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ABSTRACT

The Belousov-Zhabotinsky (BZ) reaction is the prototype of a large class of systems that
display excitation waves, including the physiological systems such as the heart, brain, and
retina. Excitation waves in these systems exhibit similar spatiotemporal patterns, such as
expanding target waves or rotating spiral waves. A characteristic feature of the rotating
spiral waves is their tendency to pin to heterogeneities in the system. These stable pinned
waves can cause fatal cardiac arrhythmias in systems like the heart. Hence the external
control of rotating waves is an important requirement. Several studies proposed methods
for controlling pinned waves using an external electric field. Field-induced unpinning in
the cardiac system is well explored and found to be due to the secondary wave emission
from the heterogeneities. The pinned chemical waves can also be unpinned with an electric
field. However, secondary wave emission is not observed in the chemical medium. So the
mechanism of unpinning is very different for the pinned waves in the BZ reaction as opposed

to such waves in the cardiac tissue.

This thesis investigates the mechanism of spiral wave unpinning in the BZ reaction using
static and rotating electric fields. The unpinning occurs if the applied field strength equals a
particular threshold. Using different electric fields, we measured the unpinning phase of the
spiral around the obstacle boundary. In a static DC field, independent of the initial phases,
the spiral unpins at a fixed unpinning phase for a chosen field strength and chirality. When
the initial phase is close to the unpinning phase, the unpinning happens with a fixed delay.
Spirals with opposite chirality unpin mirror-symmetrically. In a rotating circularly polarised
electric field (CPEF), the unpinning phase changes according to the initial phases and the
rotational frequencies of both the field and the spiral. Not only a high-frequency CPEF but
also a relatively slow-rotating CPEF or a CPEF with the same frequency as the spiral can

induce unpinning if it possesses a threshold amplitude.

However, in every case, the spiral unpins as it propagates away from the anode. As the
spiral propagates away from the anode, the electric force opposes its natural propagation. If
the applied field strength is equal to a particular threshold, the opposition experienced in the
spiral propagation leads to unpinning of the tip from the obstacle. The analytical formulae

based on this assumption accurately predict the unpinning phase, and the values match well



with our observations. Such an unpinning by an opposing electric force is not seen in any
other excitable medium. We conclude that, in the BZ medium due to the advective motion
of the ions the chemical excitation waves interact with an applied electric field uniquely. We
hope our work will provide a better understanding of the control of excitation wave dynamics

using an external electric field.

Keywords: Excitable Medium, Spiral Waves, Chirality, Belousov-Zhabotinsky Reaction,

Chemical waves, Unpinning, Electric Field
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Chapter 1

Introduction

Summary
This chapter briefly introduces the excitable media, focusing on the dynamics of spatio-temporal
patterns in the oscillating Belousov-Zhabotinsky (BZ) reaction. It includes a detailed literature survey,

scope, and research objectives. In the end, an organization of the thesis is also presented.

Oscillating or periodic phenomena such as the motion of the simple pendulum, the plane-
tary motion, and biological clocks governing the life of living organisms are familiar to the
scientific world. However, the scientific community largely disregarded the idea of oscillat-
ing chemical systems. It was thought that analogous to a simple pendulum, a chemical reac-
tion must transit the equilibrium multiple times to carry out oscillations. However, according
to the second law of thermodynamics, a chemical system cannot return from the equilibrium
composition. Later in the 1970s, Prigogine and colleagues showed that the chemical oscil-
lations never pass through the equilibrium but operate far from the equilibrium (Prigogine
and Lefever (1968)). In chemical systems far from equilibrium, periodic oscillations can
occur in the concentrations of intermediate species, but the initial reactant and final product
concentrations do not oscillate. The field of nonlinear chemical dynamics was developed

from this understanding.

G.T. Fechner reported oscillations in a chemical system in 1828. He explained the gen-
eration of an oscillating current in an electrochemical cell. The Liesegang rings, or pat-
terns reported in 1898 by Raphael Liesegang, are another example of chemical oscilla-

tion (Pechenkin (2018)). In 1899, Ostwald noticed periodic variations in the chromium
1



dissolution rate in acid (Ostwald (1899)). All these systems were heterogeneous. Bray dis-
covered the first homogeneous chemical medium, which exhibited oscillations in 1921 (Bray
(1921)), and it is named the Bray-Liebhafsky (BL) reaction. In the BL reaction, iodate cat-
alyzes the decomposition of hydrogen peroxide into oxygen and water. The modern era in
the study of chemical oscillations began with an accidental discovery by the Russian chemist
B. P. Belousov in 1958. In a homogeneous solution of bromate, citric acid, and cerium ions,
Belousov observed periodic oscillation with continuous stirring. In a similar but unstirred
system, chemical waves have appeared. However, his study was disregarded by the scientific
community. Later, A. M. Zhabotinsky repeated Belousov’s work and was able to publish the
results (Zhabotinsky (1964); Zaikin and Zhabotinsky (1970)). Hence, the reaction is named
the Belousov-Zhabotinsky (BZ) reaction.

Scientists noticed a close similarity in the dynamical behaviors observed in the oscillating
chemical medium and biological phenomena, such as electrical impulse propagation in the
heart and the brain and signaling waves in a group of social amoeba. The dynamical be-
haviors match so well that all these systems with identical qualitative features are grouped
as excitable media. The characteristics of the excitable media are briefly explained in the

following section.

