (s) = 1.

<

A.2.3 Surface Laplacian Operator

Before defining the surface Laplacian operator, we compute some useful for-

mulas.
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Intermediate Formulas

Proposition A.2.2.

1 1<
———=0s,/det(g) = 5 > §70s,(9:5)-
v/ det(g) 2 ]Zl '

Proof. Recall that det(g) = g11922 — g12921, S0 we have

1
(’Lq det(g) = 2—(92285q911 + 91135q922 - g?lasq912 - 912asq921)-

det(g)

After a slight manipulation,

\/det
05,/ det(g) ( J22 Ds, 911 + Iu ——— 05,922+

2 det(g) det(g)

921 g12
det(g) asqgl2 det(g) asqgm) .

After using (A.4), and the fact that g is symmetric, we get

\/det
Ds,\/det(g) = J(gnasqgn + ¢%05,920 + 920,912 + 671 05, 901),
\/d t(g
(§] Z gzja

Sq glJ
i,7=1

which implies the assertion.

Proposition A.2.3.
: 1
Os 8SZX 0y, X) = ————0, /det(g).
32 4%(0,0,%) (0,%) = =0, V/Al(y)

ij=1
Proof. Start by writing out the sum

—

> 990,05, %) - (05, X) = ¢"(05,05, %) - (0, X) + ¢"(05,05, X) - (9, X)

—

+921(88q682‘)2) : (851)?) + 922(85,1852)2) . (aSQX)
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Using the standard product rule, and the fact that g'? = ¢*!, we get

2 11 12
3" 09(0,,05,X) - (05, X) —%asq(aslx 9, X) + %asq(aslx.as2)()
ij=1
g2 . ~ g% " -
+7asq(052x <05, X) + 78Sq(852X 05, X).
Plugging in (A.3) gives
2 i
> 97(0,00,X) - (0,X) = 5 > 970, (g),
i,7=1 4,7=1
1
= ——0; et(g),
Tt (9)
where the last equality follows from Proposition A.2.2. O

Define Laplace-Beltrami Operator

We define the surface Laplacian (or Laplace-Beltrami) operator in a similar

way as for the usual Laplacian:
pr = VF : pr, <A18)

where w is a scalar function on I'. Applying the surface divergence (A.15) to the
surface gradient of w (A.11) gives (in local coordinates)

2 2
[Arw]o X =) g0, { > gM0,w aqu} -0, X. (A.19)

4,j=1 p,g=1
However, there is a more convenient form in which we can put (A.19). Expanding
slightly and applying the product rule gives
2 2
[Arw]o X =Y "> " g7{(05,0"")(05,@)0s, X +9"(s,05,@) 0, X +

1,7=1p,g=1

+g7(0,,)(05,05,X)} - 0, X.
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This can be simplified slightly using (A.3):

Arw]o X = Z Z{ 0, 9")(05,9)9" Gqj+9"(05,05,0) 9" goj+
2,j=1p,q=1
+gpqgij<asp@)(aszasq)?) ) asg')?}v
followed by plugging in (A.5) gives

2 2
Are] 0 X =3 3 {0070, 00 + 971(0,,0,5)6,}+

i=1 p,g=1

2 2
+3 0 {0797 (04,@)(05,0,X) - 05, X }.

1,j=1p,g=1

After using the definition of the ‘Kronecker delta’ (A.6), renaming certain indices,

and rearranging slightly, we get

[Arw]o X = Z{ ds,97) )+ 97(05,05,0) }+
2,j=1
2 — —
+ Z g™ (0 s, W Z gij(asaniX) ) aS,jX'
pg=1 i,j=1

Plugging in Proposition A.2.3 simplifies to

[Arw]o X =) {(0,97)(0,0) + g7 (0,,05,0)} +

i,7=1

+ Zl gpq(asp&)\/%(m@sq\/det(g).

Relabeling p, q as 4, j and factoring out \/ﬁ@ gives

[Arw]o X =

\/7 Z{\/det (05,97) det(g)g"” (0s,05,0)+
i,7=1

+(0s,1/det(g))g"” (95,0)}

Applying the product rule in reverse gives the alternate form of the surface Laplacian

applied to a scalar function in local coordinates:

97(05,@)]. (A.20)

[Arw] o X = \/F Z 0s,[v/det(g

1,7=1
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And the surface Laplacian of a 3x1 vector ¢ is computed by applying Ar to each

component of the vector

ot

[Arepy] o
(A.21)

P

[Ar@) o X = | [Apgs] 0

[Arps] o X

which is also a 3x1 vector.

A.3 Alternate Curvature Formulas

We would like to have another formula to compute the total curvature x and
Gaussian curvature x¢. But first we make note of some basic vector identities that

are valid pointwise:

axb=—bxa, (A.22)
(@xb)-(Ex d)=(a@-&)(b-d)— (a-d)b-a), (A.23)
ax (bxd) =0bG- & —aa-b), (A.24)

where @, b, ¢, d are 3-D vectors and ‘x’ is the cross product.

A.3.1 Alternate Total Curvature

Proposition A.3.1.

[—AF(X o X_l)] o )Z, _ (Gsln X 632X) + (831X X 85271)’ (A25)
det(g)

(A.26)



Proof. First, we compute —Ap(X o X 1) in local coordinates. According to (A.20)

and (A.21), and using the definition (A.4) for the inverse metric, we have

[—Ap(X o X))o X = _—1{851 (00, X - 0, X)00, X — (0, X - 0, X)0, X\ |
det(g) det(g)

+8 (asl)z 831)?)852)? - ((951)? 852)2)881)? }
h det(g)

Now, by the vector identity (A.24), this becomes

[—Apr(X o X H]o X = _—1{351 (052)( x (05, X X 852X)> N

det(g) V/det(g)
95, X x (05,X x 05, X)
+0., ( ey ) 3

which, after using the definition of the normal vector (A.1) and the fact that

det(g) = |05, X x 0, X|, simplifies to

Expanding this further gives

1
det(g)

(05,05, X x 1) — (05, X x 04,1},

[—Ar(X o X Do X = {(05,0,X x @) + (05, X x 0,,7)+

followed by canceling and rearranging proves (A.25):

[—AF()Z o X"—l)] o X _ (8sln X 852X) + (ang X 88271)‘

det(g)

Note that the vector field given by (A.25) is orthogonal to the tangent vectors 881)?

and 0,,X; hence (A.25) is parallel to the normal vector 7. We use this to simplify
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(A.25) further:

