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An algorithm is developed that allows steering of individual particles inside electrowetting systems

by control of actuators already present in these systems. Particles are steered by creating time

varying flow fields that carry the particles along their desired trajectories. Results are

demonstrated using an experimentally validated model developed in ref. 1. We show that the

current UCLA electro-wetting-on-dielectric (EWOD) system2 contains enough control authority

to steer a single particle along arbitrary trajectories and to steer two particles, at once, along

simple paths. Particle steering is limited by contact angle saturation and by the small number of

actuators that are available to actuate the flow in practical electrowetting systems.

Introduction

In this paper, we demonstrate the possibility of using

the available electrodes in an electro-wetting-on-dielectric

(EWOD) device to actuate 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 carry two particles along separating

trajectories. Steering particles inside droplets introduces

another level of functionality into electro-wetting systems.

For example, cells can be precisely placed over local sensors or

moved from one location to another at rates much faster than

those created by diffusion (see Fig. 1). In addition, particles

can be sorted inside a droplet and then separated by controlled

splitting of the droplet.

Our steering results are demonstrated using an experi-

mentally validated numerical model1 of droplet motion inside

the UCLA electrowetting system.2,3 This model of EWOD

fluid dynamics includes surface tension and electrowetting

interface forces, viscous low Reynolds 2-phase fluid flow, and

the essential loss mechanisms due to contact angle saturation,

triple point line pinning, and the related mechanism of contact

angle hysteresis. To experimentally demonstrate particle

steering in the UCLA EWOD device would require integration

of a real-time implementation of our least squares based

control algorithm with a real-time vision system to find the

locations of particles and track droplet shapes. In this paper,

we only show simulations that assume the visual feedback and

ignore the real-time implementation issues.

Steering control algorithm

The electrode voltages in an EWOD device directly influence

the pressure gradient field inside a droplet which, in turn,

controls the velocity field.1,10,11 This allows us to steer multiple

particles inside droplets by manipulating the fluid flow field

through the 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.
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Fig. 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 above (see ref. 3, 4, 5, 6, 7, 8 and 9) alongside the new particle steering capability developed in this paper. The view is from the top of

the EWOD device. Shaded circles represent droplets of liquid. Squares are electrodes where the dotted hatching 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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However, the particle motion depends on the droplet shape

and the number of electrodes that the droplet overlays at

any given moment. Since this is not known a priori, we

use local estimation and control at each time step of our

simulation to compute the pressure boundary conditions

needed to realize the desired flow field. At each instant in

time, the control algorithm is provided with the droplet shape

and particle locations, as would be available through a vision

sensing system. Any deviation of the particles from their

desired trajectories that may arise from thermal fluctuations,

external disturbances, and actuation errors is corrected using

feedback of the particle positions. We now give an overview of

our algorithm.

(1) Initialization: Represent the desired trajectory of each

particle as a set of points connected by straight line segments.

(2) Sensing: Feedback 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 particle so that the particles will move

towards and then along the desired trajectories.

(4) Control algorithm part B: Solve a least squares problem

for the necessary voltage actuations to induce a pressure

gradient field that will create a flow field that will 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.

Step 4 of the algorithm requires more elaboration. Since the

pressure field obeys Laplace’s equation, which is linear, we can

consider linear combinations of pressure boundary conditions

due to voltage actuation at the electrodes (see Fig. 2). Hence,

the problem of computing the necessary boundary conditions

to create a pressure gradient field to move the particles in the

directions we want, leads to a least squares problem which is

given by the following.

First, knowing the current droplet configuration, we solve

Laplace’s equation for the pressure field inside the droplet due

to a single active electrode. The pressure boundary conditions

are defined to be one on the droplet boundary that lies over the

active electrode and zero everywhere else (see Fig. 2). From the

pressure solution, the pressure gradient at each particle’s

position is computed. After repeating this for each electrode,

we obtain a matrix of pressure gradients

G~{

+P1 x1, y1ð Þ � � � +PN x1, y1ð Þ
..
.

P
..
.

+P1 xm, ymð Þ � � � +PN xm, ymð Þ

2
664

3
775 (1)

where (x1, y1) are the coordinates for the jth particle. Each

column of pressure gradients +Pk(xj, yj) in the matrix

corresponds to a single active electrode; each row 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. (In the example of Fig. 2 the

droplet overlays 4 electrodes and there is one particle, so N = 4

and m = 1.)

