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ABSTRACT. We present a mixed finite element method for a model of the flow in
a Hele-Shaw cell of 2-D fluid droplets surrounded by air driven by surface tension
and actuated by an electric field. The application of interest regards a micro-fluidic
device called ElectroWetting on Dielectric (EWOD). Our analysis first focuses on
the time-discrete (continuous in space) problem and is presented in a mixed vari-
ational framework, which incorporates curvature as a natural boundary condition.
The model includes a viscous damping term for interface motion, as well as contact
line pinning (sticking of the interface) and is captured in our formulation by a varia-
tional inequality. The semi-discrete problem uses a semi-implicit time-discretization
of curvature. We prove the well-posedness of the semi-discrete problem and fully
discrete problem when discretized with iso-parametric finite elements. We derive a
priori error estimates for the space discretization. We also prove the convergence
of an Uzawa algorithm for solving the semi-discrete EWOD system with inequality
constraint. We conclude with a discussion about experimental orders of convergence.

1. INTRODUCTION

The ability to manipulate fluids at the micro-scale is an important tool in the area
of bio-medical applications. Micro-fluidic devices often exploit surface tension forces to
actuate or control liquids [32, 17, 26] by taking advantage of the large surface-to-volume
ratios found at the micro-scale. This paper is concerned with developing a mixed finite
element method to simulate droplet motion in a micro device driven by Electrowetting-
On-Dielectric (EWOD) [15, 50, 6, 43], which consists of two closely spaced parallel plates
with a droplet bridging the plates and a grid of square electrodes embedded in the
bottom plate [56]. Applying voltages to the grid allows the droplet to move, split, and
rejoin within the narrow space of the plates. Applications range from mass spectrometry
[68, 45], to ‘lab-on-a-chip’ [47, 31], and particle separation/concentration control [14, 55].

We describe a mixed variational formulation of a 2-D model of EWOD driven flow
(see [56, 54, 57]), which is discretized by finite elements. The model is similar to Hele-
Shaw flow with a modification of the boundary condition to account for the electrical
surface tension effect. In addition, the model has a frictional effect [57] due to three-phase
contact line pinning and hysteresis, and is included in our formulation as a wvariational
inequality with viscous damping.

Other computational models of electrowetting exist: [39] assumes quasi-static behavior
of the droplet; [42] uses a diffuse interface method to simulate droplet motion in a scaled
up version of the EWOD device; [24] uses a phase-field method. Other methods [5, 44]
use a Volume of Fluid (VoF) technique to track droplet motion but do not give precise
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information about the liquid-gas interface shape. Lastly, none of these methods include
the lossy effect of contact line friction nor the pinning effect.

The rest of the paper is outlined as follows. Section 2 briefly discusses the governing
equations for droplets driven by EWOD, as well as the nonlinear liquid-gas interface
friction model. Next, we describe our time-discretization in Section 3 followed by its well-
posedness in Section 4. We formulate a space discretization for the EWOD problem in
Section 5, discuss its well-posedness and prove a priori error estimates for the continuous
in space problem. Section 6 describes the convergence of an Uzawa method for solving the
nonlinear time-discrete system. Finally, we present experimental orders of convergence
in Section 7.

2. ELECTROWETTING MODEL

2.1. Governing Equations in the Bulk. The governing equations for the flow of
viscous incompressible liquid between the parallel plates of an EWOD device is similar
to Hele-Shaw [33], [4] type flow with pressure boundary conditions at the liquid-gas
interface proportional to its curvature with added forcing and interfacial friction terms.
The details can be found in [56], [54]. The 2-D flow equations in the bulk of the droplet
Q = Q(t) are given by

) adiu+ fu+Vp=0, inQ,

(1) V-u=0, inf{),

where u is the vector velocity field (in the plane of the device) and p is the pressure.
The time derivative dyu in (1) is unusual in Hele-Shaw models and incorporates inertial
effects: its magnitude may be large due to rapidly varying pressure boundary conditions
if high frequency voltage actuation is used to modulate the droplet’s contact angles. The
non-dimensional constants o and 3, where o < 3, depend on fluid parameters and device
geometry.

2.2. Boundary Conditions. The boundary conditions for the bulk equations in (1) are
p=r+FE, onl,

where k is the curvature of the 1-D boundary I' of the 2-D droplet (i.e. the liquid-gas
interface) and F is a given function on the boundary that captures the ability of EWOD
to locally modulate the boundary pressure through voltage actuation [56]. The electric
forcing F(x), for x in I, is a function of the electrode pad voltage at the point x.

We further modify the boundary condition by adding a ‘friction’ term [54] which
models the ‘pinning’ effect (see [12, 20, 18, 59, 48, 21, 34]) that occurs at the three-phase
contact line of the liquid-gas interface (i.e. the boundary T"). This is written as

(2) p=k+E+A+Dyscu-v, A€ Ppysgn(u-v), on I,

where Ppin and Dyis are contact line friction coefficients, v is the unit outward normal,
and A takes values in the graph of Ppinsgn(u - v) and is defined on the boundary I'. See
Figure 1 for a droplet diagram with pinned and unpinned regions and more discussion of
A. Physically, A is a pressure that pushes against the liquid-gas interface to oppose its
motion, which is analogous to static (Coulombic) friction. However, the regions of the
interface that are pinned/unpinned are not known a priori. This must be determined as
part of the solution process. The extra Dsiscu - v term acts as a viscous damping effect
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FIGURE 1. A 2-D droplet Q with parts of the boundary I" 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 (u-v > 0; A = +P,in), and an
inward motion is negative (u-v < 0; A = —Ppin). The pinning variable A
is defined on the boundary I' of the droplet. On the unpinned regions, A
saturates to £Pp;,. On the pinned regions (u-v = 0), A varies between
—Ppin and Py, and acts as a Lagrange multiplier to enforce the zero
normal velocity constraint.

on the interface motion in the sense that friction pushes against the interface harder with
increasing velocity [46], [35], and accounts for contact angle hysteresis effects observed
in EWOD devices. Both loss mechanisms are responsible for the excellent space-time
match between our simulations and lab experiments [57].

Finally, we need an equation to describe the time-varying motion of the boundary T'.
Each point X on T satisfies the ODE: (0,X — u(X)) - v = 0. This leaves us free to use
the following equation of motion for the interface

(3) 8,5X = u(X),

which is more convenient for our formulation. Basically, the droplet boundary moves with
the velocity of the fluid at the boundary. The normal component of the velocity effectively
determines the shape of the droplet whereas the tangential component corresponds to a
re-parametrization of the parametric boundary (see definition (9) for the interface).

3. TIME DISCRETIZATION AND MIXED FORMULATION

Before stating the variational formulation, we define the time-discrete version of (1)
and (2) in strong form. Then we obtain a formal weak formulation of the PDE in (4) -
(7) to motivate the functional setting. We end this section by showing the equivalence
of the weak and strong formulation for smooth solutions and domains.
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3.1. Time Discretization. We partition the time axis into time-intervals dt;, for ¢ in
some finite index set. Let Q¢ and I'* := 9 be the droplet domain and interface at time
t;, which are assumed known and smooth in the subsequent analysis. We obtain the
velocity u'™! at time ;1 by solving the following semi-implicit time-discrete version of

(1)-(2)

e

(4) o i 48U 4 Vit =0, in Q)
(5) V-u™ =0, inQ,
(6) Pl LB\ _pu ity — 0, on TV,
(7) NFL e Pynsgn(u™ v, on T

where u?, v*, and E’ are known quantities at time index ¢;, ! is an approximation of
the curvature of the boundary at time ¢;41, and all other terms with superscript ¢ + 1
are variables to be solved for. Here, we have used an Euler method to approximate the
time derivative term 9;u.

Next, let x%(-) be the identity map on I'" and let X*!(-) : ' — R2. The interface
position at time ¢;41 is defined by a time-discrete version of the interface motion (3) as

(8) Xt (xh) = x4 0t ut T (x),

where u't! : I'" — R? is the velocity at the next time index. Given X**!, we define the

interface at time ¢,41 by

(9) I\i-‘rl = Xi+l(:[\i)7

3

and define the domain Q! at time ¢;,1 to be the domain enclosed by I'**1.

The solution domain Q7 is kept explicit in (4), (5), (6), (7) when solving for the new
velocity ut!, which is a linearization step. A higher order method may be built from
the above first order semi-implicit method, just as was done in [3].

Calculation of the curvature k™! is not solely based on I'* (i.e. is not fully explicit). In
fact, we have some freedom in choosing how the curvature is computed. We recall some
notation from differential geometry. The surface gradient on a manifold I' is denoted by
Vr and is a vector operator [19]. When Vr is applied to a vector r on a 1-D curve T, it
becomes Vrr = dsr ® T, where 0y is the derivative with respect to arc-length and 7 is
the unit tangent vector (oriented with respect to s). The Laplace-Beltrami operator is
defined as Ar := Vr - Vr, and for a 1-D curve is just the second derivative with respect
to arc-length. See [23, 19, 54] for more details.