1.1 Excitable media

Excitable media are a group of nonlinear dynamical systems, including various biological,
chemical, and physical systems. An excitable system is continuously distributed in space.
Each point in the system is excitable i.e., the system possesses the property of excitability.
Excitation is a rapid sequence of variations in a system-specific parameter in response to
specific changes in the medium, known as the exciting stimulus. The element gets excited if
the exciting stimulus reaches a certain threshold value. This excitation activated at a single
element in the medium can spread from one element to another through local transport pro-
cesses such as diffusion. This enables the propagation of excitation waves in the medium
without damping. An excitation wave comprises two processes: the first one is a sudden
transition from a stable rest state to an excited state. The second process involves a slow
transition to the initial rest state. The time required for this transition is known as the re-

fractory period. During the refractory period, the medium will not respond to any stimulus,
2
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Figure 1.1: Concentration profiles of bromous acid and bromide ions: Each peak in the concentration
profile of bromous acid corresponds to the excitation in BZ reaction

even above the threshold. A generic example of an excitable medium is a forest. A wildfire
travels as a wave from the point of initiation. It transfers from vegetation to vegetation by
burning the prior. It is impossible to fire a burnt spot again. In order to fire a burnt spot, the
vegetation has to regrow in that area. Hence, the fire cannot propagate backward. The time
required for the regrowth of the vegetation can be regarded as the refractory period of the

system.

The autocatalytic production of HBrO, (Fig.1.1) corresponds to the excitation or action
potential generation in the BZ reaction. The cardiac and neuronal action potential dia-
grams (Fig.1.2) look similar to the given concentration profile. In the BZ reaction, the ex-
citing stimulus is a low concentration of bromide ions. The region between two successive
chemical wavefronts is the refractory state. Due to the existence of the refractory state, the
waves in excitable media undergo mutual annihilation on collision. The characteristic fea-

tures of an excitable medium are:
* the existence of a stable rest state and an excited state
* a minimum threshold for excitation

« arefractory time period without any sort of excitation.



Before any excitation, there are no spatial or temporal patterns in an excitable medium,

and the medium is said to have a spatio-temporal symmetry. Excitation (a localized distur-

bance of a specific threshold) at a particular spatial point breaks the symmetry by inducing

excitation in the neighboring positions. The transport of excitation among the neighboring

parts of the medium results in the formation of spatial patterns. Hence, these patterns are

the result of the self-organization of the medium. The concentric wave patterns sometimes

break, and they self-organize into rotating spiral wave patterns in two dimensions and scroll

wave patterns in three dimensions.
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Figure 1.2: Action potential diagrams in (a) neuron and (b) heart.

Examples of excitable media include physiological systems such as cardiac myocytes (Alonso

et al. (2016)), nerve cells, and pancreatic beta cells. Intracellular calcium waves in Xeno-

pus oocytes (Chatterjee and Sain (2022)), cAMP waves in the colonies of starving slime

mold amoeba (Sawai et al. (2005)), chemical waves in the Belousov-Zhabotinsky reac-

tion (Mikhailov and Showalter (2006)), muscle contractions during childbirth in the uterine

tissue, and patterns formed during the CO-oxidation reaction on Pt(110) surface (Sadeghi

et al. (2012)) are examples of excitation wave propagation.

The work included in this thesis focuses on the dynamics and control of the chemical

waves in the BZ reaction in an external electric field. Hence, in the next section, we discuss

the mechanism of the BZ reaction and the process of chemical wave formation.

1.2 The oscillating BZ reaction

Belousov-Zhabotinsky reaction is a self-organizing chemical system that shows periodic

oscillations in time and forms spatial patterns. The most common patterns are stationary
4



Turing patterns (Vanag and Epstein (2008)), target (concentric rings) (Zaikin and Zhabotin-
sky (1970); Zhabotinsky and Zaikin (1973)), spiral (Zhabotinsky and Zaikin (1971); Winfree
(1972)), and scroll waves (three-dimensional spiral waves) (Winfree (1974)). In the decades
that followed the discovery of the BZ reaction, scientists elucidated the central features of its
chemical mechanism (Field et al. (1972)). Later studies found other chemical systems with
similar dynamical behaviors (Sadeghi et al. (2012); Agladze and Steinbock (2000)). Based
on the reaction mechanism, mathematical models describing the dynamics of the BZ system
were developed (Field and Noyes (1974)). These models then found applications in studying
the biological systems (Shanks (2001)).

The basic mechanism of the BZ reaction was elucidated by Field, Koros, and Noyes in
1972 (Noyes (1972)), and it was named the FKN mechanism. The FKN mechanism provides
an abstract framework for understanding and modeling various spatio-temporal phenomena
observed in the BZ system. However, the whole reaction mechanism of the BZ system is
very complex. For example, Benini ef al. (Benini et al. (1996)) proposed a model for the

Ce(IV)/Ce(1lI)-catalyzed BZ reaction, which includes 80 elementary steps and 26 variables.

The BZ reaction typically involves the bromination of an organic acid. The important pro-
cess in this reaction is the formation of bromous acid (HBrO2) by an autocatalytic, nonlinear
process. The main components of the BZ reaction are a one-electron metal redox catalyst
(often Ce*T/Ce*t or Fe*T/Fe’™), a readily brominatable and oxidizable organic substrate
(typically malonic or citric acid), and bromate ions. They are all dispersed in nitric or sulfu-

ric acid. The whole reaction can be expressed as in Eq.1.1.
2BrO; + 3CH,(COOH), + 2H" — 2BrCH(COOH), + 3CO, + 4H,0 (1.1)

According to the FKN mechanism, the BZ reaction has three main processes. The reduc-
tion of BrO; occurs in the first process. Along with that, malonic acid brominates in the first

process.

2BrO;~ + Br~ +2H" — HBrO, + HOBr (1.2a)
HBrO, + Br~ + H" — 2HOBr (1.2b)
HOBr + Br~ + H" — Br, + H,O (1.2¢)

5



2 BrO, + 3 CH, (COOH), + 2 H* ~ 2 BrCH(COOH), + 3CO, +4H, O

At a critical -
Process A [Br] Process B
Reduction of BrO," to Br, A \
& production of HBrO
the bromination of &
malonic acid oxidation of catalyst
Process C

Production of Br
ions
&
Reduction of
catalyst

Figure 1.3: The BZ oscillation cycle: When Process A leads to a low critical concentration of bromide
ions, Process B induces an autocatalytic production of the bromous acid. Process C occurs as the
oxidized catalyst accumulates in the system. Process C produces bromide ions and regenerates ferrous
ions.