AR o X0 X — (05,7 X 05, X ) + (05, X X Dg,0) -
[—Ar( )]
Teis)
1
= X X . X
det(g){( i X X 05, X) - (05,7 X 05, X )+

+ (0, X X 0, X) - (05, X x 0,70)},
where we have used (A.1). By using the vector identity (A.23), we can transform

this into
1

AR o X Mo X = b {(@,F am)(0.,X
~Or(K 0 X0 X wii = qors (00 X - 0,7)(0, X -2,

(85, X - 05, X) (05, X -

3@
El

_<881X ' 8827_7:)(882)? ’ 881)?>}?

and by definitions (A.3) and (A.8) this reduces to

—h11922 + gi12h12 — gi1hee + ho1g2
det(g) '

[~Ar(X o X H]oX 7=
Finally, using the formula for the inverse metric (A.4) gives
[—Ar(X o XN o X it = —(g"hay + g"%h1a + g%has + g% hay),

which, by the equation for the total curvature (A.9), proves the alternate scalar

curvature formula in (A.26)
[—Ap()? o X)*l)] o X il =K.

Because we know that [—~Ap(X o X 1)] o X is parallel to 77, we have that the total
curvature vector (in terms of local coordinates) is given by the first equation in

(A.26). 0
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A.3.2 Alternate Gaussian Curvature

This section derives another way of writing the Gaussian curvature that is

similar in spirit to Proposition A.3.1.

Proposition A.3.2. The Gaussian curvature kg (in local coordinates) can be writ-

ten as

Oy, % Dy,

A27
det(g) 420

IiG:ﬁ'

Proof. By the definition of the normal vector (A.1) and the vector identity (A.23),

we have

—

04,71 X 01l (05, X % 05,X) - (04,71 X 04y

det(g) det(g) 7
(051)? ' aslﬁ)(asz)zi ) aszﬁ) B (681)2 ) 882ﬁ) (882)2 ) aslﬁ)

det(g)

Then, by the definition of the second fundamental form (A.8),

o 05,1 X 0,10 ~ hathay — harhao
det(g) det(g) ,

which is just (by (A.10))

05,71 X 0,1 det(h)
det(g) det(g)

—

el

This proves the assertion. O

A.4 Integration by Parts

Next, we derive some integration by parts formulas.
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A.4.1 Preliminary Formulas

Proposition A.4.1. Let I' be a smooth, closed surface. Let k be the total scalar
curvature (see (A.9)) of I' and assume it is positive if I is elliptic (e.g. a sphere).

Also assume the normal vector 1l points outward (away from the interior). Then the

/pr = /w/ﬂﬁ (A.28)
r r

following relation is true

for all smooth scalar w : ' — R.

Proof. Let w have compact support on I' such that © :=w o X has compact support
in some open set U; (recall that {U;} are local charts or reference domains). We
start on the left side of (A.28) and do a change of variables, followed by plugging in

the definition of the surface gradient operator (A.11):

/pr = / [Vrw] o X \/det(g)ds,dss,
r U;
2
:/ \/det(g) Zgijasicbé?stdsldSQ.
U;

i,j=1

Writing out the sum gives

/ Viw = / Vdet(9)[0s,@(g" 05, X + ¢'28,X)+
r U;

05,@(9% 05, X + 9705, X)]ds1ds2,
and after using the definition of the inverse metric (A.4) and rearranging slightly

we get

/vaw:/m\/ﬁ[a&@((aw

—

S
&”Qj
>
&Q'J
S
|
=
<1
ﬁ;”QJ
B
I%QD
>
_l’_
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Applying the vector identity (A.24) simplifies this to

20,5 % (0, % x 0, 5))+

1
Som [ L.
/1“ v \/det(g)
+00,0 (04, X x (05, X x 8S1)?))]d31d32,
and using the definition of the normal vector 7 (A.1) and making note of (A.22)

reduces this further
/vw — / [881@(832)? X ) — 05,0 (05, X x ﬁ)}dsldsg.
r U;

Next, we integrate by parts the two terms in the integrand

—

/ Viw = / [— 58,, (05, X X /) + @0, (85, X X ﬁ)]dsldSQ,
I U;

where there are no boundary terms because @ has compact support in U;. After

applying the product rule and rearranging, we get

/VFCU — / (D[(asln X aSQX) + (aSIX X 832”)] \/mdedSQ.
r U; det(g)

Using (A.26) for the total curvature vector in local coordinates gives

/vaw = /U w o X][(ki7) o X]\/det(g)ds,dss.

Finally, we apply a change of variables back to the surface I"

/pr = /wm‘i,
r r

which holds for any w with compact support on I'. But this formula is true for any
scalar w because it is always possible to decompose w using a partition of unity. This
allows w to be written as a sum of scalar functions w;, each of which has compact
support and the above formula is true for each individual w;. The assertion then
follows (for general w) by adding up the integrals. O
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Proposition A.4.1 can be extended to vector functions.

Proposition A.4.2. Under the same assumptions as in Proposition A.4.1, we have

the following relations
/vpgz_ /m@w, (A.29)
r r

/VF'QBZ//{
r T

for all smooth vector functions @ : ' — R3.

St

Proof. Equation (A.29) is obtained by applying (A.28) to each component of & and

(A.30) comes from taking the trace of the matrix equation (A.29). O

A.4.2 Main Integration by Parts Formula

Proposition A.4.3. Let ¢ and n be smooth scalar functions on T (i.e. p,n: 1 —

R). Then the following integration by parts formula is true

—/sDArn:/Vrso-Vrn- (A.31)
r r

Proof. Because Vr - (pVrn) = Ve - Vi + @Arn, we have

/(VFSD -V + ¢Arn) = /
T

T

V- (¢Vrn) = / k(77 - Vrn)e,

r

where the last equality follows from (A.30) applied to the vector V7. But Vi is

tangent to the surface I', so 77 - Vrn = 0. This proves the assertion. [

Proposition A.4.3 also extends to vector functions.
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Proposition A.4.4. Let g = (¢1,p2,93) and 7 = (n1,m2,13) be smooth vector

functions on T (i.e. @,77: T — R3). Then (A.31) generalizes to
- [ avit= [ Vrz Ve (4.32)
r r
where the ‘dot’ (-) in V@ - Vrij means
3
Ve Vil =Y Vrgr - Veig, (A.33)
k=1
(i.e. the ‘double dot product’ of two matrices).
Proof. Clearly, we can apply (A.31) to the vector components

—/SOkAFUk :/Vr%'vrﬁk,
r r

for k =1,2,3. Then by summing over k, we get the assertion. O]

A.5 Other Equality Relations

Here we derive some formulas that will be useful in Section A.6.