As in [3, 23], we take advantage of the expression for the vector curvature on I' [19]

(10) k= k'Y = —Apix'

We multiply (6) by % and view the resulting expression as a natural boundary condition:
(11) Pl ity N Do (it iyl = By

Hence, we impose a semi-implicit approximation to x**! defined by

(12) Iii+11/i = —Apixi+1 = —AFiXi — 5ti+1AFiui+1 = K,il/i — 5ti+1AFiui+l,



MIXED FINITE ELEMENT METHOD FOR EWOD WITH CONTACT LINE PINNING 5

where we used equations (8) and (10). This definition demands an additional condition,
namely that

(13) 5ti+1(AFiui+1) . Ti = 0,
and is consistent with the fully continuous problem (i.e. take 6t;1; — 0). Ergo,
(14) Ariu'™! o vt

Whether this decision is compatible, and thus there is a solution, is not obvious and must
be assessed. See Theorem 1 for existence of the semi-discrete problem.

3.2. Formal Weak Formulation. Multiplying equations (4) and (5) by smooth test
functions v and ¢, integrating by parts and using equations (11) and (12), we obtain

< < —I—ﬁ)/ u”l-v—/ pi+1V'V+5ti+1/ Veiu™ Vv
Otit1 Qi Qi ri

(15) + / Nt v 4 Dyiee v(uiJrl V(v

I_‘Z I_‘Z

le% . . . .
= / u-v-— E'v-v'— Vrix' : Vpiv,

5ti+1 i i I
and
(16) / gV -utt=0.

Qi

Equations (15) and (16) need to be supplemented by equation (7) linking the Lagrange
multiplier X! : T — [— Ppin, Ppin] to u*t! . % In order to obtain a formulation that
fits with our variational setting, we introduce the inequality

(17) / (1= N <0,
ri

for all u : I'" — [—Ppin, Ppin] smooth. To see the connection between (7) and (17),
consider the interior int(C}™') of the contact set C\T' where Ni*! = Py,. Let p =
A+l — ey for ¢ > 0 smooth with support contained in int(C}"") and € > 0 sufficiently
small. This choice of p guarantees that p is admissible in (17) and leads to

/ pu™t v’ >0,
Fi

or utl-v' > 0inint(C). Similarly, we get u'*t-v* < 0in int(C**"), i.e. where X'F! =
—Ppin. On the other hand, in the interior int(N**1) of the noncoincidence set N1,
where —Ppin < A < Ppyiy, we have u'™! - ¥ = 0 because ¢ can have arbitrary sign with p
still admissible. Altogether, we have that (17) is equivalent to A'™! € Py, sgn(u™!-v?),
ie. (7).

3.3. Functional Setting. This section determines the correct function space in which
to pose the variational form (15), (16) and (17).
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3.3.1. Velocity Space. We start by considering the space for the velocity. In view of (15)
and (16), the velocity u"*! must be in H(div; Q') = {v € [L*(Q")]* : V-v € L*(Q")} and
HY(T'%). Ergo, we define the scalar product s;(-,-) : C°°(2¢) x C>°(Q¢) — R by

(18)  si(u,v) ::/ u~v—|—/ (V-u)(V-v)+ 0ty (/ u~v—|—/ Vriu:vFiV),
Qi Qi i i

and define a norm induced by this scalar product

(19) [lullyi := /s:(u,u).
Next, define the function space V¢ as the closure of C*(Q) with respect to the norm
I+ |lsi; see [36, 37, 25].

Therefore, the space V¢ and norm || - ||y: define a Hilbert space [25, 36], which is
required for the well-posedness of the variational formulation. We now make note of
some functional relations that will be useful later. First, using Definition 3.2, Corollary
3.4, and Theorem 3.17 in [1], one can show the following inclusions:

(20) [HY(Q))* N [HY(T)]* C V' C H(div, Q") N [H'(T))°.

Now we introduce a more precise characterization of the velocity space V. Let v € V?,
which is a function defined on the closure W, and let v;,; denote v on the open set Q.
Because of a standard result for the normal trace of H(div,Q?) functions, [29], we know
that ||v-v||_i /o < \/§vat|\H(divﬁm). This means that the normal component of the
velocity on the boundary is linked to the velocity in the interior. No such result exists
for the tangential component, which is not well defined for functions only in H (div; Q).
However, functions in V¢ have boundary values in [H'(I')]?. Therefore, the tangential
velocity may be disconnected from the interior velocity. So for v € V¢, we let v denote
the tangential component of v on I'?, which has no connection with v;,;. This leads to
the following decomposition for v:

(21) v

i =Vints V- V|, =Vigg -V, V- T|, =V T.

T T

Recalling that I'? is a closed surface, it is more convenient to equip V? with the norm

2, ::/ |u|2+/ |V~u|2+5ti+1/ Vrul?,
Q Q I

The triple norm |||.|||y: is equivalent to ||.||y: as stated in the following lemma. Note the
result is not obvious due to the non-standard space V* characterized by (21).

(22) [l

Lemma 1 (Alternate norm on V). Let ' be Lipschitz. Then ||| - |||y: is a norm on V?

equivalent to ||.||v: -

Proof. For convenience, we drop the time index notation ‘2’. The only norm property to
check is if [[|u]|lyv = 0, then V 5 u = 0. So, assume u € V, and let |||uf|]y = 0. Then
|[Vrullo,r = 0, which implies u|r = ug (constant vector) in L*(T'). By standard Sobolev
embedding [40], [1], u-v =ug - v in L*(T') ¢ H~/?(T"). Ergo, we have

0= v2[ul @i > u- vl 12r = uo-v|_12r,

which implies that ug - v = 0 a.e. on I'. Hence, up =0 and u=0in V. So, ||| - |||v is a
norm on V. Specifically, ||| - |||v is equivalent to the V norm defined in (19), i.e.

(23) [ully > [[|ulllv > evllullv,
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where ¢y > 0 is a constant that only depends on . The first inequality is trivial; the
second follows from a classical compactness argument, see for instance [1, 25]. (]

3.3.2. The Pressure Space. The pressure space (denoted Q) is defined by
(24) Q= L)
and we denote by Qf := {¢ € Q" : [, ¢ = 0} i.e. L? functions with mean value zero.

The norm for Q° is denoted || - [|gi == || - [lo.0i-

3.3.3. The Boundary Multiplier Space. The space for the boundary Lagrange multiplier
A+ (denoted MY) is a dual space and is defined in the following way. For v € H'(T'%)?
and I' smooth, the product v - v* belongs to H'(I'"). Hence,

(25) G':= HY(TY).

Next, define M? as the dual of G* [25], [37], i.e. M := (H*(T'"))* and let (,-) denote
the duality pairing between G* and M*. The norm on M’ is then given by

M, T
(26) Ml = sup 2
neGi,n#£0 ||77||Gw

In addition, A*! must be restricted to values between — Py, and Ppi,. Therefore, we
introduce A?, the closed convex set contained in M defined by:

27) A= {peM : [{u,n)| < Pun(l,n) = Ppin/_ n, VneG', n>0ael.

The next crucial lemma follows from (27).

Lemma 2 (Characterization of A%). A* C M is a bounded convex set. In particular, the
elements p of A are functions in L>=(T*) and satisfy |u(x)| < Ppin, a.e. x € I'.

Proof. We are going to show that functionals in this convex set are bounded, i.e. pu €
A = € L*°(T'). Let p. be a smooth mollifier defined on I'. Then p. € G*. Define a
smoothed version of € A? by

(28) pe(s) = (. pe(s =2)) = |pe(s)| < Foin /F pe(s —t)dt = Fpin.
By density, ue — p € M as € — 0. By the definition of the M norm (26), this implies

(29) {te — pym) — 0, for all n € G*.
Next, let 1+ € L1(I'*) such that 1+ > 0 a.e. Then we have that

)T (s)ds = (s — N7 (s)ds = LT (8)pe(s — +))ds,
[ e s = [ Gupels =i s)ds = [ nwt 9pels =)
(30) = (. [ @pls = s,

= </La¢€+> < Ppin ) 1/1€+ < 00, for all €,
Fl
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where we interchanged the order of integration in the second line. Note that ¢ € G
by the same argument as for p.. For a general v, we can split it into its positive and
negative parts, take the absolute value, and use the triangle inequality to get

(31) ‘/ uewds‘ < 00,

for all ¢» € LY(T%) and all € > 0. Therefore, . converges weak-* to a functional w €
LY(T)* = L®(I'), i.e.

(32) (e —w, ) — 0, for all ¢ € L} (TY).

Since G* C L}(I'), using (29), we have that y. — u = w € L°(I'"). Note that p € L?(T')
because I'* has bounded measure. O

3.4. Equivalence of Weak and Strong Forms. 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 our case there is an ‘artifact’ of the weak formulation
that arises because of the definition of V. The space V* contains vector velocity functions
whose tangential component on I' is unrelated to the vector function values in the interior
of Qf. This could affect the equivalence with the time-discrete strong form (given earlier)
if the tangential component of the solution is completely arbitrary. We now clarify this
issue by showing that the tangential velocity is controlled by the normal velocity in the
HY(T'%) norm, followed by a consistency result.