Autocatalytic production of bromous acid and the oxidation of the catalyst happens in the

second process.

BrO;~ + HBrO, + 3H' + 2Fe*™ — 2HBrO, + 2Fe*" + H,0 (1.3a)

2HBrO, — BrO;~ + HOBr + H' (1.3b)
The catalyst reduction and the production of bromide ions occur in the third process.

Bry + CHy(COOH)y —3 2BrCH(COOH), + Br~ + H*
(1.4a)

10Fe*" + CHy(COOH), + BrCH(COOH), + 4H,0 + 2Bry —» 10Fe; + +5Br~ + 15H" + 6CO,
(1.4b)

The reaction cycle is represented in Fig.1.3. The concentration of bromide ions in the

system is high at the beginning. In a slow reaction occurring in the first process, bromate
6



and malonic acid react and produce bromomalonic acid and water. Bromous acid is one of
the reaction intermediates in this pathway. As the reaction proceeds, the concentration of
bromous acid decreases. At this stage, the reaction medium remains red since the ferroin
catalyst is in the reduced state (Fe?") (Fig.1.4a). As the reaction proceeds, the concentration
of Br~ ions falls to a critical level where only a few bromous acid is available to start a
reaction that results in bromomalonic acid and water. As the catalyst oxidizes, the reaction
media turns blue (Fig.1.4b). In addition to the oxidation of the catalyst, an autocatalytic step

occurs in which two moles of bromous acid are produced from one mole of bromous acid.

(a) BZ solution in red color (b) BZ solution in blue color

(c) Excitation waves in BZ reaction

Figure 1.4: Oscillations and spatial patterns in BZ reaction: (a) Reduced BZ solution in red color
att=1.37 minutes. (b) Oxidized BZ solution in blue color at 1.47 minutes after mixing the reagents.
(c) Target waves formed in the BZ gel.

The third process begins when the oxidation of the catalyst is complete. Carbon dioxide

and bromide ions are produced in the third process. The Fe** regenerates in the third process
7



by consuming bromomalonic acid, malonic acid, and ferric ions. Thus, the medium turns
red and begins a new cycle. The oscillations occur until the system reaches the equilibrium

state.

When the reaction occurs in an unstirred thin reactant film, the oscillations transform
into traveling concentration disturbances known as chemical waves. The points where the
waves initiate are called pacemaker sites. Concentric wave patterns propagate away from
the pacemaker site (Fig.1.4c). A color contrast exists between the chemical waves and the

medium because the catalyst possesses different colors for different oxidation states.

The chemical wave propagation is mainly due to the diffusion of bromous acid. The bro-
mous acid diffuses ahead of the wavefront, and its autocatalytic production occurs just be-
hind the advancing wavefront. Due to the autocatalytic process, the concentration of HBrO,
suddenly increases by several orders of magnitude. The reactions occurring behind the wave-
front inhibit the production of bromous acid. The region with a low bromous acid concen-
tration corresponds to the refractory state of the medium, where wave does not exist. So, the

waves can only propagate away from the pacemaker sites but not toward them.

Based on the FKN mechanism, an abstract mathematical model known as the Oregonator
model is developed to explore the BZ dynamics. The actual chemistry behind the reac-
tion has been significantly idealized and simplified in this model. The BZ reaction and the
Oregonator model (Field and Noyes (1974)) have been used to explore various phenomena

observed in excitable systems.

In the next section, we will discuss the dynamics and control of chemical waves in the BZ

reaction and its applicability in other fields of excitable media.

1.3 Properties of chemical waves and their scope

In an unstirred BZ medium, the coupling of the reaction and diffusion process induces
a beautiful set of propagating chemical waves. The spontaneous formation of chemical
waves in the medium is related to a local decrease in the concentration of bromide ions.

In a heterogeneous medium, the inhibitor bromide ions can be adsorbed on the surface of
8



the heterogeneity, resulting in a local decrease in its concentration (Zhang et al. (1992)). In
a homogeneous chemical system, the fluctuations in the local reagent concentrations lead to
the formation of pacemaker sites (Belousov (1973)). A target pattern is a group of concentric
waves propagating from a single pacemaker site (Fig.1.4c). The early studies by Zhabotin-
sky (Zaikin and Zhabotinsky (1970); Belousov (1973)) and Winfree (Winfree (1972, 1973))
characterized the feature of target patterns (or traveling waves) in two-dimensional layers of
unstirred BZ reaction solution. The velocity of wave propagation varies depending on the
diffusion of the activating and inhibiting species, the time period of oscillations (dispersion

relation), and the curvature of the wavefront (eikonal relation).

The idea of the spontaneous formation of traveling waves in a homogeneous system and
its propagation in a single direction provides a method to construct self-propelled objects dis-
playing functional motions in various biological and artificial systems (Suematsu and Nakata
(2018); Kumar et al. (2021)). Chemical computing, a developing strategy used in informa-
tion processing, is also based on chemical wave propagation. The interest in applications of
the chemical excitable system for information processing (Igarashi et al. (2006); Gruenert
et al. (2013); Oliver et al. (1996); Szymanski et al. (2011)) is motivated by similarities with
signaling in neural systems. Achieving controllability over the chemical wave dynamics is

essential to develop a programmable chemical computer using the BZ reaction.

If a concentric wave is broken mechanically or by interaction with heterogeneity, the free
ends will curl and form counter-rotating spiral wave patterns (Winfree (1972)). The self-
sustaining spiral waves rotate around its tip. The spiral tip is a phase singularity where the
excitation front and the recovering tail come together. The circular area around which the
tip rotates is called the spiral core. Generally, the spiral wave exhibits rigid rotation around
its core. With the variations in the chemical concentrations, the tip can move in different
trajectories like a circle, epicycle, or floral trajectories (Jahnke et al. (1989)). Winfree noted
this motion as meandering. The spiral waves have a shorter period and higher stability than
concentric waves. A spiral wave acts like an organizing center in a homogeneous medium
and imposes its pattern throughout the medium. All the spirals in a given system possess the

same frequency.



