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Abstract

In Lab-on-a-chip (LOC) devices, an electrowetting on dielectric (EWOD) method can be performed to create, cut,
mix, and transport droplets. Moreover, the micro assembly process of micro parts can be manipulated by the
EWOD system. High accuracy of droplet motion in both applictions is required. Based on the simplified model, the
feedback control such as sliding mode control can be applied so that the droplet motion can achieve a high accuracy
performance under disturbances. However, the sliding mode control often has chattering problem. Thus, in this
study, the fuzzy sliding mode control was applied to manipulate the droplet in the EWOD system. The study was
conducted via simulation in MATLAB environment. The result showed that the proposed control method could
provide an accurate motion control with lower chattering compared to that of classical sliding mode control.

Keywords: Electrowetting on Dielectric (EWOD), Digital microfluidic system, Sliding mode control, Fuzzy logic.

1. Introduction

The electrowetting on dielectric (EWOD) systems have
drawn interests from engineers and scientists especially
in two main applications; Lab-on-a-chip and micro
assembly including micro robots and micro conveyors.
The principle of the EWOD systems can be explained
by utilizing the change in interfacial tension induced
from the electrical voltage 2. The droplet that is applied
by the electrical voltage will have variation in
geometries from the change in contact angle 2. This
allows the droplet to move by the pressure difference

generated inside the droplet as shown in Fig.1 2. This
phenomena is able to support the required operations in
Lab-on-a-chip such as mixing, creating, cutting, and
transporting2. Many of applications in Lab-on-a-chip
can be seen from Refs. 1-5. Recently, some interesting
EWOD systems have been presented, for example, Shen
et al.® developed the digital micro fluidic system with
micro heater for the single-nucleotide polymorphism
(SNPs) detection. Lai et al.” proposed biomedical
detection using EWOD system with multi electrode dot
array architecture (MEDA). Moreover, transporting the
small particle or a part using the droplet as a carrier can
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be implemented by EWOD principle®®. This application
also includes using EWOD as a micro actuator®-?,

Another related area is the feedback control applying
on EWOD system such as previous works in Refs. 13-
18. For example, Shih et al.'® employed the feedback
control for the movement of the droplet in the EWOD
system. According to Bhattacharjee and Najjarant®4,
the droplet motion and operations in the EWOD system
can be improved by applying feedback control. The
possibility of using feedback control for EWOD system
was also presented in Ref. 14.

Among various choices of control laws, the sliding
mode control (SMC) has been applied to achieve the
accuracy of the droplet motion in EWOD system?>%6,
The principle and capability of the control method can
be found from the Refs. 19-21. However, one of the
main drawbacks of this control method is the chattering
issue'®2, In order to reduce this effect, the fuzzy logic
can be combined with the sliding mode control as
presented in Refs. 21-23. Therefore, the main focus of
this study was to apply the fuzzy sliding mode control
(FSMC) to the EWOD system. The control system was
simulated to demonstrate the performance of the droplet
motion control. Also, the simulation results of the
FSMC method were compared to those of SMC method
to evaluate the capability to reduce the chattering
phenomena.

This paper is organized in following sections. The
mathematical model of the EWOD system is presented
in section 2. The controller design is demonstrated in
section 3. In section 4, the simulation results and
discussions are provided. Finally, the conclusion of the
study is stated in section 5.

(¢} Final state:
zero voltage

(a) Initial state:
zero voltage

{b) Intermediate state:
nonzere '\'t'l-l.i.ﬂi__.lL‘

Fig. 1. Droplet movement via applying electrical field 17,

2. Mathematical Model of EWOD System

2.1. Equation of motion

The motion of the micro droplet in the EWOD system
can be modeled as the one degree of freedom lumped
mass model based on the Newton’s law. The model is
explained by previous researchers in Refs. 13-14 and
24-26. In this work, this mathematical model is used in
the design procedures of this motion control.

For a mathematical model of EWOD system, the
droplet is considered as the moving rigid body under the
summation of driving force, threshold of driving forces,
and resistive forces as shown in Fig. 2. Thus, the
mathematical model describing the behavior of the
droplet motion can be expressed in (1)*31424-26,

d?x
m— =
dt?

where the displacement and the mass of the droplet are
represented by X and m respectively. The driving force
(F, ) is the electrical force induced from the applied
voltage and the corresponding threshold (F,,., ) is the
minimum force needed to move the droplet from the
restt13142427° The terms F, , F, , and F_ represent
resistive forces. These forces are listed and denoted as
fellows: (i) F, is the shear force acting on the droplet on
top and bottom of the droplet 13142426 (ii) F_is the
drag force acting on the droplet from the filler fluid
13142428 _(iii) F,is the contact line friction force acting
at the contact line on the top and bottom of the
droplet!31424-26 The resistive forces can be expressed in
terms of velocity of droplet (U =X), fluid properties,
and geometries of the droplet as shown in (2) and (3).
The geometric properties of droplet related to the
resistive forces are explained in the following content.
(i) the radius of the droplet on the hydrophobic layer is
assumed to be 5% overlapping with the length of the
electrode ** and denoted by a!3%4, and (ii) the gap
between the bottom plate and the top plate, defining the
height of the droplet 34, is denoted by H. Relevant
fluid properties are the viscosity of the droplet and the
coefficient of contact line of friction. These are
represented by p,and ¢, respectively!®1424-26,