3.4.1. Control of the Tangential Velocity. The strong form equations in the bulk can be
derived from the weak form in the standard way (i.e. take a test function with compact
support in ), so we concentrate on deriving the strong form of the pressure boundary
condition. After integrating the pressure term by parts in (15), applying the strong form
of the momentum equation, integrating the Vpix’ : Vpiv term by parts and recalling
the definition of curvature (10), we get

(33) —/ ptv.v +5ti+1/ Vpath VWV-%-/ Niftly .yt
T T Ti
+ Dyisc (uH—l : Vi)(V : Vi) = —/ EiV . I/i — / Hil/i - V.
I T Ti

Only the normal component of v appears in (33), except in the 0t; 41 term. Ergo, we
replace v by (Vi - V%)t where appropriate. Writing v (in the remaining 6¢;,1 integral)
in terms of the decoupled normal and tangential components (21), both of which are
assumed to be smooth and arbitrary, leads to

0=- pZJerint v + AZJrlvint v + Elvint v
re re re

(34) + / ’{iyi *Vint + Dvisc (uiJrl . Vi)(Vint . I/i)
I i

+ 5t1‘+1/ sz‘uiJrl : Vri((vint . Vi)l/i + VT).
ri
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Next, we choose Vi, = 0, expand u’™! in terms of its decoupled components and apply
the Cauchy-Schwarz inequality, to get |[Vpiuitt|or: < [|[Vpi((uhi! - v9)v?)|ori. The
following lemma gives control of the full H!(T'*) norm:

Lemma 3 (Poincaré for tangential field). Let ' be a 1-D closed curve of class W2 and
v € HY(T'Y) such that v-v =0, i.e. v is tangential on T'*. Then,

(35) [vllo,rs < ClIVrvllor:,
where C' is an independent constant.

Proof. The proof follows by similar reasoning as in Lemma 1. If Vv = dsv®7T = 0, then
v is constant on I'*. But v is tangential, so v.= 0. A classical compactness argument
completes the proof (see [1, 25]). A more direct proof (see [54]) indicates that the constant
C only depends on the diameter of a ball containing I'%. O

Thus, we have

[zl re < OV ((ai - v)v) o e
This means that the decoupled tangential component is not completely arbitrary and is
controlled by the normal component of the velocity (in H!(T'%)), which is linked with the

interior velocity.

3.4.2. Consistency Between Interior and Boundary Velocity for Strong Solution. Suppose
we have a smooth strong solution (u’*!,p** Xi+1) on Qi of the PDE (4) - (7). This
implies that uit! - 7 is the tangential trace of u’t! in Q. Moreover, (u'™!, pi+t \i+1)
is also a weak solution by the same derivation we gave in Section 3.2 and is unique by
Lemma 5. Thus, the tangential velocity on the boundary and the velocity in the interior
are always linked in the case of a strong solution.

This implies that the full velocity u**! on I'* is well-defined for updating the interface
in the case of strong solution. Note that for the fully discrete method u’!! and ui!
always coincide because of the definition of our discrete velocity space (see (67)). So
again, updating the interface is well defined.

3.4.3. Pressure Boundary Condition. By the previous section, the full velocity u’*! on
I'" is well-defined for updating the interface (i.e. moving I'* to I'*!) with equation
(8). Hence, we can apply (12), which comes from (8), to get the strong form of the
boundary condition for the time-discrete problem. We proceed by first rearranging (34),
setting v = 0, integrating the surface gradient term by parts, and plugging in the vector
curvature update (12) to obtain

/ (_pi+1 P L Dot v + B4 HiH)th =0
Fi

Choosing v;,: such that v, ri = v’ on the boundary for all smooth ©, we get the
strong form of the pressure boundary condition (6). Therefore, we have shown that the
weak and strong forms of the time-discrete problem are equivalent.
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3.5. Mixed Formulation. We are now able to define a weak formulation of (4), (5), (6),
and (7). We define the following bilinear and linear forms (for convenience of notation):

(36) )= (5+0) ([ wves [ 9w@w)

+ Dyise (u'Vi)(V'Vi)‘i‘ét Vriu: Vv,
I Ti

(37) bi(v,q)z—/ qV - v, ci(v,u)z/ pwv-v
Qi I

(38) X'(v) = g/ u v —/ E'v.-v' —/ Vrix': Vv,
ot O T i

where we have added an augmented lagrangian term [,,,(V - u)(V - v), with parameter
1 > v > 0, to the first bilinear form a’(,-). This is consistent with the governing PDE
(5) because the velocity is divergence free and is added to improve the convergence of our
algorithm for solving the variational inequality (discussed later in Section 6). Note that

the coercivity of a’(.,.) on (V¢ |||.|||y:) is immediate from the definition of the velocity
space

i : « 2 2
(39) a‘(u,0) > min (5 +8) 71) ll[ulls = el a3

Typically, the constants o and 3 are larger than 1. However, note the loss of H!(I')
coercivity when the time-step 0t tends to 0. The EWOD problem is now stated as:

Problem 1 (Time-discrete EWOD with pinning). Let Q° be a smooth domain. Let
Xt € (V))* be given data. Then we say that u*tt € Vi, pitl € Q) and \'Tt € A% is a
solution of the nonlinear problem if

a (0t V) + 0 (v, p ) 4 (v, N = Y (v),

40 o o )
( ) bz(uerl, q) _ 0, Cl(uZJrl,/L _ /\erl) < 0,

for all ve Vi, g€ Q! and p € A'.

3.6. Simulation of EWOD with Pinning. In Figure 2, we show an illustrative sim-
ulation of EWOD driven droplet motion evolving in time. This simulation shows how
different parts of the droplet boundary can become pinned and unpinned, depending
on the applied voltage. See [56, 54, 57] for more details of the model, simulations and
comparisons with lab experiments regarding both shape and dynamics.

4. WELL-POSEDNESS OF TIME-DISCRETE EWOD wWITH PINNING

We prove in this section the existence of a solution (u**!, pit1 \it1) € Vi x QF x M’
of Problem 1. However, depending on whether the solution is completely pinned (i.e.
|A] < Ppin) or not, the solution may not be unique (see Section 4.1). Therefore, following
[41], we obtain a well-posed problem after adding a process that selects the solution with A
of minimal norm. Then we obtain an additional regularity for the multiplier A**! relying
on the boundedness of the convex set A* (Lemma 2). We end this section by motivating
the maximal expected regularity for the solution of Problem 1. For convenience, we
denote by ud := u’ € V* and hereafter drop the time index notation ‘.
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Ficure 2. An EWOD droplet in motion. We show six frames from a
time evolving simulation of a droplet actuated by EWOD on a 3x3 grid
of electrodes. The voltage of each electrode pad is displayed. The bold
parts of the droplet boundary correspond to where |A| < Py, i.e. the
interface is pinned or u-v = 0. Notice that in some of the frames, u-v

changes from zero to non-zero over a single edge element.

11
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4.1. Lack of Uniqueness. To understand the inherent lack of uniqueness in the prob-
lem, recall the boundary conditions in Section 2.2 (i.e. equation (2)). One can see that
for any solution (u, p, \) there corresponds an infinite number of solutions (u, p+C, A+ C')
where C' is any constant, provided A + C' € A. This lack of uniqueness can be controlled
by enforcing the mean value on the pressure or on A\. However, it is not possible to
fix the mean value of p or A\ a priori because the boundedness of A places upper and
lower bounds on what the mean value of A (and p) can be. Also, if the solution satisfies
A = Pyin on I'" and A = — Py, on I'™, where 't and I'™ are subsets of the boundary
I" with positive measure, then no nonzero constant may be added to A and still have an
admissible solution; i.e. A + C would not be in A, for C' # 0 (see (27) and (60)).

4.2. Existence and Uniqueness. To ensure uniqueness, we resort to an idea developed
by Lions and Stampacchia [41] and add another inequality that selects among all possible
solutions, the one with A of minimal Ml norm. In view of this, we define the convex set
S (possibly empty) of all solutions of Problem 1

S:={(u,p,\) € VxQxA:(up,]) is a solution of Problem 1}.

We recall that M is a Hilbert space with inner product (-, )y and now state the main
result of this section proved in Sections 4.2.1 and 4.2.2.

Theorem 1 (Existence and Uniqueness). Let x € V* be given data. Then there exists a
unique solution (u,p,\) € Vx Q x A of Problem 1 that satisfies the additional condition

(41) (A p—A)m >0, for all (v,q,u) €S.

Remark 1 (Solution with minimal norm). Condition (41) reflects that X is the M-
projection of 0 onto the convex set of solutions S. In other words, (u,p, \) is the element
m S with A of minimal M-norm.

Remark 2 (Partial inf-sup condition). In a linear saddle point framework (variational
inequality replaced by equality), the coercivity of the bilinear form a(-,-) on VXV and the
inf-sup condition for b(-,-) and c(-,-) together guarantees the existence and uniqueness of
a solution [10]. In the present case, only the partial inf-sup for b(-,-) is needed. For the
existence, we employ the boundedness of the convexr set A (see Subsection 4.2.1) whereas
the uniqueness is obtained via (41) (see Subsection 4.2.2).