Figure 1.5: A counter-rotating spiral pair in the BZ reaction

Interactions of the spiral wave with heterogeneities induce stabilizing or destabilizing ef-
fects. The interaction between spiral waves and heterogeneities can cause wave breaks,
forming multiple spirals and leading to turbulence. The tip of spiral waves can also pin or
anchor to inexcitable obstacles present in the medium. This phenomenon is known as pin-
ning. Pinning stabilizes the rotation centers and highly elongates the lifetime of rotating
waves in the medium. In 1993, Steinbock et al. reported a systematic study about the pin-
ning of spiral waves in the BZ reaction. The study was carried out in the photosensitive BZ
reaction (Steinbock and Miiller (1993)). The heterogeneity was created using a laser spot.
As the size of the circular pinning heterogeneity increases, the wave period, wavelength,
and velocity of the spiral also increase. In a three-dimensional BZ reaction, the intrinsic
contraction of a scroll ring can be suppressed by pinning (Jiménez et al. (2009)). The studies
on the rotating spiral waves and their pinning are influenced by their role in developing dy-
namic diseases in biological systems such as cardiac tissue; so do their unpinning by external

means.

Motivated by many of the previously mentioned applications, numerous studies on con-
trolling excitation wave dynamics are carried out in the BZ reaction. Varying chemical com-
position (Steinbock et al. (1993); Mahanta et al. (2018); Sibeesh et al. (2022)), medium tem-
perature (Wood and Ross (1985); Teng et al. (2019)), and external field interaction (Sevéikova
and Marek (1983); Agladze and De Kepper (1992); Schmidt and Miiller (1997)) can alter

the wave dynamics in the BZ medium.
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As we have seen in the reaction mechanism of BZ reaction, the three fundamental chemical
species which affect the wave propagation are B~ ions, HBrO,, and Fe3* ions. The presence
of mobile ionic species ensures a direct interaction between the chemical waves and the
applied electric field. In the external electric field, the positive ions drift in the direction of
the field, and the negative ions drift in the opposite direction. Hence, the external application

of an electric field offers a flexible way to control the chemical wave dynamics.

The interaction of the target wave with a DC electric field leads to a variety of wave dynam-
ics, including wave splitting (Fig.1.8), reversal, and annihilation in the BZ medium (Feeney
et al. (1981); Sevéikova and Marek (1983); Sevéikova et al. (1996)). The first experiments
of the electric field influence on chemical waves in the BZ medium were reported by Feeney
et al. (Feeney et al. (1981)) in 1981. The applied DC electric field caused a variation in the
wave velocity and the annihilation of waves propagating toward the negative electrode in a
threshold field. A new chemical wave with a crescent shape has been formed in the presence
of an external field. The experimental observations match the theoretical predictions based

on the FKN kinetics.
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Figure 1.6: The interaction between the chemical wave and an electric field: In a zero-field (E =
0), the concentration of Br~ ions is low on a propagating wavefront and close in front of the wave
boundary. If the electric field and the wave propagation are in the same direction, the Br~ ions diffuse
against the wave. If the direction of the applied field is opposite to the wave propagation, the Br~
ions diffuse and move ahead of the wave.
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As mentioned earlier, the decrease in the concentration of Br~ ions enables the autocat-
alytic production of HBrO,. The autocatalytic production of HBrO, leads to the generation
of an oxidation wave, high in concentrations of HBrO, and Fe** ions. The concentration of
Br~ ions is low on a propagating wavefront and close in front of the wave boundary (Fig.1.6).
Suppose that a chemical is propagating along the direction of the applied electric field. Then,
the Br~ 1ons diffuse in a direction opposite to the wave propagation, causing an increase in its
concentration close in front of the wave boundary. An increased bromide ion concentration
causes retardation in the autocatalytic process and hence, a slowdown in the wave propaga-
tion. Suppose the applied field and the wave propagation are in opposite directions. Here,
the Br~ ions diffuse and move ahead of the wave boundary. So, the bromide ion concentra-
tion in front of the boundary decreases faster than in the case of zero-field. A low bromide
ion concentration in front of the wave boundary helps accelerate the wave. We applied a DC
electric field to the BZ medium and measured the position of the wavefront traveling toward
the anode and the cathode, respectively. The plot of position versus time shows an increase
in the wave speed while moving toward the anode. The decrease in the wave speed while
propagating toward the cathode is not observable; instead, the wavefront travels with a con-
stant velocity (Fig.1.7). The wave velocity depends linearly on the intensity of the applied
field (Sevéikova and Marek (1983)).

Position in mm

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Time in minutes

Figure 1.7: Wavefront positions of a target wave propagating toward the anode (black circles) and
the cathode (red diamonds) are plotted against time, t. The anode and the cathode are placed on the
left and right, respectively. The field strength is 2.0 V/cm.
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The wave splitting and annihilation phenomenon can also be explained based on ionic
migration. The wavefront with low bromide ion concentration widens at a larger positive
electric field. When the area of low bromide ion concentration is sufficiently large, a new
wave begins to form from the wave back. The newly created waves travel faster in the

opposite direction. This is observed as wave splitting.

0000

00

Figure 1.8: Two additional wave segments split and propagate away from the circular wave in
an applied electric field. The field intensity is 4.06 V/cm. The electric field directs from left to
right (Sevéikova et al. (1996))

Wave annihilation occurs due to the increased concentration of bromide ions in front of
the leading wave boundary. Then, the autocatalytic production of bromous acid gets sup-

pressed, and the concentration of Fe** decreases. Hence, the wave became extinct.

