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ABSTRACT

This paper presents the design and implementation of a Time-Varying Synergetic
Controller (TVSC) for precise droplet position control in an Electrowetting-on-Dielectric
(EWOD) system. The proposed controller integrates the advantages of synergetic control
(SC) and time-varying sliding mode control to enhance convergence speed while eliminat-
ing chattering in the control input. The TVSC approach utilizes macro variables derived
from a time-varying sliding surface to achieve smooth and stable actuation. To optimize the
controller parameters, a meta-heuristic dragonfly optimization algorithm (DA) is employed.
The stability of the proposed control scheme is analytically validated using the Lyapunov
stability theorem. Simulation studies are conducted to evaluate the performance of TVSC in
comparison to conventional SC and Sliding Mode Control (SMC) under both translational
and periodic droplet motion scenarios. The results demonstrate that TVSC achieves a faster
convergence rate than SC while mitigating the chattering effect inherent in SMC. Addition-
ally, under the influence of external disturbances, TVSC maintains superior robustness and
precision in droplet positioning. This study highlights the effectiveness of TVSC in EWOD-
based microfluidic applications.

Keywords: Chattering suppression; Feedback control; Microfluidic system; Nonlinear con-
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1. Introduction

Micro-robotics advancement has sig-
nificantly impacted various fields, includ-
ing biomedical applications, lab-on-a-chip
technologies, and precision material han-
dling. Among these, electrowetting-on-
dielectric (EWOD)-based microrobots have
garnered substantial attention due to their
ability to manipulate liquid droplets effi-
ciently using electrically induced surface
tension modulation as presented in Fig. 1.
EWOD technology enables precise control
over droplet motion without requiring com-
plex mechanical actuators, making it an
ideal candidate for microfluidic systems,
drug delivery, and biochemical analysis [1-
71.

Despite the advantages of EWOD-
based microrobots, challenges persist in
achieving robust and high-precision con-
trol, particularly under dynamic and uncer-
tain environmental conditions. Traditional
control strategies often struggle to com-
pensate for nonlinearities, external distur-
bances, and modeling uncertainties inherent
in microfluidic environments.

In this context, Sliding Mode Con-
trol (SMC) has emerged as a promising ap-
proach due to its inherent robustness and
ability to handle system uncertainties and
external disturbances. However, a major
drawback of SMC is the chattering phe-
nomenon in the control input, which must
be mitigated to ensure smooth and efficient
operation [8—10].

Synergetic Control (SC) is another
effective method for controlling nonlinear
dynamical systems, offering the significant
advantage of chattering-free characteristics
[11-17].

A key improvement in SMC is its
convergence rate. The Time-Varying Slid-
ing Mode Controller (TVSMC) provides
a viable approach that allows designers to
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eliminate the reaching phase, thereby im-
proving system response time [16, 18].

In TVSMC, the sliding surface is de-
fined to pass through the initial state vari-
able of the considered dynamical system
[16, 18]. Moreover, this time-varying slid-
ing surface is not restricted to SMC alone
[16, 18] but can also be effectively applied
in SC [17].

Given the advantages of the time-
varying sliding surface in SMC and the
chattering-free characteristic of SC, this
study employs SC combined with macro
variables derived from time-varying sliding
surfaces to control the droplet position in
the EWOD system.

In this study, the optimal selection
of TVSC controller parameters for pre-
cise droplet positioning is achieved using
a metaheuristic approach, specifically the
Dragonfly Algorithm (DA) [16]. Originally
introduced by Mirjalili [19], this algorithm
mimics the swarming behavior of dragon-
flies, effectively balancing exploration and
exploitation in search spaces. TVSC is
a nonlinear control strategy that defines
macro-variables to guide system behavior
and ensure stability via a designed mani-
fold. However, the effectiveness of TVSC
highly depends on the optimal selection of
its tuning parameters, which govern critical
aspects such as convergence rate, and con-
trol effort. These parameters are often non-
linear and highly sensitive—particularly in
EWOD systems, where the dynamics are in-
herently nonlinear. In this context, the DA
offers a significant advantage by provid-
ing a global optimization approach. Unlike
traditional gradient-based methods, which
tend to get trapped in local minima, DA
explores the solution space more effec-
tively, increasing the likelihood of identi-
fying globally optimal parameters for im-
proved control performance.
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Fig. 1. Schematic diagram of the EWOD sys-
tem configuration [23].