We follow the ideas proposed by Lions and Stampacchia [41, Theorem 3.2 and 4.1] with
the difference that the formulation (40) has a saddle point structure; see also [51, 11].
Therefore, we consider the modified problem
(42) AE((uéa Aé)? (ué -V, Aé - ,U)) + b(ué - Vape) - b(uéa q)

S X(ue —V),V(V,q,ﬂ) EV X Q X A7

where A.(.,.) is defined for € > 0 by
(43) AE((uv )‘)a (Va ,u)) = CL(U, V) + €<A7 /L>M + C(Va A) - C(uv /L)

Noting that V is a subspace, the formulation (42) is equivalent to (40) for e = 0. Our
aim is to prove that for any ¢ > 0, there exists a solution (ue, pe, Ae) € Vx Q x A of (42)
and the unique solution of Problem 1 is given by lim._,o(ue, pe, Ae)-
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The well-posedness of the solution of (42) (e > 0) is ensured by a classical argument
on saddle point problems. Indeed, the coercivity (39) directly implies

(44) calllVIIF + ellullis < Ac((v, 1), (v, )
and the surjectivity of the divergence operator from H*(Q) to L?(Q2) [28, 52] leads to the
existence of a constant C' > 0 satisfying

b
(45) sup (v, q)
vev ||V||V

> Clqllg, for all ¢ € Q.

Note that (45) follows directly from Lemma 6, which is proved independently from the
present discussion. Existence of a solution to Problem 1 follows next; uniqueness is given
in Section 4.2.2.

4.2.1. FEwistence. Existence without a full inf-sup condition for p and A is guaranteed by
the boundedness of the convex set A C M (Lemma 2) and the partial inf-sup (45).

Lemma 4 (Existence). The convex set S is non-empty.

Proof. We follow Theorem 4.1 in Lions-Stampacchia but in a saddle point framework.
Existence of (u, pe, Ae) is classical [11, 51]. We first prove that (ue,pe, A\c) € VX Q x A
is uniformly bounded in e. The boundedness of the convex set A C M (Lemma 2) yields

(46) [[Aellne = 1.
Moreover, relation (42) implies
Aé((uév )‘E)a (uéa Aé)) < b(V - uevpé) + b(uéa q) + AE((uEa Aé)v (Vv /L)) - X(V - ué)'

Choosing v = 0, = 0, and ¢ = p. above, using the partial coercivity (44) and the
assumption xy € V*, leads to the bound for the velocity

(47) Call[uelF5 + elAellfr < 1.

The uniform bound for p. is obtained via the inf-sup condition (45), relation (42) and
the continuity of A, : Vx M x Vx M — R

b(v,pe)
(48) |[Pello = sup 2l llv + [[Aellm = 1,
vev lIvlllv

where the bounds (46) and (47) have been used in the last step. The bounds (46), (47),
and (48) imply the existence of (w, r,§) € VxQx A and a subsequence {(u¢, p¢, Ac)} 5o C

{(ue,pe,)\e)}ézo satisfying: (uc,pe, Ac) = (w,7,8) in Vx Q x A.
It remains to show that (w,r,§) is a solution of the EWOD Problem 1. Note that
relation (42) can be rewritten

bue,q) =0, VgeQ
and
Ac((ue, Ae), (ue, Ae)) < Ac((ue, Ae), (v, 1) +b(v, pe) + x(ue — v), V(v,p) € Vx A

Passing to the limit, we get (w,r, &) € S by invoking the lower semi-continuity property
of the weak-limit. O
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4.2.2. Uniqueness. The perturbed problem (42) will also be useful to prove the unique-
ness of the solution. Indeed, it will be shown that the limiting problem has a unique
solution characterized by relation (41). That is, the limit solution of the perturbed
problem is the one with A of minimal norm.

Lemma 5 (Uniqueness). Assume S # () and for € > 0 let (ue,pe, Ae) € V x Q x M be
the solution of (42). Then (U, pe, Ae) — (o, P0, Ao) € V X Q x M, where (ug, po, \o) s
the solution in S with A\g € M of minimal M norm.

Proof. Again, we follow Theorem 3.2 in Lions-Stampacchia but in a saddle point frame-
work. Recalling that (ug,po, A\o) € S satisfies (40), we choose (v, q, 1) = (Ue,De, Ae) in
(40) and (v, q, 1) = (g, po, o) in (42), to obtain

b(uevpé) = b(uévpo) = b(u07pé) = b(uoapo) =0.
In addition, the coercivity (39) of a(:,-) yields
(49) call[ue — uol[|Z + €(Ae — No, Ae)m <0,

whence u. — ug in V. For the pinning, we know that ||A¢||m = Ppin by Lemma 2. The
boundedness of the pressure is obtained via the inf-sup condition (45), similar to (48).
Therefore, the existence of (r,£) € Q x A and a subsequence satisfying

(50) (pnv )‘77) - (Tv 5)7 iIl @ X A

is guaranteed. As in Lemma 4, we have (ug,7,§) € S.
It remains to show that (r,&) = (pg, Ao) and that the weak-convergence (50) is actually
strong. The minimal norm property of Ag (recall (41)) implies that

(51) (X0, & — Ao)m > 0.
Moreover, relation (49) implies
(52) (Ao — Ae; Ae)m > 0,

which becomes, by the semi-continuity property of the weak-limit,

(53) (Ao — & Em > 0.

Adding (51) to (53) we get (Ao — &, Ao — Em < 0, ie. £ = Ag and A\e — Ao in M. The
strong convergence of A\, towards \g is now obtained using (52)

||Ae - AO||1%A1 = <Ae - AO; Ae - /\O>M = <Ae - AO; A6>M + <)\O - )\E; /\O>M S <)\O; AO - )\E>M;
so that the limit when € — 0 implies
Ae = g € AL

Finally, we invoke the inf-sup (45) to recover the convergence of the pressure. Indeed,
since (ug, po, Ao) and (ug, 7, o) are both solutions of (40), they belong to S, hence

b(v,r —po) =0 Vv ev,
and the inf-sup condition (45) leads to r = py and p. — pg. Similarly,
b(v,po = pe) = a(ue — g, v) + (v, Ac = Ao) < ([|[ue = ol[[v + [[Ac = Aol[na) [[[V]]]v,
and again (45) implies, ||po — pello < |||ue — wol|lv + ||Ae — Xol|lm — 0. O



MIXED FINITE ELEMENT METHOD FOR EWOD WITH CONTACT LINE PINNING 15

4.3. Continuous Inf-Sup Condition. For completeness, we state and prove the inf-
sup condition for pressures in QQ with mean value zero and multipliers in M. This will be
useful for comparing the continuous and discrete solutions for error analysis (see Section
5.6).

Lemma 6 (Continuous inf-sup). Let Q be of class W2,. Then, there exists a constant
B > 0 such that
b(v,q) +c(v,pn
69 sup DI 5 g+ ),
vev Vil

for all ¢ in Qp, and p in M. Here, Qg is the space of pressures with mean value zero.

Proof. Fix ¢ in Qp and g in M. We will construct a velocity v that gives us (54). The
proof is broken up into the following steps.
Step 1: Construct a vector function vo € H'(I') such that

(55) ltllve = vo - ), [Ivollrr < co.

By the definition of the M norm (26), there exists an 1y € G such that ||n|lc = 1 and
[lpellve = (e, o). Next, define v = 1o v. Because the domain is smooth, straightforward
bounds show that ||vg|/1,r < ¢o for some constant ¢y > 0. Ergo, v satisfies (55).

Step 2: Let v € H'(Q) satisfy the following divergence equation [28, 52]
(56) V-v q+ ¢, in Q,
V= ||/1‘||MV07 on Pu

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

Il 4]l ma
(=" [ v
o Jo°

Moreover, note the following inequality:

|1—\|1/2 |1—\|1/2
ql | 2llrallvollo.r < co ql [ 4] pa-

1< <

Therefore, using vy from step 1, we get that the solution to (56) satisfies ||v||1,r < col|x|lm
and [|V]|zaiv.e) < e1(lldllo + [[Vll/2r) < ei(llgllo + [lullm). Hence, we get the bound

(57) [vllv < e2(llgllo + [lllm)-
Note that v is contained in V by (20).
Step 3: Insert the function v from step 2 into b(-, q) + (-, p):

b(v,q) + c(v, ) _ —quV-v+<u,v~u>
[vIlv [[vIlv
_ fQ q2 - Cfg q+ ||U||M<,U7V0 ’ V>

[[vllv

By step 1, and since ¢ is mean value zero, we get

b(v,q) +e(vyp) _ llalg + Il
Ivilv [[vllv
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Step 4: Use the bound given in (57) and take the supremum over all of V to get

b(v,q) +c(v,p)

58
(58) i A

> B(lallg + llellF) '

for some fixed constant § > 0. Since ¢ and p were arbitrary, this proves the assertion. [

Remark 3 (Inf-sup for pressure with mean value zero). The proof given here follows
a standard argument and can be found in [53], where the function spaces were slightly
different. Note the inf-sup property (54) only holds for pressures with zero mean value,
so it is consistent with the lack of uniqueness discussed in Section 4.1. In view of this, it
is clear that the perturbation argument in Section 4.2 selects the constant part of A such
that it minimizes its M norm. Also note that full uniqueness is guaranteed if X = Ppin
and A = —Pyin on disjoint parts of the boundary (see Lemma 11).

4.4. Expected Regularity. The regularity theory for the time-discrete problem is open.
We discuss here the most plausible regularity of the triple (u,p,A) and later assume it
in the error analysis of subsection 5.6.