A.5.1 Preliminary Calculations

Proposition A.5.1. Let J = (1,p2,p3) and 7 = (m,m2,13) be smooth vector
functions on T (i.e. 3,77: T — R?), and let F=GFoX,7=1ioX be the vector

functions in local coordinates. Then the following is true

2
{IVe@lo X} {[Vrifl o X} = ) 470, ¢~ 0,1

ij=1
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Proof. By equations (A.12) and (A.13), we have

{IVr@) o X} - {[Vrif] o X} = Z{ Ve o X} - {[Vem] 0 X} =,

= Z Z Z 97 g7, p1.05, k05, X - 95, X,

k= 1zy lpq 1

- Z Z 9" 9" 9iq Zasls%aspnk,

1,7=1p,g=1

where we used the definition of the first fundamental form (A.3) in the last step.

By properties (A.5) and (A.6), the above equation simplifies to

2
{IVegl o X} - {[Veif 0 X} = 3~ 970,,8- 0,,7,

i,j=1

which is the assertion we want. ]

A.5.2 Surface Gradient of the Normal Vector

Now we will get a relation between the curvature and the surface gradient of

the normal vector.

Proposition A.5.2. Let i be the normal vector. Then the following is true
|Vrii|? = k* — 2kg. (A.34)
If T is a 1-D closed curve, then kg =0 and
|Vrit| = |k|. (A.35)

Proof. We start on the right side of (A.34) and use Proposition A.3.1 to get

K2 = (k7)) - (K7T) = (85,7 x 05, X) + (05, X x 0,,71)]-

det(g)
(85,7 x 0, X) + (05, X X 0,,7)],
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which becomes

+2(9,,7 % 03, X) - (05, X X D4, 7)+

+(05, X x 04,11) - (05, X X 0, 7)].

Using the vector identity (A.23) transforms this into

I
(oW
@
—+
—
K
S~—

and using definitions (A.3) and (A.8) changes this to

o1
det(g

K [(0s, 70 - 05, 7) g2z — h1ghor+

~—

+2h11hos — 2(351775 : (75277)912%—

+911(5S2ﬁ . 8527_1’) — hlghgl].
Note that his = ho;. Rearranging gives

1%2 o [(aslﬁ : aslﬁ)gﬂ _ 2<881ﬁ ) aS2T_i)gl2 + gll(aSQﬁ i aszﬁ)} +
n det(g)

hi1hag — highay
2
+ det(g) ’

and plugging in the definition of the inverse metric (A.4) gives

KQ :[(aslﬁ ’ 8Slﬁ)g11 + (aslﬁ ’ aszﬁ)gu + (8827_7: ’ 881ﬁ>921 + 922(8527_7: ’ 882ﬁ>]+

Using (A.10) and writing more compactly, we have
2
K= g7(0s,7 - 0,11) + 2nc.
ij=1
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Finally, by Proposition A.5.1, we get the assertion
K? — 2k = {[Vrii] o X} - {[Vrii] 0 X},
= |Vriil?,
where there is a slight abuse of notation on the last line because we left off the

mapping X. ]

Before continuing, we make note of a modified version of (A.35) for the tan-
gent vector. Suppose I' is a closed 1-D curve in the plane, and let ¢ = (t1,t2) be
the tangent vector with components ¢, %5 and right-handed orientation. Then the
outward pointing normal vector 77 = (nj,ny) is related to the tangent vector by a

90 degree rotation:
(n1,n2) = (t2, —t1).
Then, by (A.35), we have the following identity
Vet [ = [Vets [* + [ Vit |,
= ‘VFTLQ’Q + ‘Vrn1’2 = ’VFﬁ‘Z = /12.

Hence,

Vit | = k. (A.36)

A.6  Some Inequalities

This section derives some inequalities that are used in Chapter 4.
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A.6.1 Scalar Inequality

Lemma A.6.1. Let ¢ : I' — R be a scalar function defined on I'. Then we have the
following inequality:

[6llor < Cl¢ &llor + [[Vrdllor), (A.37)
where || - |or denotes the L* norm on T and C > 0 is a constant that depends on

the diameter of I' in the ambient space.

Proof. Let d be the dimension of the surface I' and let ¥y be the coordinates of the
centroid of I' (in the d + 1 dimensional ambient space); so Zy is a d + 1 dimensional

constant vector. Then we have by Proposition A.2.1

1 1 5 o
ol = [ =3 [do? = [Tr(Xo e

1 — = .
- a/Vr-KXoX ) - 7],
r
because the surface divergence of a constant vector field is zero. By the product

rule we get
2 1 (T ~ V-1 _ = 2 T L
lolfe = 5 [ Vo AI(F 0 X7 = dul} = Ve@?) (X o X71) =i,
and using the integration by parts formula (A.30) on the first part of the integrand
gives
1 2 o - o o L
lolfse = [ #UR X =] i~ [ 20Ve0- (R0 X7~ 2]

where we replaced Vi (¢?) by 20Vr¢. After taking the absolute value and bounding

the right-hand side, we get

l9ll3.r §/¢2I<foi‘1>—fo}lﬁl \n\+/2\¢vr¢r (X0 X71) — &),
' : (A.38)

SCA¢2|H|+CL|¢VP¢|,
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where C' = 2R with R being the ‘maximal radius’ of I":

R := max |[Z — )|,
Fel

By Holder’s inequality, we have that

/ x| = / o(0lD) < léllorlionllor.
r r

/ 6Vrg| = / 6] V6] < 9lloxVrélor-
N T

Therefore, (A.38) becomes

Igllor < C (Iéllorligrllor + 16lorlVrdllor)-

Ergo, we obtain the assertion (A.37). O

A.6.2 Poincaré For Tangential Vector Field

Next, we derive a Poincaré type inequality for a vector field on a 1-D surface

that is purely tangential.

Lemma A.6.2. Let I" be a 1-D closed surface, and let U be a vector field on I' that
is purely tangential (i.e. U = ot, where ¢ : T — R and t is the unit tangent vector

of I'). Then we have the following inequality
[T]lor < C[[Vrdor, (A.39)

where C' > 0 is a constant that depends on the diameter of I' in the ambient space.
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Proof. We begin with some preliminary computations:
Ve(F) = (F® Ve + ¢Vrt) - (® Vro + ¢Vrt),
= [f@ Vrol* + ¢*|Vrt [* + 2(® Vro) - (6Vrt),
= |{*[Vrol* + ¢*| Vet [* + 20Vro - (I Vi),
= [Vrol* + ¢*| Vit |,
where the third term is the zero vector because

—

P =t-t=1 = Vp(t-1)=2L-Vrt=0.