1.4 Objectives of the Thesis

In this thesis, we work on the spiral wave of chemical activity in the BZ medium. The
spiral waves drift in a constant DC electric field (Agladze and De Kepper (1992); Steinbock
et al. (1992); Schmidt and Miiller (1997)). The spiral drifts with two velocity components.
One of the two components is parallel to the electric field, and the other is perpendicular to
the field. The parallel component always directs toward the anode. The perpendicular drift

direction varies according to the spiral chirality (Fig.1.9).

The term chirality represents the direction of spiral rotation. A spiral wave can have either
clockwise or anti-clockwise chirality. A higher field induces a more significant drift of the

spiral wave.
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Figure 1.9: A spiral wave drifts toward the anode with a perpendicular velocity component. The
direction of the perpendicular drift is decided by the spiral chirality (Schmidt and Miiller (1997))

Figure 1.10: The upper clockwise-rotating spiral and the lower counterclockwise-rotating spiral are
pulled together in a field directed along the positive X-axis (Schmidt and Miiller (1997))

An external electric field changes the speed of spiral propagation. The wave propaga-
tion, as well as the tip rotation, slows down while moving toward the negative electrode.
The spiral tip rotates around a large core as the spiral slows down. The tip rotates more
quickly around a small core when propagating toward the positive electrode (Steinbock et al.
(1992)). A repulsing force exists between a counter-rotating spiral pair. This force depends

on the distance between the cores. However, the spirals annihilate each other after reaching
14



a minimum inter-core distance. In Fig.1.10, the electric field is directed along the positive
X-axis. The upper spiral rotates in a clockwise direction, and the lower spiral rotates in a
counterclockwise direction. The counter-rotating spirals are pulled together in the applied
field (Fig.1.10). By reducing the mutual distance, this effect can force an interaction between

the spirals (Schmidt and Miiller (1997)).

Apart from the DC electric field, many groups studied the response of free spirals to AC
and polarized electric fields (Li et al. (2017)). The spiral waves in the BZ reaction expe-
rience a directional drift in an AC electric field of frequency twice that of the spiral ro-
tation (Munuzuri et al. (1994)). The spiral drift direction continuously changes when the
phase difference between the spiral and the electric field changes from 0° to 180°. The the-
ory of spiral drift in AC and polarized electric field has been studied in numerical simulations
using the response function theory (Li et al. (2017)). The interaction of the spiral wave with
a rotating electric field is studied by considering the fact that the spiral waves and the elec-
tric field possess rotation symmetry. A circularly polarised electric field (CPEF) rotates at
a constant rate with constant magnitude. Hence, CPEF is spatially uniform. So, a CPEF
can simultaneously control the dynamics of multiple spiral waves in a medium similarly.
An applied CPEF is said to be co-rotating if it rotates along the same direction as the spiral
rotation. The term counter-rotation is used to represent the rotation in opposite directions.
In a high-frequency co-rotating CPEF, the spiral drifts the fastest (Chen et al. (2006)), and
a counter-rotation between the two locks the spiral. A co-rotating CPEF with a frequency
near the spiral frequency can synchronize the spiral rotation with an entrainment ratio of
1:1 (Chen et al. (2009)). Rotating waves of a particular chirality can be chosen in a medium
by tuning the frequency of the applied CPEF (Li et al. (2014)). Experiments in the BZ re-
action have shown that spiral turbulence can be successfully controlled with CPEF (Ji et al.
(2013)). The applied CPEF with a higher frequency than the turbulent system synchronizes
multiple spirals. The high-frequency spirals become dominant in the system and thus control

the turbulence.

Elimination of the spiral waves has a life-saving motivation since they cause lethal ventric-
ular fibrillation. As mentioned earlier, controlling pinned rotating vortices is more challeng-
ing to achieve. To eliminate them, first, they have to be unpinned from the heterogeneities.

Numerous experimental and computational studies have reported the ability of an applied
15



electric field to unpin a pinned spiral from the heterogeneity. The mechanism of unpinning
in the cardiac excitable system is well explored. In the cardiac system, secondary wave
emission occurs from the heterogeneity in the presence of an electric field with threshold
amplitude. The induced waves have higher frequencies than the pinned waves. These high-
frequency secondary waves lead to unpinning in such systems. This method of unpinning
in the cardiac system is known as the wave emission from heterogeneities (WEH) (Pumir
etal. (2007)). A good number of studies show the unpinning of pinned spiral waves by WEH
with pulsed electric field (Luther et al. (2011); Punacha et al. (2019)) and rotating circularly
polarized electric field (Feng et al. (2014); Pan et al. (2016); Punacha et al. (2020)). Unpin-
ning by the method of WEH using a CPEF has shown to be more effective in the case of an

excitable cardiac system.
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(b) Plot of threshold current density with obstacle size

Figure 1.11: (a) Snapshots of field-induced spiral unpinning in the BZ reaction. The field is di-
rected along the positive x-axis. (b) The threshold current density linearly increases with the obstacle
size (Sutthiopad et al. (2014)).
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With an external electric field, the chemical waves in the BZ reaction can also be unpinned.
The existing unpinning studies in the BZ reaction have used only unidirectional (DC) electric
fields. Sutthiopad et. al (Sutthiopad et al. (2014)) shown that spiral unpinning is possible in
the BZ reaction if the applied current is above a threshold value (Fig.1.11). This threshold
increases linearly with the radius of the pinning heterogeneity (Porjai et al. (2016)). Unpin-
ning spiral waves pinned to larger obstacles are more difficult because of the high critical
threshold (Sutthiopad et al. (2014)). The unpinning of scroll rings in the BZ reaction, pinned
to two unexcitable spheres, occurs when a DC electric field is applied to a three-dimensional
system (Jiménez et al. (2013)). However, a secondary wave emission is not observed in
the chemical excitable medium. So, the mechanism of field-induced unpinning in the BZ

reaction must be different and has not been addressed so far.