We start by recalling Lemma 2, namely

(59) A C L*(T).
The definition of the convex set (27) is thus equivalent to the following alternate form:
(60) A= {ne L) : 1] < Pon}.

We assume that the boundary I' is at least of class W2, so that curvature makes
sense, and that there exists at least one point x on I' across which the normal velocity
u - v changes sign. Because of (2), this translates into:

(61) The multiplier A has a jump discontinuity at x € T'.

This seems to be a typical situation according to the simulation of Section 3.6 (see Figure
2). Thus, the following argument indicates that the boundary regularity of (u,p, ) is
limited to

(62) ue W2([T), peHY*T), XeBV()\HY*D),

where \ H'/2(T") denotes the complement of the set of functions in H'/?(T). First note
that the regularity (62) of A is compatible with (61). Secondly, choosing a test function
v in V in (40) with compact support yields —Vp = oe“_(;‘;c’ld + fu € L?(Q), whence
p € HY/?(T). Now consider the boundary condition (11) (or (12)) with EWOD forcing
E € HY*(T'). Since u-v € H*(T') by construction, we have

(63) pv + Arx + 6tAru € L>(I) \ HY2(I),

In view of the relation (8) between x,u and X to update the interface T', we expect x
and u to have the same regularity, which is also consistent with (63). Consequently, the
maximal boundary regularity of x,u compatible with (63) is x,u € W2 (T) \ H/?(T").
Since x is the identity on I', the vector curvature kv = —Arx of I is just bounded
for ' € W2. This plausibility argument reveals that a jump of A € Py, sgn(u - v) is
compensated by a corresponding curvature jump, which is at most in L>(T") N BV (T").
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5. FINITE ELEMENT DISCRETIZATION

The stability of the finite element scheme requires the velocity space to be rich enough
to accommodate the pressure p; and the boundary multiplier A, [10]. In Lemma 7,
we show that continuous piecewise quadratic polynomial velocities satisfy this property
for pp, and A, continuous piecewise linear. To maintain accuracy and avoid numerical
artifacts due to polynomial mismatch [7, 9] (see Remark 5), the shape of the domain
must be properly approximated. We resort to the use of iso-parametric elements (see
for instance [9]), and state the fully discrete version of Problem 1. We end this section
by describing the interpolation operators needed in the convergence study of the finite
element scheme; see Corollary 1 and Remark 8.

5.1. Iso-parametric Finite Elements. We start by approximating the boundary I' by
a (continuous) piecewise quadratic boundary. Given the quasi-uniform mesh size h > 0,
let {:zrl}ljzl be a set of points lying on I' such that the distance between two consecutive
points does not exceed h. Define the discrete approximation of I by

Iy, = {Xh(s) s E I},

where X, is the continuous, piecewise quadratic interpolant of X related to the partition
{%‘}Ll of T' (compare to (9)). Then, we partition the enclosed domain €}, consisting of
a set of triangles with diameters h. Denote this set of triangles by Tq, and the set of
sides of I'y, by Sr,. Note that each side in Sy, is a quadratic curve, with normal vector
vy. Ergo, any triangle in Tq, that lies on the boundary will be curved. The choice
of quadratics is dictated by stability, and that of iso-parametric quadratics to maintain
accuracy [9, Section 10.4] and geometric consistency [7].

Next, we state the polynomial spaces that will be used in approximating V, Q, and
M. Let P be the space of polynomials of degree < k on the standard reference triangle
T or standard reference side S. Let WUy T — T be the iso-parametric P, mapping from
the reference triangle to a triangle in Tq,, and let Ug : S — S be similarly defined for
boundary sides S. Then the finite element spaces are defined as

(64) Vi i={velC@O)?:volr ePu(T), VT € Tq,}

to be a space of continuous vector basis functions, which are piecewise polynomials of
degree < k on the reference triangle 7', and define

(65) Qr:={qeC(Q):qoVr e PR(T), VT € Tg,}

to be a space of continuous scalar basis functions of degree < k; note that Vi, C [H'(21,)]?,
Qr C L*(Q2,). We also have a continuous finite element space My, C L*(T,)

~

(66) My, = {/LEC(Fh):uO\I/SE'Pk(S), VSESFh}.

for k > 1, or a space of piecewise constant elements Py for £ = 0.
Let V,, Qp, and My, be approximations of V, Q, and M respectively defined by:

(67) Vh = ‘/27 Qh = Q17 Mh = Mlu

or My, := M. These finite element spaces are equipped with the norms |||.|||v,, ||-|lq,:
[|-Ilp,, » which are the discrete counterparts to the continuous ones (22), (24) and (26).
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Finally set Aj, := {un € My, : |un| < Ppin} as an approximation of the convex set and
define Gy, as an approximation of G (recall (25)) by

(68) Gp :=A{nn : np = Vi - vy, where vy, € Vi, }.
Note that the variational crime argument in Section 5.4 implies G;, C G (see (75)).

Remark 4 (Velocity space). The pair V,, Qp, is exactly the same as the popular P — Py
Taylor-Hood element used for the Stokes equations [10], [29]. It is not obvious that a
lower degree space for the velocity, such as the lowest order MINI element [2], would
ensure that the inf-sup condition is satisfied for the triple (Vy,, Qpn,My,). A velocity space
with extra degrees of freedom on I is required to account for the extra Lagrange multiplier

X (c.f. [53]).

Remark 5 (Polynomial mismatch). We stress that the combination of quadratic iso-
parametric boundary edges with Taylor-Hood finite elements is essential for accurate
computation of curvature. Recall that the boundary position is updated via a piecewise
quadratic velocity according to (8)-(9). Using straight instead of iso-parametric boundary
edges would give a polynomial mismatch resulting in a geometric inconsistency. This
manifests as a sub-optimal rate of convergence for curvature, in fact worse than using
straight edges and piecewise linear velocity. This is examined in [7, Section 4.4].

5.2. The Fully Discrete EWOD Problem with Pinning. First, we define the dis-
crete counterpart of the forms a(-,-), b(-,+), ¢(-,-) and x(-) (see (36)-(38)). Recall that we
define u°'? := u’ to be the velocity at the previous time step and we drop the time-index
‘4’ notation: Given E) € V; and uzld € V}, approximations of the electrowetting force

E € V* and previous velocity u®'? € V, we define

0w =(540) ([ wevier [ me )

+ Dyise (uh . I/h)(Vh 'Vh) + 5t/ Vph’uh : Vphyvh,

Tn Tn
(70) bu(Vh, an) = —/ qanV -+ Vi, cn(Vi, ptn) = / Wh Vi - Vp,
Qh Fh,
«
() =5 [wtovn = [ B [ Ve,
Qp 'y 'y

for all vy, € Vy,, qn, € Qp and pp € M. The variational formulation of the space-discrete
version of Problem 1 then reads as follows.

Problem 2 (Fully Discrete EWOD with Pinning). Let x € V}, be given data. Then we
say that uy, € Vi, pp € Qp, and A\, € Ay, is a solution of the nonlinear problem if
an(Qn, Vi) + bn(Vh,pr) + cn(Vi, An) = x(Vh),

bn(un, qn) =0, cn(Up, ptn — An) <0,

for all vi, € Vi, qn € Qp and pp € Ap.

(72)

As in the continuous case, the well-posedness and in particular the lack of uniqueness
discussed in Section 4.1 can be handled by adding a coercive term e(Ap, pp — Ap)n, to
the variational inequality. This selects among all possible solutions A; one with minimal
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M norm. However, adding a coercive term, with finite € in practice, would alter the
contact line pinning term Py, sgn(u - v) and would not correctly capture the physics of
liquid-gas interface motion with pinning.

With this in mind, we note that uniqueness for the semi-discrete Problem 1 can be
shown via Lemma 6 (continuous inf-sup condition) with the caveat that p and A may be
shifted by a constant such that p — A remains fixed. Thus, we will prove the convergence
of the finite element solution toward the solution of the EWOD Problem 1 with an
appropriate constant shift of p;, and \j,. In practice, this does not affect the velocity and
therefore the droplet evolution (see Sections 6, 7 and Remark 9).

5.3. The Interpolation Operators. This section discusses the interpolation operator
onto Vi, x Qp x Ap. The choice adopted here for the velocity and pressure space is
classical: let my, : [L1(Q4)]> — Vj, and mg,, : L'(2) — Qp, denote the Clément interpo-
lation operators [16]. Regarding the boundary multiplier space My, we define a Clément
interpolation operator 7y, as follows. Let {x; }3-]:1 be the boundary vertices of I';, and
{w;j}/_, be the boundary stars, i.e. w; = SUS’ such that S,5" € Sp, and x; = SN S
Then,

(73) () =3 | / i | 65),

where ¢; is a piecewise linear “hat” function centered at x. This operator has the
following fundamental properties:

e 7y, is stable in L(T);
e 7y, preserves the bound |u| < Ppin: |ma, pt| < Proin;
e 7, has optimal approximation properties in L*(T):

(74) I —7a,pllLicsy S hllpllBvws), VS € Sr,,

where BV (wg) is the space of functions of bounded variation over the star wg. This
can be shown by regularization in Wi (I';,) and interpolation in Wi (I'y) [9].

