Design of Sliding Mode Controller for Droplet Position in EWOD Microfluidic System
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Abstract

In microfluidic lab-on-chip devices, electrowetting on dielectric (EWOD) are widely used for various applications.
To manipulate the micro droplet to achieve the desired path and accurate target position by using electrowetting
technique are one of the common applications. In this paper, the motion of droplet is modeled as a single rigid
body driven by both linear and nonlinear forces. In order to evaluate the potential of controller, the sliding mode
controller is applied to this nonlinear microfluidic system. The effect of bounded disturbances is included in the
designed controller. Simulation results provided the feasibility of the sliding mode controller for EWOD
microfluidic manipulation under the effect of bounded disturbances.

Keywords: Sliding mode control, Electro-wetting on Dielectric device, Lab-on-chip, Microfluidics.

1. Introduction

Electro-wetting on Dielectric (EWOD) is a microfluidic
transport method utilizing the disturbance behavior of
electrical field on the free surface energy and wet contact
angle of a droplet. As shown in Fig. 1, the contact angle
and droplet shape can be changed by applying voltages on
one-side of a droplet, thus inducing the droplet to move.
The technique is well-known for its precise manipulation
of droplet movement. Currently, many lab-on-chip devices,
equipped with EWOD micro-droplet transport are widely
used for various applications such as in DNA sequencing
[1], protein analysis and detection [2], Disease diagnosis [3,
6] molecular biology processes [4], detection of
triglyceride in human fluid [5] and concentration detection
of L-amino acid [7]. With its immense capability to
precisely transport tiny droplets with little power
consumption, EWOD technique has also been used in
micro pimps [8] and micro-conveyors [9]. Pamula et al.

[10] created a micro-cooling system for IC circuit cooling,
in which EWOD required less pumping power than typical
mechanical pumps. In dealing with complicated analysis,
diagnosis and detection processes, more complex array-
typed EWOD devices have been created to support
sophisticated lab-on-chip platforms. Multiple droplet
manipulation becomes essential and enquires more precise
control algorithms. Bhattacharjee and Najjaran [11]
mentioned about the need of feedback control of a single
droplet position in a digital micro fluidic system (DMS)
and presented simulation results of the feedback control
system. Also, the work by Oprins et al. [12] proposed the
modeling and control of droplet motion of the electro-
wetting system. Based on the proposed models presented
in [11] and [12], various nonlinear control techniques can
be applied to control droplet position on top of a EWOD
lab-on-chip platform.
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Fig. 1. Droplet movement by altering contact angle with applied
voltage

This paper focuses on the design of sliding mode
tracking controller to control the droplet position in the
EWOD microfluidic system under the disturbance. The
control system is simulated to evaluate the ability of this
control technique.

2. EWOD Microfluidic System

2.1. Equation of Motion

In this study, the dynamic response of droplet is
formulated as a simplified one-dimensional model based
on the proposed by [11] and [12]. As shown in Fig. 2, the
droplet is modeled as a single rigid body moving with
velocity U. The motion of droplet is driven by the driving
force (Fgr) actuated by electrostatic force and its threshold
(Fthresh)-The details of the threshold of electrostatic force
can be determined from [13-15]. There are 3 sources of
frictional force exerting against the motion of droplet
including viscous dissipation due to internal fluid frriction
(Fg), viscous drag due to moving through surrounding fluid
(Ff) and frictional force due to the contact line (F.).
According to [11], the equation of droplet motion in
EWOD configuration can be represented by

2
ax (1)
dt
where m and X are the mass and the displacement of the
micro droplet, respectively. Assuming 5% overlap of
adjacent electrodes [11], the droplet radius, acan be
defined as a = L/2 + 0.05L where L is the electrode width
and | is the gap between adjacent electrodes. As mentioned
in [12], viscous drag due to moving through surrounding
fluid (F¢) can be neglected because air is the surrounding
fluid. Thus, the motion of droplet in EWOD microfluidic
system can be mathematically expressed as

2
ax @)
dt

As presented in [14], the viscous dissipation due to
internal fluid friction (Fy) for the open EWOD
configuration can be described as

m = |:dr - Fthresh - |:d - Ff - Fc

m =F,-F
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where g and H denote the droplet viscosity and height
respectively.
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Fig. 2. The micro droplet motion on the EWOD plate

As presented in [11] and [12], frictional force due to the
contact line (F;) can be expressed as

F,=cU"(2rma) (4)

where ¢ is the coefficient of contact-line friction based on
kinetic-molecular theory. n is in the range from 0 to 2.

2.2. State Space Representation

The equation of motion in (2) can be presented in the form
of first order nonlinear differential equation or the state
equation and the output equation

X] =X,
X2 = f(X,t)+ g Du(®) +d(t) ®)
y=X

where g ()_(’t) =

f (i,t) = m[-(%}(naz)-gx;(znan -

The state variablex;andX, represent displacement, X and

|- 3=

velocity of the micro droplet, X . Also, §=[x1 xZ]T is

denoted as state vector. The control input,u(t) isF, . A

d(x,t)

M is a positive constant. The output variable is denoted by

d (;,t) is bounded disturbance and <M where

y . T(X,1)is a nonlinear smooth function.

3. Controller Design

The sliding mode tracking controller was designed to track
two types of desired signals: 1) step signal 2) sinusoidal
signal. The step signal represents the case when micro
droplet moves from the current electrode to the adjacent
electrode. The sinusoidal signal was used to test the ability
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of the controller to track the periodic motion of the droplet
between two electrode plates.