Therefore, we propose to find out the mechanism of unpinning in the BZ reaction with an
applied electric field. Also, we try to perform experiments of spiral unpinning in BZ reaction

with a rotating circularly polarized electric field (CPEF).

Thus, the objectives of this study are as follows:

* To provide a mechanism for the field-induced unpinning of spiral waves in the BZ

reaction using a DC electric field.

* To perform the unpinning of pinned spirals using a rotating circularly polarized electric
field (CPEF) in the BZ reaction by changing different medium and field parameters

and to address the mechanism of spiral unpinning.

1.5 Organisation of the Thesis

The work included in this thesis concerns the dynamics and control of chemical excitation
waves using external electric fields. We use the excitable BZ reaction for the study. The

field-induced unpinning is explained based on the diffusion of ionic species in the BZ system.

The thesis consists of four chapters. Chapter 1 briefly introduces the excitable media in
general, focusing on the dynamics and control of two-dimensional rotating waves in the BZ

medium through external means. This chapter also includes the relevant literature survey,
17



the research scope, and the research objectives. At the end of this chapter, an organization

of the thesis is also presented.

Chapter 2 presents the experimental methods and the mathematical model necessary to
understand this study. This chapter briefly details the experimental setup and numerical

techniques used in this work.

Chapter 3 is based on the mechanism of spiral unpinning in the BZ reaction in a constant
DC electric field. Here, we systematically investigate the process of unpinning experimen-
tally for spiral waves having different chirality. The experimental result is compared with
simulations performed using the Oregonator model. (The co-authors Anupama Sebastian

and Dr. Shreyas Punacha carry out all the numerical work in this thesis.)

Chapter 4 presents the unpinning of spiral waves using a circularly polarized electric field
(CPEF). Here, we discuss the mechanism of unpinning spiral waves with CPEF of different

frequencies and validate the experimental observations with numerical results.

Chapter 5 summarizes the research work presented in this thesis. It also includes conclud-

ing remarks and the scope for future research in these areas.
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Chapter 2

Methods

Summary

This chapter briefly describes the experimental methods and numerical model necessary to understand

the concepts presented in this thesis.

2.1 Experiments on BZ reaction

Belousov found that oscillations could be generated in a liquid state homogeneous system
while developing a model of the Krebs cycle (Field (1985)). In living cells, the chemical
energy adenosine triphosphate (ATP) is produced through the Krebs cycle. The cell utilizes
ATP for a variety of biological functions, including the production of proteins and the con-
traction of muscles. The ion citrate is a significant reaction intermediate in the Krebs cycle.
Hence, along with bromate and Ce** salts, Belousov used citric acid as the substrate for his
model reaction. He noticed color oscillations from yellow to clear in a stirred reaction solu-
tion. He explained the color change based on the changes in the oxidation states of cerium
ions. The reduced cerium ions Ce®* do not have any color, but the oxidized state (Ce**")
possesses a yellow color. The chemical reagents used by Belousov are shown in Table 2.1.
Zhabotinsky developed the reaction by replacing the cerium catalyst with ferroin complex
and the citric acid with malonic acid (AM (1964)). He obtained an oscillating chemical sys-
tem with noticeable color variations, and it is now frequently employed as a model system

in nonlinear dynamics.
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Table 2.1: Concentrations of reagents used by Belousov

Reagent Concentration
Cerium(IV) sulfate (CeSO4) 0.04 M
Potassium bromate (KBrO3) 0.01M
Sulfuric acid (H2SO4) 0.80 M (approx.)
Citric acid (C6H8O7) 0.87 M

Several different Belousov-Zhabotinsky reaction recipes have been employed until now
(Jahnke and Winfree (1991)). Generally, all the BZ systems are catalyzed by transition metal
ions such as cerium, iron, manganese, and ruthenium complexes. Using Ru(II/IIT) complexes
as the catalyst makes the system photosensitive (Steinbock et al. (1993)). Many systems
have also used Co, Cu, Cr, Ag, Ni, and Os complexes. Systems with different catalysts
have distinct behaviors since the catalyst affects the oscillation frequency of the system.
Hence, developing a generalized model (Ganaie and Peerzada (2009); Koros (1974); Hu
etal. (2006)) is difficult. Both high- and low-reduction potential couples are used as catalysts
in the BZ reaction. Each type provides a different chemical mechanism for oxidizing the
organic substrate (Koros et al. (1974); Ganapathisubramanian and Noyes (1982)). In general,
the catalyst for the BZ reaction can be a transition metal ion with a single valence electron

and a standard redox potential in the range 0.9 to 1.6 V (Vavilin et al. (1969)).

In most common cases, malonic acid is used as the substrate in the BZ reaction because
it provides a more contrasted environment for studying chemical waves rather than citric
acid, which was initially used in Belousov’s experiments. It is possible to use a variety of
oxidizable organic substrates in the BZ reactions. For example, bromomalonic acid (Benini
et al. (1998)), 1,4-cyclohexadione (Hamik et al. (2001); Kurin-Csorgei et al. (1996)), oxalic
acid (Kriiger et al. (1995)), tartronic acid, mesoxalic acid (Kriiger et al. (1995)), resorci-
nol (Ganaie and Peerzada (2009)), xylose (Rastogi et al. (2004)) and aldosugars (Sevcik and

Adamcikova (1985)) can replace malonic acid.

The pattern formation studies in the BZ reaction can be performed using gels (Yamaguchi
et al. (1991)), membranes (Winston et al. (1991)), beads of ion exchange resin (Maselko and
Showalter (1989)), and mesoporous glasses (Amemiya et al. (1995)). The reaction can be

performed either in both open or closed reactors. In open reactors (e.g., continuously fed
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tank reactors - CFTR) (Tam et al. (1988)), the required far-from-equilibrium conditions can
be maintained indefinitely with the continuous supply of reactants. However, in a closed
system like a Petri dish, the reaction runs for a fixed time period, depending on the initial

conditions.