And by (A.36), we get

Ve(ot)]* = [Vrof* + ¢,

which after integrating over I, and plugging in ¥ = ¢t, becomes

IVraller = 1IVrollor + 1[G r-

But computing the L? norm of ¥ gives

12, = / b= / & = 162,

<2C*(|l¢sllor + 1Vrollar),

(A.40)

by Lemma A.6.1 and use of a Cauchy inequality. The constant C' is taken from

Lemma A.6.1 and depends on the diameter of I' in the ambient space. Finally, by

(A.40), we have the assertion,

I5llox < V20| Vrlor.
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Appendix B

Solving the Divergence Equation

Let Q be a domain in R? with boundary I" := 9. In the following proposition
Q only needs to be Lipschitz in order to define the function spaces H'/2(I") or H'(T').
In particular, Proposition B.0.1 certainly holds for a smooth domain, as well as a
continuous piecewise C' domain (see pages 84, 163, 234 of [1] and page 34 of [93]).
This would be the case when 2 is a polygon or when curved edges are used (as for

iso-parametric elements).

Proposition B.0.1. (Solve the Divergence Equation) Let Q be Lipschitz and ' be
its boundary, and let i be the unit outer normal to T'. Let 7 € [HY?(I)]?, f € L*(Q),
and suppose that the following compatibility condition holds: fr = fQ f. Then,

there exists a v € [H'(2)]? such that

and U satisfies the following bound

191l < e(ll7lhyzr +[1flog),

for some constant ¢ > 0.
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Proof. First, let 2 € [H'(Q)]? solve the following vector Laplace problem:
AZ =0, in (2,
Z=7,onl,
where ||Z]|1.0 = [|7]l1/2r by the definition of the H'/*(I") norm.
Next, by the surjectivity of the divergence operator [18], [42], [59] and the fact
that [, f— [,V -Z= [, f— Jo7 7 =0, there exists a w € [H}(Q)]* that satisfies
Vw=f-V -2 inQ,

on I

g
I
o

with a bound given by

[dllie < allf =V - Zloa < el flloa + 1Zl.e) = c2(llflloq + [711/2r0)-

Therefore, by letting v = o + Z we get that
V-v=f inQ,
v=r, onl,

with the following bound

190 < (L4 c)([71/20 + [1f]lo.0)-
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Appendix C

Construction of a Continuous Normal Vector
In Section 4.3.3, we use a special vector field (defined on the boundary I') de-
noted 7. This object is crucial to the well-posedness of the variational formulation,

so its construction is detailed here.

C.1 Properties of 1,

First, we replace I' by I', to denote the dependence of the domain boundary
on the discretization parameter h (i.e. the mesh size), and let 7 be the unit nor-
mal vector of I',,. Then, there exists a vector field 77, that satisfies the following

properties:
1. it is continuous and piecewise differentiable on I'y;
2. 1y -m = 1 everywhere on I'y;
3. ||7is|lir, < C, where C' > 0 is uniform in some sense (see subsequent sections).

Essentially, 77, approximates 7. If I', were smooth, then 7, := 77 and the above
properties are clearly satisfied. However, if I', is a polygon (as it would be for a
triangulated domain) or a ‘curved polygon’ (when using iso-parametric elements),
then it is not obvious what 7, should be. The following sections explain how to

construct 7 for a regular polygon and a polygon with curved edges.
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Figure C.1: Polygonal boundary I';, approximating a closed smooth curve [. The
polygon consists of a set of straight sides {Sy} with vertices {Z;} denoted by thick
dots (note: all vertices lie on the smooth boundary f) The outward pointing
normal vector of I'j, is 77, and on each side Sy it is labeled 77;,. The normal vector of

the smooth domain is 7. Because I'j, is closed, the vertex Ty, precedes 7.

C.2 Construction of 7 for a Polygon

Let 'y, be a polygon that approximates a smooth boundary I, and let S,
denote the kth side (see Figure C.1) with constant normal vector 7i;. Label the

number of sides as Ns and let Sr, be the set of sides:

SF;L = {Sk o1 S k S Ns} (Cl)

Ns
;=1 be con-

Next, let {Z;}25, be the set of vertices of the polygon T, and let {¢;}
tinuous piecewise linear ‘hat’ functions defined on I'y, (i.e. each ¢; is in P;(Sk) for

1 < k < Ns) such that:

¢i(7;) = (C.2)



Now define the continuous vector field 77:

where
To := Tng,
Mo 1= ﬁNg;
fNSH =T,
ﬁNerl = ﬁl.

Note 7is is bounded in L>(I';) as long as the angles of the polygon at the vertices

are strictly bounded away from 0°.

Property (1) is satisfied because the set {¢; }1%, is a continuous basis. To prove

property (2), we first define some notation. Let ¢ be some function defined on I'y,

and let ¢y, be the restriction of ¢ to the side Sy. Then we define (7)) := x(Z)

and (7)) 1= ¢_1(Z%), for any vertex 7). This is important if ¢ is only continuous

over each side S}, and discontinuous at each vertex.

Therefore, because 7 is piecewise constant (discontinuous) over I',, note the

following
(T ) = Tik-1,

ﬁ(fli_) = Tig,

6i(T5) = ¢i(Th) = ¢i(Z), for each i,

and then compute 7, - 77 on the left and right sides of each vertex:

s A&y - (R + i)
DN oo “ Ny i—1
i=1 LT

L+ 10, - Mgy 1+ 170 - Tip—y
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i) i) = 3 TR g )

Tl n — T
o i=1 L i 7y ' (C.7)
_ﬁk'(ﬁk+ﬁk—1) _ 1+ 7, - Tip—1 _q
147y - 1y 147y - 1y ’

where we used definition (C.2). Ergo, by (C.6) and (C.7)
(i - 1) () = 1, for all k. (C.8)

Now let Sy € Sr, be a side of I', (i.e. Sy C I',) for some k. Then by (C.3) (and the
definition of {¢;}), 7i, is a linear function on Sk, so 7i, -7 is also linear on Sy because
7 is constant on S. Combining with (C.8) implies that 71 - 7 = 1 everywhere on
Sk. Finally, since k was arbitrary we get that 7, - 7 = 1 everywhere on I'j,, thereby
proving property (2).