To achieve chattering avoidance in
the control input and improved convergence
speed, this paper addresses the following
key aspects:

* Design of the TVSC for precise
droplet position control in the EWOD
system.

* Optimal gain tuning using a meta-
heuristic approach, specifically em-
ploying the DA for controller param-
eter optimization.

* Performance evaluation and compar-
ative analysis against traditional SC
and SMC to demonstrate the effec-
tiveness of the proposed approach.

The remainder of this paper is orga-
nized as follows: Section 2 provides a com-
prehensive overview of EWOD-based mi-
crorobot modeling. Section 3 details the de-
sign and formulation of the proposed con-
trol strategy. Section 4 presents simula-
tion results along with performance analy-
sis. Finally, Section 5 concludes the paper
and discusses potential future research di-
rections.

2. Mathematical Modelling
2.1 Equation of motion

The motion of a microdroplet in an
electrowetting-on-dielectric (EWOD) sys-
tem can be modeled using a lumped mass
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approach, accounting for both driving and
resistive forces [20-22]. In this mathemat-
ical representation, the droplet is treated as
a rigid body in motion, subject to the com-
bined effects of the driving force, which
is the minimum force required to initiate
movement, and resistive forces that oppose
its motion. The system parameters are de-
tailed in the Nomenclature section.

Based on Newton’s laws of motion,
the equation governing the droplet’s dy-
namics can be expressed as follows:

d%x

mﬁ = Fdr_Fthresh_Fc_Fd_Ff’ (2.1

where the drag force exerted by the sur-
rounding filler fluid (Fr) becomes negligi-
ble when the fluid is air [22]. The fric-
tional force exerted by the contact line on
the droplet (F.) can be expressed using the
following equation:

F. = ¢i"(4nR). 2.2)
Eq. (2.2) is expressed as a function of ve-
locity (%) and includes an exponential term
(n) with a power ranging from 0 to 2 [20-
22]. The resistive force resulting from the
droplet’s internal viscosity (Fy4) can be for-
mulated as:

Fg= (6"7‘”‘) (27R?). (2.3)

Eq. (2.3) demonstrates that this
force, which opposes the droplet’s motion
in the EWOD system, depends on velocity
(x), as well as the fluid properties and di-
mensions of the droplet.

Furthermore, the total force acting
on the droplet and hence its motion de-
pends significantly on the droplet’s electri-
cal properties, including conductivity and
permittivity, which influence the electro-
static actuation in the EWOD system [20].
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2.2 State space representation

To design the control law, the state-
space representation of the EWOD system
must first be formulated. In this system,
the state variables are the droplet’s displace-
ment and velocity. Based on Egs. (2.1)-
(2.3), the system exhibits nonlinear behav-
ior. Defining the state vector such that
its components represent the droplet’s dis-
placement (x) and velocity (¥) provides a
structured representation of the system dy-
namics, which is presented as follows:

]’

The state-space representation of the
EWOD system in Eq. (2.1), with the driv-
ing force represented as the control input
u(t), can be reformulated as follows [9, 10]:

X = [x1 XQ]T (24)

X1 = X2, Xo = f(x+ lI/t(l‘), 2.5)
m

where f(x) is a nonlinear smooth function:

) = o1

m

) (2nR?)

- fxg(4ﬂR) + thresh] . (26)
3. Controller Design
3.1 Control objective equations

The control objective is to precisely
move the droplet from one electrode to a
complete stop at an adjacent target elec-
trode. The difference between the droplet’s
position (x1) and the desired target posi-
tion (x1,) is represented as a dynamic error,
which can be expressed as follows:

3.1)

e1(t) = x1 — x1,.