2.2 Experimental Method

Our experimental medium is an unstirred autocatalytic chemical system based on the typ-
ical BZ reaction. The unstirred BZ reaction exhibits various dynamic behaviors than the
stirred system, including spatial patterns and propagating waves. We use malonic acid as the
organic substrate and ferroin as the catalyst. The oxidizing agent is sodium bromate. Sulfu-
ric acid is the source of hydronium (H™) ions in our system. We use a closed system taken
in a Petri dish. The reaction medium is immobilized using agar gel to avoid hydrodynamic
perturbations. A single gel layer of thickness 3 mm is considered a two-dimensional system,

and studies about the spiral dynamics are carried out in it.

2.2.1 Chemicals and concentration
Chemicals

* Sulfuric acid (H,S0,): a strong diprotic acid that makes the BZ reaction medium

acidic.

* Sodium Bromate (NaBrOs): an effective inorganic oxidant that brominates malonic

acid.

* Malonic acid (CH,(COOH),) : Ttis a dicarboxylic acid. It has two acidic a-hydrogens.

The a-hydrogens facilitate its bromination during the BZ reaction.

* Ferroin ([Fe(o — phen)3|SO,) : 1,10-Phenanthroline iron(I) sulfate complex is known
as ferroin. Its cation [Fe(o — phen);]** can be oxidised to [Fe(o — phen);])**. The
redox potential is 1.06V in 1M H,S0O,. The reduced ferroin is red, and in the oxidized

state, it is blue.

» Agar (C12H309) : A polysaccharide used for gel preparation.
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Concentration

The concentration and volume of each chemical reactant to prepare 25 ml of the BZ reac-

tion gel is tabulated below Table 2.2.

Table 2.2: Concentration and volume of reagents

Reagent Concentration (M) Volume (ml)
H,S0, 0.5 8.0

NaBrO; 1.0 1.0

Malonic Acid 1.0 1.0

Ferroin 0.025 0.5
Deionized water - 14.5

Agar (only for gel) 1.4% wiv

2.2.2 Method of wave generation

The gel medium to perform the experiments is prepared by mixing 0.20g of agar powder in
14.5 ml of deionized water. This mixture is kept for stirring and heating on a magnetic stirrer
with a hot plate. When the solution starts boiling, it is transferred to a room-temperature
heating plate, allowing it to cool. Reagents are added to this solution while stirring at 400 to
420 rpm. After one complete color oscillation (Fig.1.4a,b), the solution is poured into a Petri
dish and allowed to gel. The gel surface is touched with a silver wire to induce the pacemaker
sites for excitation waves (Fig.2.1). The silver reacts with the bromide ions, resulting in a
local reduction of the inhibitor concentration. Hence, an oxidation wave will be generated
from the point of contact. Spiral waves are generated by breaking a propagating circular

wavefront using a stainless steel pin.
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Figure 2.1: Target and spiral waves formed in the BZ gel.

The typical BZ oscillators driven by bromide ions sensitively depend on medium tem-
perature. The first study about the temperature dependence of BZ oscillations was reported
in 1974 by Koros. It was reported that the oscillatory frequency of the medium depends
on the temperature (Koros (1974)). Many efforts have been made since then to compre-
hend the temperature-dependent oscillatory dynamics. Bansagi et al. have reported that
high-frequency oscillations can be obtained in a homogeneous reaction medium by heat-
ing (Bansagi Jr et al. (2009)). The oscillatory frequency generally increases with an increase
in temperature. With temperature, the BZ rate constants vary according to the Arrhenius
law (Wood and Ross (1985)). The wavelength of chemical waves in the BZ reaction de-

creases linearly with the temperature (Teng et al. (2019)).
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Figure 2.2: (a) The oscillatory behavior of the BZ reaction is plotted for three temperatures: dotted
line for 40 °C, dashed line for 60 °C, and solid line for 80 °C (b) squares and triangles represent the
initial oscillatory frequencies and amplitudes, respectively (in the temperature range 40-80 °C) (Bén-
sagi Jr et al. (2009))
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It is clear from the previous studies that the medium temperature has a major effect on

the reaction behavior. We varied the cooling time of the boiled agar solution and measured

the medium temperature before adding the reagents. The reaction behavior in a temperature

range of 38°C to 53°C is recorded (Table 2.3). Room temperature varies from 28°C to 32°C.

The cooling time varies according to the room temperature.

Table 2.3: Effect of temperature on pattern formation

Cooling time of boiled

agar solution

Temperature of the solution

when adding the reagents

The behavior of unstirred so-

lution layer

10 minutes

Around 40 — 42°C

Colour oscillation is most
prominent. No regular pat-

terns (Fig.2.3a)

2minutes

Around 55°C

Oscillations occurred only
during gelation. Regular pat-

terns are observed (Fig.2.3b)

Sminutes

Around 52°C

Possible to induce patterns at

desired positions (Fig.2.3c)

For an average of 10 minutes, the temperature drops to 40 — 42°C. In this condition, the

reaction medium oscillates through red and blue even after transferring to a Petri dish. For an

average cooling time of 2 minutes, the medium showed several excitation patterns, including

concentric and spiral waves. We can not induce patterns at desired positions in both cases.

Hence, to optimize the temperature conditions, we repeated the experiments at temperatures

between the above values. The reaction layer prepared after a cooling time of 4-6 minutes

(temperature drops to 50 — 52°C) allows for inducing patterns at required positions.
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(a) No excitation pat- (b) Many patterns at (c) Central pattern

terns random positions

Figure 2.3: Snapshots of BZ reaction medium performed at different temperatures

2.2.3 Experimental Design

The experimental setup is shown in the Fig.2.4 given below.