Property (3) will be proved in Section C.4.

C.3 Construction of 77 for Curved Edges

Let I', be a polygon with curved sides that approximates a smooth boundary
I, and let S;, denote the kth side (see Figure C.2) with normal vector ), (note: iy,
is not constant on each side Sy). Label the number of sides as Ns, and let Sp, be
defined by (C.1). Next, let {:i',}fvzsl be the set of vertices of the curved polygon I'y,
with midpoints denoted {m; }2%,, and let {¢;}2%, be the set of continuous piecewise
linear ‘hat’ functions defined on 'y, (i.e. each ¢; is in P;(Sy) for 1 < k < Ns) such
that (C.2) is satisfied. And for convenience, given 7, define 7}, := 7} (T4 1) and

7y := 7(Z%) at the endpoints of Sk.
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Figure C.2: Curved polygonal boundary I';, approximating a closed smooth curve
' (denoted by the thicker curve). I’ consists of a set of curved sides {S;} with
vertices {7;} shown as thick dots and midpoints {m;} shown as black diamonds
(note: all vertices and midpoints lie on the smooth boundary f) The outward

pointing normal vector of I'y is 77, and on each side Sy, it is labeled 7i;. The normal

vector of the smooth domain is 77. Because I'y, is closed, the vertex 'y, precedes ;.

229



Now define a continuous vector field 77 on the curved polygon I'j:

Ns

—"0
—Z s e (C.9)

1—|—n

where we use definition (C.4). Note that 7 is bounded in L>(I';) as long as the
angle made by each pair of consecutive sides is strictly bounded away from 0° (i.e.
ny-m_ > c>—1).

2

Just as in Section C.2, we have that
(@) - 7i(Z)) = 7(Tk) - Mp-1(T) = 7(Z) - Mgy = 1,

F(Ty) - AT = 7@ - i T) = 7(T) - 1y = 1, (C.10)

for 1 < k < Ns. Therefore, - 11 is a continuous function on I'y, and 77 > ¢ > 0
assuming that the curved edges of I';, are not extremely distorted. Now we define

T as
A —— (C.11)

7o

which is continuous piecewise C! because it is composed of continuous piecewise
C! functions. Hence, property (1) is satisfied, and property (2) is trivially verified.

Again, the proof of property (3) is delayed until Section C.4.

C.4  Proof of Bounded H*(T';,) Norm

The continuous vector 7 is used in Section 4.3.3 to prove the INF-SUP con-
dition for the time-discrete problem. The INF-SUP constant in that proof depends

on 1/||is|lir,; ergo it is necessary that the H'(I',) norm be bounded. Of course,
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for a fixed boundary I';, this is true. But if the discrete domain (i.e. the polygon or
curved polygon) is refined repeatedly, it is conceivable that the bound on |71,
may increase as the mesh size h decreases. This would cause the INF-SUP constant
to degrade and would be undesirable.

However, if I';, approximates a smooth closed curve I, then ||f,||,r, should be
bounded uniformly with respect to h. This requires that the vertices (and midpoints
when curved sides are used) of T, always lie on the smooth curve I'. So, ||7]|1.r,
should only depend on the true domain geometry being approximated.

In the subsequent sections, this is proven for the polygon and curved polygon
case. The assumption here will be that the smooth curve I' is at least C? regular.
And the symbol h denotes the maximum length of all sides in I',. Thus, I'y, depends

on the boundary mesh size h.

C.4.1 Polygon Case

The proof for a polygon uses the following estimate for the difference between
the normal vector of a side of the approximating polygon and the normal vector of

the smooth curve.

Proposition C.4.1. Let T be a C2 reqular closed curve with approximating polygon
[, where h denotes the maximum length of all sides of the polygon. Suppose that
I'y, approrimates [ such that T can be represented as the graph of a function f near

the side Sy C I'y, (see Figure C.3). Hence, the derivative is bounded by a constant
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(i.e. |f'| < Ct). Then, the following estimate is true:

17k — 71| < Cohnll oo fon < Cohas,
(C.12)

7 — 7| < Cohil| "] oojo,n < Crhik,

where Tiy, is the unit normal vector of I' at the point Ty, M1 corresponds to Ty, T
1s the unit normal vector of Sy, hy s the length of Sk, ki is the mazximum curvature

of the portion off between Ty and Tjy1, and Cy,Cy > 0 are constants.

Proof. Let 6 be the angle between the unit vectors 77 and ﬁkﬂ (as shown in Figure

C.3). Then by basic geometry [86], we have that

(9) ik = fieal/2 [k — Tkl
tan{ o | = ——~ = - .
2 |7k + ksl /2 |7k + Thg

Turning this around gives

- 2 - 2 0
|”k - nk+1| = |nk + nk+1| tan <§) )

tan (g)‘ < 2| tan 6|,

where the last inequality is true because tan is a monotonically increasing function

(C.13)
<2

when |0| < /2, which is satisfied in our case because we assumed [ is a graph.
But by the definition of the derivative and tan [85], we know |tan6| = |f'(0)|. So,

(C.13) becomes

ik — ket | < 21£/(0)] = 2/ £/(0) — p(0)],

where p(s) := 0 is a linear function that approximates f for s € [0,hy]. From

standard interpolation theory [132], [20], we know

17(0) = p'(0)] < Cohl|Lf" oo fo.ns
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and combining with the previous inequality gives
[k = Tirs1| < 2C0hil| floc. 4] (C.14)

To get the rest of the estimate, we use the following formula for the curvature of r

in terms of the graph f [37]:

f//(s)

SN EIIEIEE

which implies that

F7 ()] < (14 (F/(9)°1?|6(s)] < 11+ CFP? max |r(s)],
05 s=hn (C.15)

< |1+ CF* kg,
where kj, is the maximum of the curvature. Therefore, we get the first assertion in

(C.12) by plugging (C.15) into (C.14):
ik — fika| < Chhyki,
where Cy = 2Co|1+C3|*2. The second assertion follows by the same argument. [
We now prove the following point-wise estimate lemma.