F, = (%)(2%2)

Fd Fthresh - Fd - Fc - Ff (1)

_—

@
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F =cU” (4na) (3)
The exponent term (n) is in the range from 0 to 2 131424
26
According to Ref. 24, in the case of using air as a
filler fluid, the drag force ( F, ) can be neglected.
Readers can obtain more details of all forces in Eq. (1) -
(3) from Refs. 1, 13, 14, and 24-27.

Substrate

Diglectric Laver

Dropler 8 .
F. ' Hydrophobic
Layer

Top-clectrode

.

Substrate

Bottom ¢lectrode Dielectric Layer

Fig 2. Moving droplet in EWOD system?!314.7,

2.2. State space representation

In order to design the control law, the state space

representing the EWOD system needed to be formulated.

The state variables in this system are the displacement
(x) and velocity ( X) of the droplet. Thus, the state

vector of the  system is  defined as
x=[x x] =[x x] ¥,  the state space
representation can be formulated as (4)*>7.
Xl =X,
‘ (4)
xz = f(x,t)+g(x,tu(t) +d(t)
y=X
1
where g(x,t)=—
B m

and f (x,t) :%[—(%j(znaz)—gx;@na)].

u(t) is a control input representing F,, and Y is the
output. The bounded disturbance signal is denoted as
d(t) and [[d(t)| <M for M > 0151621,

3. Fuzzy Sliding Mode Controller Design

The fuzzy sliding mode control (FSMC) based on an
equivalent control is employed to achieve the accuracy
of motion droplet in EWOD. Physically, the droplet is
controlled to move from one electrode to the next one
accurately along the desired periodic reference signal

Applying Fuzzy Sliding Mode

(', ) under the fuzzy sliding mode control. The diagram
of control can be shown in Fig. 3.

The controller design consists of two parts. The
design of sliding mode controller based on an equivalent
control is in section 3.1. In section 3.2, the fuzzy rules
are defined for further investigations.

3.1. Sliding mode control

The concept of sliding mode control based on an
equivalent control is based on Refs. 19-23. The
procedure of sliding mode controller based on the
equivalent control (from Refs. 19 and 21-23) are
presented below. In this approach, the control input u is
defined as shown in (5) 1922,

U =Ug +Ug, (5)
where u, is an equivalent control and ug, is a
switching control.

The corresponding sliding surface?® 2% or switching
function?! (s ) can be expressed in term of tracking error
as in (6) 1922,

s(x,t) = Ce+Ce (6)
where e=x —x and é=X —X, . The derivative of
surface function is calculated as (7) 122,

S(x,t) =cé+C,e
=Ce+(X —%,)
s(x,t) =ce+(-f(xt)-gxhut)+%) (7)
When d(t) =0, the equivalent control (u, ) is

determined by solving for u(t) in (7) such that
S(X,t) — 0 19'21'23.
ce+(=f(xt)—gxut)+%)=0
1
Uy = ———(Ce+% — F(x1) ®)
(¢4
In order to handle with the bounded disturbance
d(t) , the switching control (u,, ) is designed below.

The Lyapunov function can be selected in the term
of sliding surface (s ) as (9) 19%+-%,

=53 ©)
and the derivative is calculated as (10) 19212
V=s$ (10)
The control ug, is defined as (11) 192123,
1
u,, =———Ksgn(s 11
ST R ay

where K=n+M , n>01%2%,
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The stability of the method is proved as follows.
Based on the control input in (8) and (11), it can be
shown that V = s§ < 0'%2% as below.

, 1 o
V =ss(x,t) =s[ce—f(x1t)- g(x,t)(m (ce+X
1
g(xt)
=s[-K'sgn(s) —d(t)]
=-s(M +n)sgn(s) —sd(t) =-n|s| 0. (12)
It is noted that the stability is satisfied by the control
input (5) as V <0 19213 According to f(x,t) and
g(x,t)in (4), the control EWOD system can track the
reference signal accurately.

-fx0)+ K'sgn(s)) + %, —d(t)]

3.2. Fuzzy rules

In order to reduce the chattering problem caused by
switching control (ug, ), the fuzzy rules is used to assign
the value of switching gain (). This switching gain is
depended on the magnitude of the disturbance 223,
When p=1 in the case of SMC method, the control
input in (5) becomes (13) for the case of FSMC 2123,
U= U, +uug, (13)
In the fuzzy system, | is a fuzzy output derived from
the switching function input (Ss). The range of pand s
are defined to be from -1 to 128, The fuzzy rules are
defined for the sliding mode control in (14) as presented
in Ref. 21.