Therefore, the controller must be de-
signed to ensure that the error in Eq. (3.1)
approaches zero as time progresses.
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3.2 Synergetic controller designs

Based on Chen and Huang [18], the
first step is to select a set of macro variables
that ensure the achievement of the control
objective. These macro variables are de-
rived from the switching or sliding surface,
expressed as follows:

Y =e5+cre) + aexp(—bt), 3.2)

parameters a, b and c; are design variables
that influence the convergence of the con-
trol system. The values of b and c; are
positive real numbers, while the value of
a is determined to satisfy the condition of
PY¥(0) = 0. Consequently, a = —e2(0) —
6161(0) [18]

Second, the dynamic evolution of the
selected macro variable in Eq. (3.2) is de-
fined as follows [11-17]:

¥4+, ¥ =0, (3.3)

where A7 > 0 is the coefficients of the
derivative and integral of the macro vari-
able in Eq. (3.3) respectively. These co-
efficients are also design parameters.

Finally, the control input u«(¢) is syn-
thesized from the dynamic evolution in Eq.
(3.3), based on the macro variable in Eq.
(3.1) and the dynamic system of EWOD in
Eq. (2.5), as follows:

[é2 + c1é1 + a(=b)exp(=bt)] + W =0,
(3.4
where W = A1;W. Then, substituting the dy-
namics from Eq. (2.5) yields:

[f()f+lu—jc'1r+cleg—ab exp(—=bt)]|+W =0,
" (3.5)
where X1, 1s the second-order derivative of
the reference signal, representing the refer-
ence acceleration signal.
Then,

u=m{-W-[f(x—X1,+c1eo—abexp(-bt)]}.
(3.6)
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3.3 Proof of stability

The stability proof can be established
as follows. Define the Lyapunov function in
terms of ¥ as

V =0.5¢>% (3.7)
The derivative of V is determined as
V=9¥
=W+ u -,
m

+ c1e9 —abexp(-bt)].

(3.8)

Substituting Eq. (2.5) into Eq. (3.8) yields:

V=Y[f(x+ lu—xlr (3.9)
m

+ c1e9 — abexp(-bt)].

Then, substituting the control input into Eq.
(3.9) yields:

V= W) + Sm{-W
m

— [f(X) = X1, + cre2 — ab exp(-bt)]}
— X1, + c1e2 — abexp(—bt)])

=¥, YP) =1, P2 (3.10)
According to [11-17], it is evident from Eq.
(3.10) that V < 0. Thus, the control system
is proven to be stable under the designed
time-varying synergetic control.

3.4 Optimization of controller parame-
ters using the dragonfly algorithm

To determine the optimal set of con-
troller parameters while minimizing a given
cost function, the Dragonfly Algorithm
(DA), a metaheuristic optimization tech-
nique, was employed. Fig. 2 illustrates the
workflow for optimizing controller param-
eters in the EWOD system using the DA in
MATLAB. The optimization process con-
sists of the following steps:
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Fig. 2. Optimization framework for controller
parameter tuning using the dragonfly algorithm.

* The main script defines the upper and
lower bounds for the controller pa-
rameters, establishing constraints for
the optimization process.

* The DA optimization algorithm
searches for the optimal controller
parameters by minimizing a defined
cost function.

* The objective function is designed to
minimize a combination of tracking
error and control effort.

* After executing the optimization pro-
cess, the optimal set of controller pa-
rameters is determined based on the
minimum cost function value.

4. Simulation Results and Discus-
sions

The simulation of the control system
using the designed TVSC is conducted to
assess its effectiveness in the EWOD sys-
tem. To evaluate its performance, the simu-
lation results are compared against those of
other control methods, providing a compre-
hensive analysis of the designed controller’s
effectiveness.
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4.1 Simulation example

In this study, the mathematical model
of the closed EWOD system, as described
in [20, 22], is used as a simulation exam-
ple. The system parameters and their cor-
responding references are listed in Table 1.

Table 1. Parameters of the electrowetting mi-
crorobot.