Next, we set the desired pressure gradient at particle j,

+PD(xj, yj), equal to the desired velocity direction (denoted b)

obtained in step 3 of our algorithm. This gives the following

linear system

Ga~b, a~

a1

..

.

aN

2
664

3
775, b~

+PD x1, y1ð Þ
..
.

+PD xm, ymð Þ

2
664

3
775 (2)

where a is the vector of pressure boundary values that will

achieve b. If 2m ¢ N, the number of particle degrees of

freedom is greater than the available actuators and (in general)

(2) cannot be solved exactly. A least squares solution is needed

to obtain the best fit of actuations a. Otherwise, it is a pseudo-

inverse problem, which has a solution as long as the matrix G

has full row rank.12

We solve eqn (2) for a using the singular value decomposi-

tion (SVD).12 However, the range of boundary pressure

actuations is limited by contact angle saturation.13–16 Using

experimental data on the saturation characteristics for the

UCLA EWOD device,2 we linearly map each component of

the solution vector a so that these constraints are satisfied.

As far as the steering algorithm is concerned, this mapping

effectively changes the magnitude of b, which only affects

the speed, and not the direction, of the particle motions.

Hence, we choose the mapping so that the full dynamic range

of boundary actuation is utilized, therefore maximizing the

speed of the particles.

Finally, given that pressure on the boundary is directly

related to the local contact angle,1 we again use experimental

data for the contact angle versus voltage characteristics of the

Fig. 2 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, 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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EWOD device2 to compute the electrode voltages needed to

achieve the boundary pressures a. In general, there will be

some uncertainty about the device parameters. In this paper,

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.

Results and discussion

Simulations were run assuming the device characteristics

described in ref. 2. A 3 6 3 electrode grid was used to actuate

and control the droplet where each square electrode is 1.4 mm

on a side. All voltage actuations in these simulations are within

the limits of the UCLA EWOD device.

In Fig. 3, a droplet is shown moving in a way that makes a

particle floating inside follow a figure ‘8’ path. The droplet starts

as a circle on the center electrode with a particle resting in its

center. The voltages on the electrode grid are actuated using our

algorithm and, throughout the motion, the droplet always

overlaps enough electrodes to allow it to be controlled in a way

that keeps the particle moving forward on the desired trajectory.

In Fig. 4, we demonstrate particle separation. A droplet

starts in the first panel with two particles spaced 0.31 mm

apart. Both particles follow separate diverging trajectories

designed to stretch the droplet and separate the particles. Once

the particles near the ends of their trajectories (see the third

frame), our control algorithm turns off and we command

an open loop voltage of 25 V 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 because of 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 eqn (2) to degenerate and produce errors in the least

Fig. 3 Particle following a figure ‘8’ path. In the simulation results above, we have a droplet (denoted by the thick black curve) lying on a 3 6 3

grid of electrodes (denoted by the dashed lines). The dashed curve is the desired figure ‘8’ path and a black dot represents the particle with a thick

grey arrow pointing in the desired direction of travel. The grey curve is the actual path of the particle. The black arrows inside the droplet denote

the fluid velocity field inside the droplet. 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 mm deviation.

Fig. 4 Two-particle separation into two satellite drops (same format as in Fig. 3). Each particle first follows a trajectory that takes them away

from each other. When there is sufficient distance between the two particles, our control algorithm turns off and the separation is completed by

applying open loop voltages that split the droplet.
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squares solution. Therefore, we avoid this by commanding

open loop voltages that will split the droplet.2

Our simulations demonstrate the potential for performing

particle placement and separation in the current UCLA

EWOD devices with a reasonable number of electrodes. As

of today, it is only feasible to fabricate devices with a few

actuators that can control one or two particles. One of the

limitations of achievable particle control arises from having a

small number of electrodes available for actuation.

More particles or more complicated trajectories can require

the droplet to become extremely distorted and necessitate

splitting it into several pieces. Since the droplet has a natural

tendency to remain in a circular shape because of surface

tension, it is essential to have a large dynamic range in the

pressure boundary forcing to overcome this. Contact angle

saturation limits the boundary forcing and the degree of

droplet deformation, which can cause particles to drift away

from their desired trajectories as we have seen in our other

numerical experiments. In addition, if two particles are very

close together, the condition number of the matrix G degener-

ates. This causes numerical instability in solving eqn (2), which

can lead to spurious oscillations in the control voltages.

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. By

designing a vision feedback control algorithm that exploits

electro-wetting fluid dynamics, we have shown that existing

EWOD actuation may achieve particle steering capabilities.
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