5.4. Variational Crime. The solution (u, p, \) of the semi-discrete Problem 1 is defined
on the smooth domain Q whereas the solution (up, pp, Ap) of the fully discrete Problem
2 is defined on a domain 2; with piecewise quadratic, globally Lipschitz boundary.
Therefore, the error in the finite element approximation contains two terms: the energy
error between the semi-discrete and fully discrete solutions and the variational crime
related to the domain approximation. The latter is of order O(h?), according to [38], [9,
Section 10.4], and is better than the expected O(h) error due to the variational inequality
(see Corollary 1 below). Therefore, to avoid technicalities we hereafter assume, except
in Step 1 of Lemma 8, that the semi-discrete Problem 1 is defined over the polygonal
domain Q, but that the regularity of its solution (u, p, \) is unaffected. We thus assume
Qp =Q, T, =T and, recalling (20), that

(75) vV, C V, Qh C Q, M, C M, Ah C A, G, C G.

Note this also implies |[|.{[[v, = [[|/[lv; [[lla. = [lle, [[lle, = [|-lle; and [[. |, = [].[loa-
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5.5. Inf-Sup Condition. The convergence of the solution of Problem 2 towards the
solution of Problem 1 relies on the following inf-sup condition.

Lemma 7 (Discrete inf-sup). Let Q be of class W2 . Then, there exist constants 3 > 0
and hy > 0, which do not depend on h, such that
b(Vh, qn) + c(Vh, pn)

(76) sup > Bllanlld + llenllin) 2,
Vi€V valllv

for all gy, in Qp0, pp tn My, and h < hy. This is the discrete analog of Lemma 6.

The proof of Lemma 7 is split into two stages. First, we prove it for the pair (V,, M),
and then we combine this with the known result for the Taylor-Hood (V},, Q) inf-sup
condition to show the entire inf-sup.

Lemma 8 (Inf-sup for the boundary multiplier). Let Q be of class W2 . Then there are
constants B2 > 0 and hy > 0 which do not depend on h, such that

(77) sup SV o g e, for all jn € Moy, and all b < hy.

vh€Vh |||Vh|||V
Proof. Step 1: The main contribution here is the construction of a special vector function
v, on I', that has the following properties:

(78) v, € My, lvsllir, < a1, Vs vy > az > 0,

for some constants a1, as independent of h. We recall that the piecewise quadratic polyg-
onal boundary I'j, approximates a W2 boundary I with W1 unit normal vector v. With
this in mind, we let F': I';, — ' be a Lipschitz, piecewise smooth map from the discrete
boundary to the smooth boundary. Assuming h is sufficiently small, this map can be
built locally on each side S € Sr, [1]. In addition, for h small enough, vy, -(voF) > 2/3 on
all of I'y,. Since v is smooth and bounded, and F is piecewise smooth, [|[vo F|lw r,) < ¢,
with ¢ independent of h but dependent on the curvature of T'.

Now let vs € M; be a continuous piecewise finite element function on I', such that
vs(x;) := (v o F)(x;). This implies that vs € [WL (I';,)]? by interpolation theory [9],
and vy, - vs(x;) > 2/3 at each vertex x;. Since the sides of ', are quadratic, it is
straightforward to show that uh‘ g = Vet O(h) on each side S where v, is a constant
vector (because I' is smooth). So, for h sufficiently small, v, - v > 1/2, whence v;
satisfies (78).

Step 2: Let up € My, and define uy, € Vj, by uh}F := upVs (note: both py and vy are
linear on the reference element, so their product is a quadratic function). Next, extend
uy, in the following way. Let w € [H(Q4)]? N [H(T',)]? satisfy the following divergence
equation (see [54, 8, 22, 29]):

1
V-w=— uy -V = (I/S~I/h), n Qh,

L
Q%] Jr, 1| Jr,
W = Uup = pVs, on .

By the properties (78) of v, and an inverse estimate [[up|[1/2,r, < Ch™Y2|luplo,r,, we
have that

Iwllia, < coh 2 |lunllor,, Wllir, < eth™|lul

= [lIwllly < e2h™ [|unllo.r,.-

(79) 0,y
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Next, let II;, be the Scott-Zhang interpolant [49] (onto V), with the following modifi-
cation. If the function to be interpolated is continuous, piecewise quadratic on I'y, then
use standard interpolation for the boundary values of the interpolant. Therefore, setting
wy, := I w, we have that Wh|Fh = W|Fh = upvs and |||wy||lv < esh Y| pnllor,. This
gives the following relation which indicates an inf-sup condition with a constant that
depends on h:

fr /‘}21
| nllo,r

c(Wh, 1n)
[[[walllv

(80) 2 C4h

= cahllpnllo,r-

Step 3: We need another vector function to account for the h weighting. By the
definition of the Ml norm (26), there exists a v € [H*(I',)]? such that

(81) (v, pn) = llpnllve, [[¥llr, =1,

Next, extend v to all of £ just as was done in Step 2. Clearly, we have the bound
¥l + [[¥]1r < es]|V]i,r = ¢5. Let vy, := II; v € V), be the Scott-Zhang interpolant
onto Vy,, whence, ||V, —V|jo,r < ceh|[V|1,r = c6h. Next, we have the following inequality
(82) c(Vh, ) = (¥, un) + (V. — ¥, i)

2 [lpallve = W0 = ¥llo,rlleallo,r = sl — cohl pallo,r,

where we used (81) and the Cauchy-Schwarz inequality.
Step 4: Combine the two discrete velocity vectors. Let z, = 5% + Vp, where
d > 0 is a constant to be chosen. Then by (80) and (82) we get

c(Wh, pin)

+c(¥h, pn)s > [l pnllv + Bllpnllor, (dea — c6) = [[pn|n,
1w llv

c(zn, pn) =6
for ¢ := ¢g/cs. And we have the bound |||zp]||v < 0 + |||[Vr]|lv < ¢6/ca + ¢7. Therefore,

c(Vh, pin) 1
- = Bellunllv,  Be=—F——,

o, vty = 2l cafen v e

which is the partial inf-sup condition for arbitrary p, € My,. O

Proof of Lemma 7. Let q, € Qp,0 and pp, € My, be arbitrary.
Step 1: By Lemma 8, there exists an hy > 0 and uy € V}, such that

(83) /Fuhmh-u)zmnuhm, Ml = 1,
h

for all h < h;. Next, consider the following discrete Stokes problem, which has a unique
solution (uj,p}) € Vio X Qp0 [10], [8]

/ Vu;‘L:Vvh—/ ppV v, =0,
Qh, Qh,

* h N
—/ phV~uh:/ ph(q—+V-uh>,
o, n lanllo

for all v, € V0 and pp, € Qp0, where Vy, o = Vi, N HEH(Q4).

(84)
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Step 2: By (84), we have

. . . Phdn o A
lujl? o :/ phv'uh:_</ +/ th'uh)
(85) b Qn o, llanllo Qn

Pkl + IPhllllV - arllo.0, < 2(Phllo;

using (83) and the fact that ||V - Gpllo.q, < |||Gn]|lv = 1. We also have, by using the
inf-sup condition for the discrete Stokes problem [10], the following bound:
th [ AVARSS th Vuj : Vv

(86) Blpille < sup =2—"—— = sup
vrEVRL 0 th”LQh vhEVh 0 ”Vh'

IN

= |lug 1,

1,2
Hence, ||p}|lo < 1|jujll1,0,. Combining with (85), we have

201
(87) [[uplllv < eillupllig, < 5 =:ca,

because uj; has zero boundary data.
Step 3: Finally, let uy, := Gy, + uj,. By the previous steps, we know that |||up||[v <
[l1an!|lv + |[ujilllv < 1+ ¢2, and using (84), we get the following inequality:

b(un, qn) + c(up, pn) = —/

qh(V~ﬁh+V-u2)+/ ,uh(ﬁh ~1/)
Qp

T'n

2

q

> / h 1 Bollun > cs(llanll3 + 212
o, llanllo

The assertion follows with 3 := ¢3/(1 + ¢2). O

5.6. Error Estimates. We introduce some notation used throughout this section:

1 / . o 1 / . _
P =157 b, P =P—D, Ph= 757 Phs  Ph = Ph — Ph;
(88) 9 Jo 9] Jo "
AN=A=p, N, =y —DPn.
These new variables account for the aforementioned lack of uniqueness for both p and A.
We prove the following error bound.

Theorem 2 (Error estimates). Let Q be of class W2, hg be the limiting meshsize con-
stant to tackle the variational crime described in Subsection 5.4 and hi be the limiting
meshsize to ensure the inf-sup condition provided in Lemma 7. Then we have the follow-
ing error estimates for all h < min(hg, hy):

89 i3 N = A2 = inf r—p*|3 + inf M2+ |[Ja = a3,
(89) HP thQ H h”M = g0 ||Qh p H(Q) oA ||Nh ”M ||| h|||v

h,0

90 u—uyl||2 < inf [||ju-— 2 inf | P
00) = wallf = int flla—vilf+ inf i » IR

qn h

+ inf ((A—uh,u-l/>+|\ﬂh—)\|\§/ﬂ)-
hE€EAR

Proof. The proof of Theorem 2 is a direct consequence of Lemmas 9 and 10 below. [

The critical term (A — up,u - v) in estimate (90) restricts the rate of convergence of
finite element solutions. In fact, we have the following corollary.
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Corollary 1 (Decay rate for continuous piecewise linear \). Let {Tgq, }rh>o be a sequence
of shape regular meshes. Assume that the solution (u,p, \) of Problem 1 satisfies

(91) uc H*(Q) N H*T), peHY(Q), XeBV().
Then, for all h < min(hg, h1), we have the estimate
l[u = wnlllv + [[p* = phllo + [IA" = Mgl
< h(l[ullg2@nmz@) + IPlla @ + [MIBve) + V6t Allal| g2y,

where the constant in “X” is independent of h and ot.