Parameters Value (Units) References
Fihres 8\times 10~% (N) [22]
H 300\times 106 (m) [20]
l 100\times 1076 (m) [22]
L 1600\times 1076 (m) -
m 7.7863\times 1077 (kg) [2]
n 2 [20]
R 8.8\times 10~ (m) [20]
0 110° [22]
1a 1.01\times 103 (Pa.s) [20]
pd 998 (kg/m?) [20]
s 0.08 (Ns/m?) [22]

The controller parameters for the de-
signed TVSC are defined as follows: a
—0161(0) - 62(0),19,6‘1, and ﬂ.l. To en-
sure optimal performance, the values of
b,c1, and A are optimally selected using
the DA algorithm. The DA algorithm, im-
plemented in MATLAB and originally pre-
sented by Mirjalili [19] has been utilized
and modified to fine-tune these controller
parameters. The upper and lower bounds
for each parameter are defined as 0.005 <
b <1000,5 <c; <15,and 1.05 < 43 < 2.
The upper bounds of the controller param-
eters are determined based on the desired
approximate settling time (s < 0.5 sec-
onds). To ensure sufficient flexibility dur-
ing optimization, the lower bounds are set
to values greater than zero, but kept rela-
tively small compared to the corresponding
upper bounds. Notably, the optimal values
of the controller parameters are found to oc-
cur at the boundaries of the defined parame-
ter range, which are b = 1000, ¢; = 15 and
A1 = 1.05.
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The droplet starts with an initial dis-
placement of x(0) = 0 m and an initial ve-
locity of x(0) = 0 m/s. The simulation runs
fromty = 0 s to ty = 4 s with a time incre-
ment of Ar = 0.001 s.

4.2 Simulation results

To illustrate the performance of the
designed control system (TVSC) and its en-
hanced convergence rate, the simulation re-
sults of the conventional synergetic control
(SC) are used as a benchmark. The conven-
tional synergetic control (SC) is defined as
follows:

u=m{-A1y—[f(xX)—%1,+ciez2]}, (4.1)

where ¢ = cje; + e2. An important appli-
cation of electrowetting systems is in lab-
on-a-chip technology. Within these sys-
tems, droplets undergo various types of mo-
tion to perform essential microfluidic oper-
ations such as heating, transporting, split-
ting, merging, and mixing. Among these,
translational motion is employed to trans-
fer droplets between functional stations on
the chip, facilitating sequential processing
steps. In contrast, periodic motion is par-
ticularly effective for droplet mixing, as it
promotes internal circulation and acceler-
ates the homogenization of content [1, 2,
23].

Based on these droplet operations,
this work presents two simulations corre-
sponding to translational and periodic mo-
tions. The simulations are governed by two
distinct reference signals:

i Translational motion, modeled by a step
reference signal defined as x1, = L+
[, representing the steady displace-
ment of a droplet across the substrate;
and

ii Periodic motion, modeled by a sinusoidal
reference signal x1,, = (L+[)sin(wt),
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representing oscillatory motion in-
tended to enhance internal mixing
within the droplet where w 227
rad/s [23].

As presented in Fig. 3, the time re-
sponse of displacement and velocity for the
control system under the designed TVSC
are plotted and compared with those of the
conventional SC during translational mo-
tion. Additionally, the control input sig-
nals for both control methods are presented
in Fig. 4. Both the designed TVSC
and the conventional SC effectively control
droplet motion, enabling the droplet to ac-
curately reach the target position or track
the desired reference signal (x;,) without
inducing chattering in the control input sig-
nal. However, the time responses of the
designed TVSC exhibit a higher conver-
gence rate compared to those of the conven-
tional SC, demonstrating its improved per-
formance.

Under identical controller parame-
ters, the simulation of the controlled EWOD
system using both the TVSC and SC meth-
ods was extended to the case of a sinusoidal
reference signal—representing the periodic
motion of the droplet—to demonstrate the
improved convergence rate of the TVSC
relative to the SC, following the method-
ology in [23]. The time responses corre-
sponding to the sinusoidal reference signal
are shown in Fig. 5, while the associated
control inputs are illustrated in Fig. 6. The
results indicate that the droplet displace-
ment under the TVSC closely follows the
sinusoidal reference and achieves a higher
convergence rate than that of the SC. Fur-
thermore, the control inputs generated by
both the TVSC and SC methods are free
from chattering.

For a more detailed analysis of the
undesirable chattering phenomenon in the
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Fig. 3. Time responses of displacement and ve-
locity for the designed TVSC, compared to the
conventional SC during translational motion.
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Fig. 4. Control inputs of the designed TVSC
and the conventional SC during translational
motion.

control input caused by external distur-
bances in the designed TVSC, the conven-
tional sliding mode control (SMC), where
chattering typically occurs, is used as a
benchmark and defined as follows:

u = m{-Aysign(s) — [f(x) — X1, + c1ea]},
4.2)

where s = c1e71 + es.
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Fig. 5. Time responses of displacement and ve-
locity for the designed TVSC, compared to the
conventional SC during periodic motion.
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Fig. 6. Control inputs of the designed TVSC
and the conventional SC during periodic mo-
tion.