Lemma C.4.1. Let I and T'), be as in Proposition C.4.1, and let Sy denote a side
of Ty, with length hy := |Sk|. Suppose that ' can be represented as the graph of a
function on each side of the polygon Iy, (recall Figure C.3). Furthermore, assume

that Ty, is shape regular in the following sense:

bihr—1 < hy < bohy—1, 1 <k < Ns, (C.16)
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Figure C.3: Zoom-in of side Sy of the polygon I';, (dashed line) with the smooth
(thick) curve [. The side Sk of the polygon has vertices 7 and 7., with unit
normal 77, and lies on the s axis with length hy := [Sk|. It is assumed that T'j, is
sufficiently refined to allow for the smooth curve I to be represented (locally) as
the graph of a function f on the interval [0, h;]. The vertex &y of the polygon is
located at (s = hy, f(hg) = 0), and 241 is at (s = 0, f(0) = 0). The smooth curve

has normal vector 77, and we define 7 := 71(Z%) and 7igy := 7(Zy1). The angle 6

is between 7y, and 7.
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where by, by > 0 are uniform constants for all k (note: Ns is the total number of
sides of 'y ). Then the following point-wise estimate is true a.e. (almost everywhere)

on 'y,

’VFhﬁs| S Cs"ifa (Cl?)

where i is the vector field defined on I'y, by (C.3), kp is the mazimum curvature of

I, and Cs >0 is a uniform constant independent of h.

Proof. Using (C.3), we know that

Ng + Ng—1 Ngy1 + Mg é
= — k - — Pr41,
Sk L+ mg - Ny T+ Nggr - 1

Tis

which, by the definition of the ‘surface gradient’ (A.11), implies

Vrhns

1 M1 + 1 Mg+ T o
S L L L (C.18)
Se  hp [+ 7g -1, 147 - Ty

where #j, is the tangent vector on Si. Next, we add and subtract ﬁk

L [[ T+ - N A B}
Ku ~ nk) N <nk ~ k—klﬂ 97, (C19)

vl"ﬁs - 7 — — — —
s hg [\ g - Tl L+ 1 - Mgy

and define

N1 + N X 2 Mg + Mp—1

Gl = = - nk7 G2 = nk - — — )
L+ Tgyr - Mg L+ 7y - 1y

so we can rewrite (C.19) as

1 -
Vr,iis| = —[G1 + Go] ® 1. (C.20)
Sk hk

We proceed to manipulate GG;. Factoring out the denominator and rearranging gives

1 - jaN — AR -
— (7, — g + M1 — T (Mgpyr - 1)),

G =
Tl e -
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and adding and subtracting fikﬂ and ﬁk gives

B 1
L+ Tigyr - 10

—

Gy (Ml — ﬁk) + (Mljy1 — ;_ik+1>+

(i — 1) + (i — 7 (7 - 7).
After more manipulation, this becomes

1

G =—5——
L+ Tgyr - Mg

{ (7 — ﬁk) + (g1 — ﬁk—l—l)"’

(i1 — 1) + Tl - (7 — k)]
where we used the fact that 7, - 77, = 1. Bounding G; then gives

|7k — k| 4 |Fksr — Tinst| + [rsr — 70| + |7k] 17| 7k — fpsn]

Gl < — —
| 1| B |1+nk+1 nk;|

)

< |7y, — ﬁk| + [figs1 — rf:ik—i—l‘ + |7A_ik+1 - ﬁk| + |7l — ﬁk+1 + ﬁk—i—l — Tl
- |1 4 g - 70 ’

< |71k — ﬁk’ + 2|7lpy1 — ﬁk+1| + ’ﬁkﬂ — ﬁk‘ + |7y, — ﬁk+1|
o |1+ﬁk+1 ﬁk|

)

and after using (C.12) and (C.29), this simplifies to

Crhgig + 2C1hyp1brgr + Cohyky, + Crhgsy
|1 4 g - 70
Iy + Bt
S C3——=——=FKp,
|1+ 7 - 7|

G1| <

Y

where £ is the maximum curvature of . Next, we assume [, is sufficiently refined
so that 7,1 - 7, > 0 and use the shape regularity (C.16) to get

I + bahy,

G| <C
Gl < 1L+ Tl - 7]

Rp S O4hk/€f\.

After noting that Go satisfies the same bound (with a different constant), we go

back to (C.20) and bound to get

1
|thﬁs’ S _[C4hk -+ C5hk]l€f S Cslif,
Sk hk
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which is bounded independent of h and k. Ergo, we get the assertion (C.17) on all

of Fh- ]

By Lemma C.4.1, we have the estimate for the H'(T';) semi-norm of 7,:

IVeiiilie, = [ (Vnf < G [ 1= Chdin) < C2IT)
h h

(C.21)
= ||V, #sllor, < CorplLV2.
The L?(T',) norm is estimated by first computing
T 4 11 ‘ i+ 2(1 472 - 1) B
V+m; -y 141 (L4+1;-7-)2 (C.22)

2
=———— <2 for1 <i<Ns,
1—|—ni-ni_1

as long as 77;-7m;_1 > 0 for each 4, which is easily satisfied if I';, is a sufficiently refined

approximation of . This implies that
17| 0.1, < 2. (C.23)

So, we get the following estimate:

e, = [ i < ey, [ 1< AT <4l
'y Iy

(C.24)
= [17sllor, < 2|72
Therefore, the full H(T';) norm is bounded independently of h:
Ifisllr, < (4+ C2RE)V2IT[V2, (C.25)

so property (3) in Section C.1 is satisfied.

C.4.2 Curved Edge Case

We follow a similar exposition as in the previous section. First, we prove a
similar result as in Proposition C.4.1 for curved sides.
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Proposition C.4.2. Let I be a C? reqular closed curve with approximating curved
polygon I'y,, where h denotes the mazimum length of all curved sides of the polygon.
Suppose that T, approximates [ such that T' can be represented as the graph of a
function f near the side S, C Ty, with f'(0) = 0 (see Figure C.4). Hence, the

derivative is bounded (i.e. |f'| < Cy). Then, the following estimate is true:

|7} — Tipsr| < Chhgrn,
(C.26)
|71y — 71| < Cohpkiy,

where My 1s the unit normal vector of I' at the point Ty, 111 corresponds to Tyiq,
ﬁg and ﬁ,l~C s the unit normal vector of Sy at ¥y and Tj,1, respectively, hy is the
length of Sk, Ky is the maximum curvature of the portion of I' between ¥y and Ty 1,

and C1,Cy > 0 are constants.

Proof. Let 6 be the angle between the unit vectors it and iy (see Figure C.4).