Ifs=0,then n=0
Ifs<0 ,then u>0
Ifs>0,then u>0

(14)

¥

Fig 3. The Fuzzy sliding mode control applying on EWOD
system 1516,

4. Simulation Results and Discussions

The simulation was performed in MATLAB
environment to evaluate the feasibility of fuzzy sliding
mode control (FSMC) based on an equivalent control
for the droplet motion in EWOD system. In addition,
the chattering in the control input was considered. Thus,
the simulation results of both FSMC and SMC methods
were compared especially the chattering in the control

inputs. In simulation, the Runge-Kutta method was used
for integration from initial time (t =0 s) to final time
(t=0.5 s) with the sampling time (0.00001 s).

4.1. Simulation example

The simulation example of the EWOD system has two
groups of parameters; the fluid properties and the
geometry of the component of EWOD system. All
necessary parameters with numerical values are
summarized in this section. The dimensions of the
EWOD system are as follows. First, the gap of the top
and bottom surfaces was H =300x10°m*3!4, Second,
the length electrode and the gap between them were
L=1600x10°m and 1 =70x10°m as Ref. 28. The
fluid properties used in simulation were as follows: (i)
density of the droplet was p, =998 kg / m®?°, (ii) the
contact angle of the droplet on the hydrophobic surface
was 0=110° %4, (iii) coefficient of contact line friction
was ¢ = 0.08 Ns/m? %, (iv) the radius of the droplet,
a=8.8x10"m, defined under the overlap condition as
a=05L+0.05L %34, and (v) the value of an exponent
term was n=2. After the primary parameters were
defined, the mass of the droplet ( m ) was
7.7863x 10 'kg, that was calculated from p,and a™.
The value of threshold force was assumed as
Foen =8x10° N 24 The disturbance signal was
assumed to be the Gaussian function as (15) 2.
—(t=mg)?

d(t) = Ae > (15)
where A=3000x10°, m, =0.15 , and s, =0.02.
Most of the numerical values in this simulation were
used before in our previous work 17, Assuming that
droplet was at rest at the initial time, the initial
condition for the state variables in this simulation was
defined as x,(0) =0 mand x,(0) =0m/s51,

4.2. Sinusoidal reference signal

The sinusoidal function was the reference signal
representing the periodic motion of the droplet
travelling between two adjacent electrodes as a mixing
process in Lab-on-a-chipt215.
X, (t) = (L+1)sin(wt) (16)
The amplitude of the signal is a distance between
two adjacent electrodes, including the gap between two
electrodes *°. The frequency of the signal was assumed
to be @ =207 rad/s.
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4.3. Control parameter

The control parameters consisted of constant terms in
(6) and (11), which were selected as ¢, =50, ¢, =1and
K =15.6. The parameter [ in (13) is defined by fuzzy
rules. The membership function of the fuzzy system
corresponding to |t and s are shown in Fig. 3(a) and
3(b) respectively. The terms of N, Z , and P are
negative, zero, and positive values for s and pin fuzzy

rules®, Moreover, a centroid of area method was used
in defuzzification.

/

Degree of membership: s

T T T T
L L L L
0z 04 06 08

08 06 04 02

(3)

\/

08 06 04 02

Degree of membership: mu

T
| | | |
02 04 06 08

(b)
Fig. 3. Fuzzy’s Rule: (a) membership function for S (b)
membership function for .

4.4, Results of simulation example

The displacements of the droplet, tracking errors, and
control inputs corresponding to the FSMC and SMC
method based on an equivalent control are shown in Fig.
4(a) and 4(b) respectively. In Fig. 4, when employing
the FSMC method, the control system could track the
sinusoidal reference signal accurately as the SMC
method. However, the tracking error of the FSMC
method converges to zero slower than that of the SMC
method. Additionally, the chattering in the control input
of the FSMC method was less than that of the SMC
method as shown clearly in Fig. 5.
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Fig. 4. The displacement, tracking errors, and control inputs;
(a) Fuzzy sliding mode control (b) Sliding mode control.
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Fig. 5. Control input signal of FSMC (Pink) and SMC (Blue)

methods.

5. Conclusions

This study illustrated that the FSMC method could
provide a good accuracy in tracking the periodical
signal under the disturbance. Thus, the droplet in the
EWOD system was able to track the periodic signal
accurately by using the FSMC method under the
disturbance signal with lower chattering compared to
that of the SMC method. The reduction of the chattering
was important for this method, especially in the
implementation of practical control system. Therefore,
the fuzzy sliding mode control based on an equivalent
control was successfully applied for the micro droplet
motion in this EWOD.
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