(92)

Proof. We choose v, = 7wy, u in (90) and ¢; = mg,p*, pn = ma, A in (89)-(90). Since
7, is linear and preserves constants, the function g; has zero meanvalue. All the terms
in (89)-(90) can be estimated via interpolation theory (recall Section 5.3), except for
(A —ma, A u-v). Hence, we deduce

[[lu—mpullly + [[p* — Tp*llQ + 1A — 7o, Allm
< h(lull 20 + ol ) + M BV)) + VOt Al g2,

because the Ml norm estimate follows from

(A= ma, A 0| <A = ma, Mrroyllell ey < IA = ma, Mooy lella ey Ve € HY(T),

and Sobolev embedding in 1-Dj; thus ||A — ma, Allm = Al|A[|Bv(r)-

It remains to estimate (A — mp, A, u - v), for which we only need to consider sides S
contained in I'j, where u - v changes sign by the following reason. Let S € Sy such that
u-v # 0 and has a definite sign over S. Then A = Py, sgn(u-v) is a fixed constant over
S, s0 ma,A = Aover S (i.e. (A —my, A\, u-v)=0over S). Thus, let S € Sr be so that
y €S and (u-v)(y) =0. Then,

/()\ —mpa N v <A = mp, Ml sy lu vl sy 2 B2 MBvs) llallwa (s),
5

because (u-v)(y) = 0. Adding over all such S € Sy where u-v changes sign and applying
Cauchy-Schwarz, we obtain

[(A = ma, A a- )| B2 By + P2 lullf -
Since [lullw1 vy = [[uflz2(r) the estimate (92) follows from (89)-(90). O

Remark 6 (Regularity). The regularity assumed in (91) for u on T' is less restrictive
than in (62) by Sobolev embedding. The condition A € BV(T') is guaranteed by a stronger
condition in the spirit of [11, Section 5]: X has bounded variation in the contact set and

the number of points over which u- v changes from zero to nonzero is finite.

Remark 7 (Optimality). We demonstrate experimentally in Section 7, that the linear
rate of convergence of (92) is not sub-optimal for the polynomial degree used. This is
due to the critical term (X — 7a, A\, u - v), which plays a dominant role.
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Remark 8 (Decay rate for piecewise constant \). In the proof of Corollary 1, we have not
used that wa, \ is piecewise linear, but rather that it is of first order in L*(T'). Therefore,
the same error estimates (92) are valid for piecewise constant wa, A, provided (91) holds.
In this case, ma, is the standard L*(T) projection and (76) follows along the same lines
as in the proof of Lemma 7. Interestingly, the computational results of Section 7 indicate
that (92) is suboptimal as far as u and p is concerned. This issue requires further study.

We now state Lemma 9 and 10. Observing that
(93) b(v,q) +c(v, 1) =b(v,q+ C) + c(v,u+ C),

for all constants C, Lemma 9 is a special case of Lemma 2.7 in [51]; we omit the proof.
Subsequently, we prove Lemma 10 which is a modification of Lemma 2.9 in [51].

Lemma 9 (Velocity error representation). Let (u,p, A) solve the time-discrete Problem
1 and (ap,pn, A\n) solve the fully discrete Problem 2. Then, for all (Vi,qn, pn) € Vi X
Qn x Ap, the following inequality holds:

a(vh = up, v —uy) < Bi(gn, pin) + a(vy, — u, vy, —up) +b(vy, —u, pj, —p”)
+e(vip —u, Ay — X)) +b(up —u,p* — @) + clup, — w, X — (pun — @n)),
where
Bi(qn, pn) = b(a,p" — q5) + c(u, A" = (ttn — Gn))-

Lemma 10 (Pressure-multiplier error representation). Let Q be of class W2, and let hy
ensure the inf-sup condition as in Lemma 7. Then the following inequalities hold

O p" ~ pillo + 1N = Ml < 0 (llak — 2l + ln = M+ [l = w4,

95)  llfw—wall} < az(Bilan i) + Igi = 2"l + llan = Mz + lllu = vall ).

forall vy, € Vy, qi € Qno, ptn € Ap, and h < hy. Note that oy and o depend on 6t.

Proof. Using (93), along with (40) and (72), we get

b(Vh, ai, = Ph) + c(Va,mn — Ay) = b(Va, ) + (Vi mn) — b(Vi, pr) — e(Vi, An),
=b(vh,q;, —p*) + c(Vh,nn — X)) + alup, —u,vy).

(96)

for all ¢, € Qp, n;, € My,. So, combining the discrete inf-sup condition provided by
Lemma 7 with (96) gives

* Cl *
O7) gk = pile + = A e < 5 (e = wllly + g 5l + = Xllae).

Starting with the left-hand-side of (94) and using a triangle inequality coupled with the
choice 7y, := pp — P, and the definition of \* := \ — p, gives the rest of (94).
As for (95), we start with Lemma 9. Using the coercivity of a(-,-) (recall (39)),
Cauchy-Schwarz, and triangle inequality, we have
v = unll[y = Bu(an, un) + lllvie = alllf + [llve = ulllvlllu - anlllv
(98) + [[lve —ulllv{llpr, = p"lle + [1A% = A"llna}
+ [[lun —ulllv{llp” = gnlle + IA" = (un — @n)llna}-
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Employing |||u —up||[Z < 2|||u — vil|||3 + 2|||[vh — unl||? and Young’s inequality we get,
by combining with (98) and (94), the following inequality
[lla = wnll§ =< [l = valllF + Bi(an, )
+llah = p*11G + N = Mg + 0™ = a1 + 1IN = (e — @) -
Finally, setting g, := p gives us the velocity error estimate (95). O

6. SOLVING THE MIXED SYSTEM WITH INEQUALITY CONSTRAINT

We describe our iterative method for computing the solution of the nonlinear time-
discrete Problem 1. Since our finite element spaces (Vy,Qp, M}, ) are conforming, the
same analysis applies to the fully discrete Problem (2). For convenience, we recall that
we are seeking (u,p,\) € V x Q x A such that

a(u,v)—/pV-v—l—/)\(v-u)zx(v), Vv ev,

Q r

(99) /qV~u:O, Vq € Q,
Q

/(,u—/\)u~1/§0, Vi e A.
r

We proceed to derive an Uzawa method, which takes advantage of an L?(T") projection
property. First, observe that the variational inequality in (99) can be written as follows:

OZA(A—w)(A—u), w:=A+pu- v, (p>0).

This implies that \ is the L? projection of w onto A, i.e. A = Pp(\ + pu - v). This
suggests the following iterative method for solving the system (99): given Ao = 0 and
j >0, let (u;,p;) € VxQ solve

a(uj,v) — / piV v+ / Aj(v-v)=x((v), VeV,

(100) Q r
Q

and update the multiplier according to

(101) Aj+1 = Pa(Aj + pu; - v)

Lemma 11 (Convergence of the Uzawa method). Let (u,p,\) € VxQx A be the solution
of (99). Let (uj,pj, ;) € Vx Q x A be the solution of (100)-(101) for j > 0. Let ¢, be
the coercivity constant in (39). Assume that the relaxation parameter p satisfies

p < 2Dyisc if Dyisc >0, or p<2c,0t otherwise.
Then the sequence (u;,pj, Aj) converges in V x Q x A to (u,p, \), in the sense that
u; —u p; —p" AT — A",

where p*, \* are defined in (88) and p;, A are defined similarly, namely p; := p; —
Pj, Aj == Aj — Dj. Moreover, if X = Ppyin on a set of positive measure, and A = —Ppin on
a set of positive measure, then we also have p; — p and \j — X, i.e. full convergence.
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Proof. The analysis follows Glowinski [30], but is adapted to our mixed formulation. Let
5)\j=)\j—)\, 5pj =PpP; — D, 511]‘:11]‘—11,

be the errors between the iterates and the exact solution. Because the L?(T') projection,
Py, is a contraction (see [27]), we have that the update of the multiplier \;4; in (101)
implies: ||0X\j41lo,r < [[0A; + pdu, -v||o.r. Squaring both sides and moving terms around
gives

(102) 18 e 10l = o =2 [ 836, ) = pllow vl

Now we need to take advantage of the variational formulation. The linearity of the first
two equations in (99) as well (100) gives for all v € V and ¢ € Q:

(3+5)< 5uj-v+7/(v-5uj)(v-v)> + Dyse | (0w - v)(v-v)

at Q Q r

(103) +5t/ Vréu; - Vv — | 6p;V-v + / 0NV -v =0,
I Q r

/qV-5uj =0.
Q

Setting the test functions v = du,; and ¢ = dp; in (103), and using the coercivity (39) of
a(-,-), we find

(104) - / X (0 1) = a (rollow g + 10113 1) + Dyicel|du; - 13 -
where ¢4, 9 > 0 are uniform constants. Combining (104) with (102) gives
61150 = 192115

> p {260 (10100 3 a0y + 0100513 ) + (2Dvice = )l - vl r }

(105)

Hence, if Dyise > 0 and p < 2Dyisc, then {||0A;]2 F}?’;O is a decreasing sequence of real
numbers, so it converges. If instead Dyisc = 0, using ||du; - v|lo,r < [[du;[/1,r we obtain

(106) 18A118.0 = 10X 41 115 0 > p(2cadt — p)[ou]7

Ergo, p < 2¢,0t in order to guarantee the convergence of {[|d);[|5 }52,. Both cases
mean the right hand side of (105) goes to zero as j goes to co. Therefore, as j — oo

(107) w —u, inV.