By the same argument as in the proof of Proposition C.4.1 (see (C.13)), we get
7L — fipe| < 2| tanb). (C.27)

Let p(s) be the quadratic function that corresponds to the side Sk, expressed in the

local coordinate s € [0, l;]. Then (C.27) can be rewritten as
[k — k1| < 2| tan 6] = 2[p/(0)] = 2[p'(0) — (0],

where the last equality is because f’(0) = 0. Because p is an approximation of f,

by basic interpolation theory [132], [20], we have

[p'(0) = f/0)] < Clil| " lloo 0.1
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and combining with the previous inequality gives
7k = Tiks1| < 20"l £ oo fo1) (C.28)

where we used [, < hy. The rest of the estimate follows by the same argument in

the proof of Proposition C.4.1:
|7, — Teg1| < Chhugkir,

where kj, is the maximum curvature of [ between Tr and Tpoq, and C7 > 0 is a
uniform constant with respect to k. The second assertion in (C.26) follows by the
same argument but with a different local coordinate system (i.e. a different local

parameterization). O

We also need a short proposition for the difference of the normal vector i

between the vertices &y and Ty .

Proposition C.4.3. Assume the same hypothesis and definitions as in Proposition

C.4.2. Then, the following estimate is true:
|7A_l:k - TA_L)]C_H’ S Clhklik, (C29)

where Ky is the maximum curvature of the portion of I' between Ty and Ty 1, and

C > 0 is a constant.

Proof. Let f be as in Proposition C.4.2 (in particular, f is defined on [0,1;], f’ is
bounded, and f(0) = f/(0) = 0; see Figure C.4). Then just as in Proposition C.4.2,
we get

i — fig1| < 2| tan 6] = 2| f'(I)] = 2|f'(I) — £'(0)],
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Figure C.4: Zoom-in of side Sy of the curved polygon T', (dashed line) with the
smooth (thick) curve . The side S of the polygon has vertices ¥y and Zy,q, with
middle vertex m; labeled as a black diamond. The unit normal vector of Sy, is iy
and is not constant along Si. The length of Sy is denoted hy := |Sy|. ['), is assumed
to be sufficiently refined to allow for the smooth curve T to be represented (locally)
as the graph of a function f on the interval [0,lx], with f'(0) = 0. The vertex @
of the polygon is located at (s = Iy, f(lx)), and @41 is at (s = 0, f(0) = 0). The
smooth curve has normal vector 7, and we define 7}, 1= ﬁ'(fk) and ﬁkH = fi(i"kﬂ).
The normal vector of the curved side at the endpoints is defined as 7}, := 7 (Z441)

and 71} := 71;,(Z%). The angle 6 is between 7}, and 7y, ;.
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where 0 is the angle between i1, and ﬁkﬂ. By the fundamental theorem of calculus
[83], we have

Uk

[k — Tigsa| < 2| ; f"(s)ds| < 21e]| " loo.fo.001-

The assertion (C.29) follows by similar reasoning as in the proof of Proposition

C.A4.1. [l

We now prove a proposition and a lemma regarding the surface gradient of 7

and 7 in the definition (C.11) of 7is for the curved polygon case.

Proposition C.4.4. Assume the same hypothesis and definitions as in Proposition

C.4.2 (see Figure C.4). Then, the following estimate is true:
[V, il o IV, 7| < Crkig, (C.30)
k

where 1y, is the unit normal vector of I'y, on Sk, ki is the maximum curvature of T’

between Ty and Tji1, and C,, > 0 is a uniform constant with respect to h and k.

Proof. By (A.35), we know that
|thﬁk| = |/{Sk|7 (031)

where kg, is the curvature of the quadratic curved side Si. Next, let p be the
quadratic function defined in the proof of Proposition C.4.2 (i.e. p is a function of
the local coordinate s). Then, by writing (C.31) in terms of the local coordinate s,

we get

Z

1+ (p)2)3? <P loe. 0.

Ve, il = s, | = \

<P" = oo + 1 o0, 0415
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where f is the local parameterization of I. By standard Sobolev interpolation

theory [20], we get

’vrhﬁk| S COHfNHOO,[O,lk]? (C32)

and the rest follows by the same argument as in the proof of Proposition C.4.1:
|Vphﬁk| S Cnlik.

]

Lemma C.4.2. Let I' and T'), be as in Proposition C.4.1, and let Sy denote a side
of T, with length hy = |Sk|. Furthermore, assume that T'j, is shape reqular in the

following sense:

bihi_1 < by < bohy_y, 1 < k < N, (C.33)

where by, by > 0 are uniform constants for all k (note: Ns is the total number of

sides of I'y, ). Then the following point-wise estimate is true a.e. on 'y,
|V, < Crkp, (C.34)

where T is the vector field defined on Ty, by (C.9) and C, > 0 is a uniform constant

independent of h.

Proof. Using (C.9), we have that

=0, =1 =0 =
F‘ B ng +ny_y . Ny q + 1y, b
Sk =0, =1 =0 1 Ph+15
k 147 - ny_y 1+ Mpeyr " T,

which, by the definition of the ‘surface gradient’ (A.11), implies

=0 =1 20 | =1
1| ngy +ny Ny + Mgy

— — - — —— ® t, C.35
hy. 1+n2+1-n,1§ 1+n2~n,1,_1 k ( )

VphF}Sk =
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where t;, is the tangent vector on Sj,. Adding and subtracting some convenient terms

changes (C.35) to

. 1 nk+1 + ny, N
\V4 _
Olse T h | T, A T
+(7%k+1 — ﬁk)-‘r (036)
2 + ) .
1+ DT
Next, define:
no,, + 7k .
Gyi=—rt kg, C.37
SRR R B 30
G2 = (ﬁk-i,-l - ’f:l:k), (C?)S)
70 1l
- +n
G := Ty — —k L (C.39)
L+a-f
and rewrite (C.36) as
- 1 -
VFhT |Sk = h_k[Gl + Gy + GS] & tg. (C.40)

First, we focus on G;. Factoring out the denominator and rearranging gives

1 R R
-1 jaR -0 -0 G NgaR
Gr = g [k — g1 + Wy — (i - TE)irs],
14+ nkJrl .

and adding and subtracting ﬁkﬂ gives

—1 n > ! > = — N
Gl 1 T n —1 {(77/]1€ — nk+1) + (n2+1 — nk+1) + [1 — (n2+1 . nllg)]nk—‘,—l}
k41"