The disturbance is defined as

d(l‘) _ {Adsin(a)dt) for t4; S I <tqf ’
otherwise
4.3)
where Ay = 2.5 x 1072, wy = 1507, t4;
0.2s, and taf = 0.7s.
During the translational motion of
the droplet, Fig. 7 illustrates the time re-
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Fig. 7. Time responses of displacement and ve-
locity for the designed TVSC, compared to the
conventional SMC during translational motion.

sponses of displacement and velocity for
the designed TVSC, compared to those of
SMC, while Fig. 8 presents the control in-
put signals for both methods. Despite dis-
turbances, the designed TVSC effectively
guides the droplet to the target position,
similar to the SMC. However, the TVSC
achieves a faster convergence rate while
eliminating chattering in the control input.
In contrast, the control input of the SMC
exhibits noticeable chattering, particularly
during the time interval from 0.2 to 0.7
seconds—a phenomenon not observed in
the TVSC response.

Additionally, the simulation of the
controlled EWOD system under external
disturbance was conducted for both TVSC
and SMC methods using a sinusoidal refer-
ence signal, representing the periodic mo-
tion of the droplet. This was performed in
the same manner as for the step reference
case. The corresponding time responses
and control inputs are presented in Fig. 9
and Fig. 10, respectively. As shown in Fig.
9, the TVSC successfully tracks the sinu-
soidal reference signal, comparable to the
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Fig. 8. Control inputs of the designed TVSC
and the conventional SMC during translational
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Fig. 9. Time responses of displacement and ve-
locity for the designed TVSC, compared to the
conventional SMC during periodic motion.

performance of the SMC. However, as il-
lustrated in Fig. 10, the control input of
the TVSC maintains a chattering-free char-
acteristic, whereas noticeable chattering is
observed in the control input of the SMC
during the time interval from 0.2 to 0.7 sec-
onds.

In summary, the simulation results
demonstrate the effectiveness of the de-
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Fig. 10. Control inputs of the designed TVSC
and the conventional SMC during periodic mo-
tion.

signed synergetic controller, which utilizes
a macro variable specified based on a se-
lected time-varying sliding surface, in con-
trolling droplet motion. Compared to con-
ventional SC, TVSC achieves a higher con-
vergence rate while maintaining a smooth,
chattering-free control input. Furthermore,
in the presence of disturbances, TVSC per-
forms similarly to SMC in guiding the
droplet to the target position but offers the
added advantage of eliminating chattering
in the control input.

5. Conclusion

This paper presented the design and
implementation of a time-varying syner-
getic controller (TVSC) for precise droplet
position control in an electrowetting-on-
dielectric (EWOD) system. The proposed
control strategy was developed using a
macro variable based on a selected time-
varying sliding surface to enhance system
performance. The stability of the control
system was analytically verified using the
Lyapunov stability theorem. In this study,
the dragonfly algorithm (DA), a meta-
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heuristic optimization technique, is utilized
for the optimal tuning of controller param-
eters. The effectiveness of the designed
controller was assessed through simulation
studies, comparing its performance against
conventional synergetic control (SC) and
sliding mode control (SMC) under both
translational and periodic droplet motion
scenarios. The results demonstrated that
TVSC achieves a higher convergence rate
than conventional SC while maintaining
a smooth, chattering-free control input.
Furthermore, under the influence of dis-
turbances, TVSC successfully guided the
droplet to the target position with perfor-
mance comparable to SMC but with the
additional advantage of eliminating chat-
tering. This characteristic is essential for
electrowetting applications, where exces-
sive chattering can lead to instability and
undesirable energy dissipation. TVSC pro-
vides a robust and efficient control solution
for EWOD systems, offering enhanced sta-
bility, faster response time, and smoother
actuation. Future research could focus on
extending the proposed control method to
multi-droplet systems, further enhancing
manipulation capabilities for lab-on-a-chip
and digital microfluidics applications.
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