According to (5), the sliding mode controller design
with the selected reaching law as in [16] which can be
shown as follows. First, the switching surface is defined as

Q)

where ¢ > 0 .€ande are denoted as tracking error and its
derivative. Second, the Lyapunov function is defined as
1

J— SZ

2

S=e+cCe

V= @)

From (6) and (7), the derivative of switching surface s
S=e+Ce = (X —X)+C(Xr— X) = (Xr = X,) + C(Xr — X1)

5= (X — (061 + g (X HU®) +d (1)) + (X — X, ) (8)
where X, is the reference signal or desired displacement of

the droplet. The exponential rate reaching law [16] or
constant plus proportional rate reaching law [17] is
selected

s = —ks —esgn(s) ©9)
whereg >0 and k > 0 . Equating (8) and (9), the control
input is determined as shown in (11).

—ks—gesgn(s) =[xr—( f(X, 1)+ g(x,Du(t)+d(t))] (10)

+c(5<r—x2)
U(t) = ——[ks + & sgn(s) + (xe— T (X, 1) —d (1)
g(x.t) (1

—C(Xr=X,))]
Based on the control input in (11), the stability of the

control system can be verified as follows
V =ss

(12)
[ks +£sn(s) + (e — f (x,1)

. . _ — 1
V=s{X—(f(x,t)+g(x,t)—
{ 9(x,t)

)

—d(t)+c(X — %, )]+ d(t) + (X —X,))} (13)

V =s(—d —ks—gsgn(s)) =-sd —ks’—gssgn(s))  (14)

If € is selected such thate > M , then the derivative of

Lyapunov function satisfies the following condition.
V=—sd—ksz—s|s|§0 (15)

According to (15), It is clear that the designed control
input is able to output signal to track the reference signal
under disturbance.

Sliding Mode Controller EWOD

4. Simulation Results and Diiscussions

Interesting points for tracking control problems in this
research consists of two types of reference signals which
are: 1) step function and 2) sinusoidal signal. The
magnitude of the step function and sinusoidal function can
be defined by the distance between centers of the first and
the second electrode plate.

4.1. Simulation Example

The example of a EWOD microfluidic system is controlled
by the designed controller in section 3 as shown in Fig. 3.
The simulations of the control system for both cases are
carried out in MATLAB program. The integration method
is Runge-Kutta with sampling time of 0.00001 seconds.
The water droplet is used in this simulation, and the system
is operated at 20° C. The system parameters are presented
as follows.

L =1600 X 107%m,l = 70 X 107%m, g = 1.01 x 1073 Pa.s,

¢ = 0.08Ns/m?,ps = 1000 kg/m3,H = 0.0013 m
a=88x10"*m,m = 25681 x 107 %kg,n = 2,

and d(t) = 2000 x 10~ sin(100t). Fy, .., = 2.6541x10~° N

The values of ¢ , p, , and C are from [11] and [12]. L and

| are from [18]. Assuming contact angel equal to 6 =110",
H is determined from L based on [14]. ug is selected at the
temperature equal to 20° C. mis calculated from the
density,p,, and volume of the droplet defined by a and H.
According to [15], the value of F,, is the value of

capillary force and is approximated based on the value of
the contact angle, 6 =110°, the electrode width L, and the
surface tension between water and air y=72mN /m [14],

hres

and the hysteresis angle o = 7°[14].

d(t)
+
u( l)+%

Xlt) + SMC y(t)

Controller

EWOD
system

Fig. 3.The diagram of the feedback control system.

4.2. Step Reference Signal

The control EWOD microfluidic system has a step
function as reference signal presented as
. -6 >
Xlr(t): 1670x10 ,t_O (19)
0 ,1<0
with the initial condition ;(0) =[0 of. (20)
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The control parameters are selected as follows, ¢c=100,
k=90and &=3.The simulation results of droplet position and
velocity are shown in Figs. 4(a) and 4(b). Position tracking
error of the droplet is shown in Fig. 4(c). The control input
signal is shown in Fig 4(d). Therefore, it is clear that the
sliding mode controller is feasible to track the step
reference signal accurately under the effect from the
disturbance.

0.2
t(sec)
(d)

Fig. 4.Simulation results of tracking step reference signal

4.3. Sinusoidal Reference Signal

The sinusoidal function is the reference signal of the
control EWOD microfluidic system expressed as

X, (1) =1670x107° sin(awt) 1)
where the frequency @ =22z rad /s
with the initial condition x(0)=[0 0] . (22)

The control parameters, ¢, k and ¢ are selected as the
same values in the previous case. The simulation results of
droplet position and velocity as well as position tracking
error of the droplet are shown in Fig. 5 (a), (b), and (c),
respectively. The control input signal is shown in Fig. 5 (d).
The controller with selected parameters is able to track the
sinusoidal reference signal, so that the droplet can move
along desire path as shown in Fig 5(a). The plot of velocity
versus time is shown in Fig 5(b). At certain range of time
for example t > 0.091 s., the plot in figure 4 (b) is similar
to the first derivative of the displacement in figure 4 (a) as
considering from the amplitude and the phase difference of
the plots from both figures. Thus, this plot is reasonable.
The plot of position tracking error versus time in Fig 5(c)
shows that the sliding mode control provides low position
tracking error. Thus, the sliding mode controller is feasible
to track the sinusoidal reference signal accurately even
though the system is affected by the bounded disturbance.
Therefore, the sliding mode controller is an appropriate
technique for the position control of the micro droplet in
the EWOD microfluidic system.
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Fig. 5.Simulation results of tracking sinusoidal reference signal

5. Conclusions

The sliding mode control with exponential rate reaching
law is feasible to control the microfluidic droplet motion in
the EWOD microfluidic system under the effect of
bounded disturbance signal. For the step reference signal,
the controller provides the step response with no overshoot
and tracks the reference signal accurately under the
disturbance. In the case of the sinusoidal reference signal,
the designed sliding mode controller can also provide
accurate tracking.
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