In order to show the convergence of 6\; and dp;, we use the inf-sup condition. Using
(103), and the definition of the bilinear forms (36), (37), gives

(108) b(v,op;) + ¢(v,0);) = —a(du,, V), Vv e V.
By the constant shift property (93), and continuity of a(-,-), we can write
b(v,pj —p") +c(v,A] = A7)

Ivilv

< agl||éu;l||v, Vv eV.
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It then follows by the continuous version of the inf-sup (76) (recall Remark 3) that there
is a constant ¢y > 0 such that

* * * 1/2
(109) Il = wllly = eo(1lp; = p* I+ 145 = X IE) -

So, by (107), we have that p; — p* and A} — A* in their respective norms.

Clearly, if A does not touch both the positive and negative constraints of A (i.e.
+Pyin), it is possible to add a small constant to both p; and A; and still have the above
convergence. This is expected.

For the case when A does contact both the positive and negative constraints on sets
of positive measure, we now show that p; — p; i.e. the convergence is completely unique
for p; and A;. Here, we use the fact that A € L>(I"). Given € > 0, there exists N such
that for all j > N, [[\j — A*[|m < e. By the definition of the M norm (26) we have

(110) —e< /()\;k -\ )= /()\j —“A—aj)n<e VneG: |nlc=1,
r r

with a; := p; —p. Assume that A = Py, on an open set I'y C I'. Let n > 0 be a smooth
function in G that vanishes outside of I'y, such that ||7|lc = 1. Let Cy = [ 7; note that
C4 > 0 is independent of € because 1 only depends on A. By (110), we have

(111) alCy <Ppin/ n—Ppin/ n4+e=e,
'y Iy

where we used the fact that A\; < Ppi,; ergo, a; < €/C4. By a similar argument, if
A = — Py, on an open set I'_ C T, then we get a; > —e/C_, with C_ > 0. Hence,

€

J -
7] < min(Cy,C_)’

vV j > N(e).
Letting e — 0 implies that p; —p = o; — 0 as j — oo. Putting everything together, we
get that p; — p and \; — A, as asserted. 0

Remark 9 (Non-uniqueness in practice). In our numerical implementation, we leave
the constant o free. This may change the mean value of p and A when the droplet is
completely pinned but does not affect the velocity and evolution of the droplet.

7. NUMERICAL RATES OF CONVERGENCE

We show some experimental rates of convergence for a particular exact solution of
Problem 1.

7.1. Exact Solution. The error analysis we give in Section 5.6 relates to the error
between the semi-discrete and fully discrete equations for a single time step. Therefore,
we present an ‘exact’ solution for the semi-discrete problem (4) - (7).
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FIGURE 3. 2-D droplet Q with boundary I' = 9Q = U, Ty U, &,
and Ry = 1/2. An exact solution (u,p, A) is defined on Q.

7.1.1. Strong Form PDE. All constants in the PDE are set to unity. In addition, we take
liberty in modifying the right-hand-side data of the problem for convenience in creating
an exact solution. In short, the PDE we will solve is defined as
u+Vp—F=0, inQ,
V-u=0, in{,
(112) A€sgn(u-v), onTl,
p—E—-X+(Aru)-vr=0, onl,
g—(Aru)-7=0, onT,
where the domain (2 is depicted in Figure 3. Note that we keep the critical term Aru in

the strong form PDE. The functions F, E, and g are given data for the problem (yet to
be determined). Items to note in (112) are

e the explicit curvature of the domain appearing in (11) has been removed. If we had
kept that term, it would merely have changed the particular E' that we actually use.

e we include an extra tangential term in the last equation of (112). Recall the extra
condition stated in (13), which says that Aru -7 = 0. For convenience in defining
the exact solution, we change this condition to have nonzero forcing (i.e. g # 0).
Again, we are only taking liberty with the right-hand-side data.

7.1.2. Ezact Velocity, Pressure, and Pinning. The exact velocity u = (uq, us) is:

(113) wuy = sin (g}%) C up=0, inQ.
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The exact pressure is:

(114) p=—asin (g%) . in Q.

0

The exact A is:

1, on 'y UTs,
(115) )\: _17 on ]-—‘2UF47
—Rio cos (WRLO) , on Xq U Xs.

The exact velocity u and pressure p are non-trivial smooth functions. The pinning
variable A jumps at the extreme ends of the domain €2 (i.e. A is discontinuous at (— Ry, 0),
(2R0,0), and is smooth everywhere else).

7.1.3. Ezact Given Data. The exact body force is:

(116) F— (o, - (gRiO) cos (g%{))) . in Q.

The exact g is defined from the tangential condition in (112):
(117) g=(Aru)-7, onT.

The exact E is defined from the normal condition in (112):
(118) E=p— A+ (Aru)-v, onT.

The body force F is smooth, whereas g is piecewise smooth and continuous. The normal
forcing F' is piecewise smooth and discontinuous at the same two points as A.

7.2. Error Plots. This section presents plots of the error decay between the exact and
approximate solutions of the system (112). We first discuss the case when A € Py
(piecewise linear) for two different meshes in Section 7.2.1. One mesh has a node that
conforms to the points of discontinuity in A (see Section 7.1.2), and is thus fitted, whereas
the other mesh is non-fitted to the discontinuity of A\. In Section 7.2.2, we show the error
decay when A € Py (piecewise constant).

7.2.1. Continuous Piecewise Linear A. In Figure 4, we show experimental orders of con-
vergence of the fully discrete solution (up, pp, Ap) to the exact solution (u,p, \) of (112)
when A € P;. The error estimates in Corollary 1 appear to be optimal because the decay
of pressure is linear for non-fitted meshes. Nonetheless, the pressure error is O(h?) for
fitted meshes. The decay rate of velocity O(h*/3) is a bit better than predicted regardless
of whether meshes are fitted or not.

7.2.2. Discontinuous Piecewise Constant . In Figure 5, we show experimental orders of
convergence when \ € Py. The error estimates behave much better than expected and
we do not have a complete explanation for this. This may be linked to the exact solution
that we constructed. See the caption of Figure 5 for more details.
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FI1GURE 4. Error plots for A, € P;. The top row corresponds to using a
mesh with nodes lying at both points of discontinuity in A. The bottom
row is for the non-fitted mesh case (i.e. the discontinuity occurs inside
an edge element for each mesh in the refinement sequence). The left
column plots the error in velocity; the right column gives the error for
both pressure and pinning. For convenience of computation, we measure
the error A — A, in L?(T) instead of in M. Because ), is continuous and
\ is discontinuous, the order of decay is only O(h!'/2) for both meshes
by standard interpolation theory. Note the error estimate in Corollary
1 is for the M norm. When the mesh is fitted, the pressure has better
convergence O(h?). For the non-fitted mesh (a more generic case), pres-
sure is O(h) (optimal). The convergence of velocity in H'(T') appears
to be slightly better (approximately O(h*/3)).

8. CONCLUSION

We have presented a mixed finite element method for a model of 2-D droplet motion
driven by electrowetting [56, 55, 57]. Our method uses a stable semi-implicit discretiza-
tion of curvature and incorporates local contact line pinning forces via a variational
inequality as well as viscous damping. These two loss mechanisms are responsible for
the remarkable space-time agreement between our simulations and actual experiments,
which are reported in [57]. We have shown existence and uniqueness results for the
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FI1GURE 5. Error plots for A, € Py with the same format as in Figure 4.
The convergence is O(h?) for both velocity and pressure for both fitted
and non-fitted meshes. In the case of a fitted mesh (top row), A, is able
to exactly capture the discontinuity of the exact A, which may play a
role in the improved convergence of the other variables. However for the
non-fitted mesh, the convergence of \j, is only O(h'/2), which does not
seem to affect the convergence of velocity and pressure. We cannot fully
explain this improved convergence. Also note the behavior of pressure
in the bottom right plot.

semi-discrete and fully discrete problems as well as an error analysis for the finite ele-
ment approximation. We have proven the convergence of an Uzawa method for solving
the time-discrete system at a single time-step, and concluded with some experimental
convergence results that explore the limits and optimality of theory.

Extending our results for the fully continuous case is not trivial. For instance, the
techniques developed in [13] are seemingly not applicable in this context. Indeed, the
lack of regularity of the sgn(.) function in (2) prevents us from deriving energy estimates
in more regular spaces as proposed in [13].
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