Another manipulation gives

Gy = 1_'_71——»1{< — Tpy1) + (g — M)+
b1 (C.41)

ity - (7, — )i},
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because 7} - 11y = 1. Next, we bound |G|:

|78}, — T | + [T gy — T | + 7| 17 — 7| |74

|G1| < — —
11+, - 7| ’
_ |70}, — Tt | 4 [Ty — M| + |7 — Thsr + Trgr — 744 |
|1+ﬁ2+1 ﬁ}c| ’
- 2|ﬁ;1§ — | + [T — Tt

Y

=0 =1

and using (C.26) gives

Cihgkr + Cohgr1Kg11
—»0 — N
|1+ 700, - 1T

IGy] <2 (C.42)

Assuming that 'y, is sufficiently refined so that 7} 41 .71}, > 0 and taking the maximum

curvature over all of I' (i.e. ), (C.42) becomes

G| < Ca(hi + hyt1) i (C.43)
The term (5 satisfies a similar bound with the index £ shifted by 1:

|Gs| < Cy(hg—1 + hi) kg (C.44)
The other term G5 is bounded using (C.29):

|G| < Cshyky < Cshyky.. (C.45)

Going back to (C.40) and bounding, we get

1
Ve, [, < h—kHGll +1Ga| + Gl

C
< h—6[hk+1 + 3hi + hk—l]/{f’

k
and using the shape regularity (C.33) gives

C 1
|thF1 |Sk < h_]j bahy + 3hy + b—lhk kp < Crlﬁf,

which is true for all Si. Hence, we get the assertion (C.34). O
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Finally, we can prove that |Vr, 7| is bounded uniformly by a constant. Be-

cause 7l is continuous and piecewise C*', we have that

HvrhﬁSHOO,Fh = 1;%2}]%5 HvrhﬁSHOO,Sk‘

So, we compute Vr, 7, on S for some k. By (C.11) and the product and chain rule,

we have

V[‘h'ﬁ:s‘sk = —(F-7) 2V, P+ 7 Vi, i @7+ (7 ﬁ)*lvp,ﬂsk.
As long as the curved edges of ', are not severely distorted (i.e. 7+ 7 > ¢ > 0), we

get the following bound:
|Vrhﬁ8"5k < CiQHﬁy ’vrhﬂ + ‘ﬂ |VFhﬁH + Cil|vrhﬂ‘5k'

Since 7 is bounded in L>(T',), we get

’thﬁs < CHVFhﬂ + |vrhﬁ’

Hsk HSk’

< C’[Cﬂﬁ)fw + Cnlﬁk” . < Cs’%fv

S
where we used (C.34) and (C.30) (note: Cs > 0 is independent of h and k). Hence,

Ve, 7islloo,ry < Cotip. (C.46)
This means the H*(T';,) semi-norm is bounded independently of h:
IV, fisllor, < Csrp|Tal'’? < 2Chp L[V,

where we have conservatively assumed |I';| < 4|f| Ergo, because the L?(T;,) norm

of 71, is clearly bounded, we get the full H(T';) norm
7|, < Cp, for all h, (C.47)

where Cp only depends on the geometry of I'. Therefore, property (3) in Section

C.1 is satisfied.
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Appendix D

Symbol Definitions

Table D.1: Fluid Variable and Parameter Definitions (Part A)

Symbol | Definition
H channel height (distance between top and bottom plates)
LEgiee electrode side length
Olg liquid-gas interface surface tension
Cpin three-phase contact line pinning coefficient
P maximum ‘pinning pressure’
P fluid density
1 fluid dynamic viscosity
Khys hysteresis constant
0 contact angle of the droplet (through liquid)
t time variable
T position coordinate
Q set of points that make up the 2-D droplet domain
r [':= 0Q (1-D boundary of droplet)
Ky curvature of I'
K. curvature of the liquid-gas interface along channel spacing
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Table D.2: Fluid Variable and Parameter Definitions (Part B)

Symbol | Definition

vector velocity

S

(u,v) | (x,y) velocity components @ = (u,v)

P droplet pressure in 2

A pinning pressure on I’

outward normal vector

n
L length scale

Uy velocity scale

to time scale

Re Reynolds number

Ca capillary number

velocity time-derivative coefficient

velocity coefficient

Q@
p
\Y gradient operator
A

Laplace operator
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Table D.3: Variational and FEM Definitions

Symbol | Definition
Ta set of triangles for domain 2
Sr set of sides for boundary I'
Ns number of sides in Sr
h mesh size
At time-step size
vy augmented lagrangian coefficient
i outward normal vector
s continuous approximation of outward normal vector

bilinear forms of mixed formulation

linear form for given data

\Y% velocity function space (with norm || - ||v)
P pressure function space (with norm || - [|p)
M pinning variable function space (with norm || - ||p)
A convex set contained in M (used with pinning variable)
a.e almost everywhere (in the sense of measure theory)
|- llq.0 H%(D) norm
Py set of polynomials of order k
Vi continuous vector polynomials of order &
Qr continuous scalar polynomials of order k
M, discontinuous scalar polynomials of order k
Vi, Pn, M, | discrete, conforming approximations of V, [P, M
Ay discrete, convex set contained in My,
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Table D.4: Particle Control Definitions

Symbol | Definition
T position of a particle
i velocity of a particle
VP(Z;) | pressure gradient vector at the j™ particle due to the k™ electrode
G matrix of pressure gradient values at particle positions
19 vector of boundary condition values to set for desired particle motion
Eminy Emaz | Minimum and maximum boundary condition values that may be set
b vector of desired forcing directions for the particles
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Table D.5: Differential Geometry Definitions

Symbol | Definition
r surface (1-D or 2-D)
X surface parameterization (of T")
X! inverse map of X
{X:}3_, | X = (X1, X5, X3) (when T is in a 3-D space)
S parameterization variable for 1-D surface
1 local chart for 1-D parameterization
S1, S9 parameterization variables for 2-D surface
{U;} | local charts for 2-D parameterization
w scalar defined on I'
W scalar in local coordinates (@ = w o X)
%) vector field defined on I"
%] vector in local coordinates (é =go X )
t ‘right-handed’ tangent vector
n outward normal vector
Os partial derivative operator with respect to param. variable s
Vr surface (tangential) gradient (on I)
Ar surface Laplacian or Laplace-Beltrami operator (Ar := V- Vr)
g first fundamental form (matrix)
Gij (7,7) component of g
g¥ (i, 7) component of g~ !
h second fundamental form (matrix)
hij (i,7) component of h
o Kronecker delta
K1, ko | principal curvatures
K total curvature Kk = K1 + Ko
kG Gaussian curvature kg = K1ks
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