(a) Experimental setup (b) Stainless steel box

Figure 2.4: (a) the whole experimental arrangement and (b) stainless steel box to keep the petri dish
and light source

The camera is kept above the glass petri dish containing the reaction solution. It is fixed
on a tripod head (Vanguard Aluminium Tripod Espod CX203 AGH) and connected to a PC.
A stainless steel box is designed to keep the petri dish and light source. The box has multiple
slots to hold a plain glass sheet. The glass sheet is covered with a light-diffusing cloth. We
placed the petri dish over this glass sheet (Fig.4.1b). A white light source (3 W and 8 W
LED light) is kept below to illuminate the system.

Ferroin catalyst undergoes striking color changes, from red to blue, during each excitation
cycle. The color variations make the optical detection of the excitation waves possible. Pat-

tern formation in the reaction continues for 2-3 hours, and images are taken every 2 seconds.
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We used a CCD camera to record the spatio-temporal patterns in the experimental medium
(mvBlueCougarX120bC - Fig.2.5a). The lens of the camera is covered using a blue filter to

enhance imaging. The captured image is in Fig.2.5b.

(a) CCD Camera (b) Captured patterns

Figure 2.5: CCD camera (mvBlueCougarX120bC) and the captured image

Cameras with CCD sensors produce high-quality images with low noise. Our CCD cam-
era can be connected to a computer through an Ethernet port. We can inspect, evaluate, and
identify still or moving images through the computer. Such a device is known as a machine
vision system. The main advantage of such machine vision cameras is that they expose all
pixels simultaneously. So, a CCD camera gives an image undistorted by motion, which
is better for making measurements from it. We use LabVIEW software (a virtual instru-
mentation platform from National Instruments) for data acquisition. LabVIEW (Laboratory
Virtual Instrument Engineering Workbench) provides various features and tools. LabVIEW
uses a graphical, general-purpose programming language known as G. For over two decades,
NI-LabVIEW has been used to develop sophisticated test, measurement, and control appli-
cations. We have developed an image acquisition code in LabVIEW. The experimental data
analysis mainly consists of image processing. The image data obtained from the LabVIEW
program is processed with Python. The intensity-time series (Fig.2.6) plotted with the Python

program helps determine the period of wave propagation.
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Figure 2.6: Pseudocolor image of a free spiral wave in the BZ reaction and the corresponding
intensity-time series plot. The image is plotted in a 200 x 200 grid. The time series is plotted corre-
sponding to the intensity variations at the point 70 x 50.

2.2.4 Method of unpinning

For pinning to occur, the diameter of the heterogeneity must be comparable with the di-
ameter of the spiral core. Also, pinning occurs only when the heterogeneity is inserted pre-
cisely at the spiral tip. We used glass beads with diameters varying from 1-5 mm as pinning
heterogeneity (Fig.2.7). Cylindrical glass rods with similar diameters are also used as het-
erogeneity. Pinning of the spiral tip to the glass bead is confirmed only after 2-3 complete

spiral rotations.

We induce the spiral wave only on the surface of the gel by touching it with the tip of a
silver wire. The spherical glass bead is partially inserted into the medium so that the spiral
tip on the gel surface gets pinned to the great circle of the sphere. Since the thickness of our
medium (3 mm) is of the order of the spiral wavelength (3.696 mm), we expect a spherical

bead to behave similarly to a cylindrical rod inserted vertically across the medium.

Figure 2.7: A counter-rotating spiral pair in the BZ reaction: The spiral on the left is pinned to a
spherical bead, and the one on the right is free-rotating.

Silicate glass surfaces acquire a negative surface charge density when immersed in water.

It is due to the dissociation of silanol groups. Behrens ef al. (Behrens and Grier (2001))
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estimates this is the order of mC/m? in deionized water. In electrolytes, this charge density
decreases due to the screening effect of positive ions in the medium. The charge on the glass
bead used in our experiment would be less than a few milli-Coulombs (mC) per glass bead
due to the screening effect in an acidic medium. The negatively charged Br~ ions, which
diffuse across the wavefront, possess a significant role in deciding the spiral propagation.
Spiral pinning is possible only if the bromide ions overcome the repulsion from the acquired
negative charge. Since pinning occurs successfully, it can be assumed that the induced charge

is not significant enough to affect the experimental results.

For data analysis, we use the angular position of the pinned spiral around the obstacle
boundary, denoted as the spiral phase. The software GIMP (GNU Image Manipulation Pro-
gram) measures the spiral phase from the captured images. Fig.2.8 shows how to measure
the angle using the software GIMP. The resolution of our camera is 0.07 mm/pixel. The max-
imum error in the measurement of the unpinning angle of the spiral in experiments shown in
Fig.2.8 is +/- 6, which arises from the least measurable angle value, which in turn depends
on the resolution of the camera. The minimum angle measured around a spherical bead of
radius 0.6 mm is 6.7°. The minimum measurable angle for r=0.75 mm is 5.35°, and that for

r=0.9 mm is 4.46°.
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Distance: 29.7 pixels
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I g p

Figure 2.8: Angle measurement in GIMP: Angle (¢) is measured from the +x-axis with the obstacle
center as the origin.

Unpinning experiments will be performed in a constant DC and circularly polarized (CPEF)
field. The input voltage signal is taken from a data acquisition device (NI USB-6343, X Se-

ries Multifunction DAQ from National Instruments - Fig.4.8).
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Figure 2.9: Data Acquisition device - DAQ (NI USB-6343, X Series Multifunction DAQ from Na-
tional Instruments)

The DAQ is devised to measure or generate physical signals such as voltage. It initially
gathers the signals from measurement sources. Then, the gathered signals are digitized for
storage, analysis, and display on a personal computer. The maximum signal amplitude (V)
obtained from the DAQ is 10 V. The field strength can also be controlled by changing the

distance between the electrodes (d), according to the relation £ = 5 .

Copper (Jiménez et al. (2013)), platinum (Ji et al. (2013)), and stainless steel (Sevéikova
etal. (1996)) are used as electrodes in experiments of BZ reaction to apply an external electric

field. We used copper electrodes because of their large availability at a lower cost.

In the case of copper, prolonged application of the electric field (more than 30 minutes)
may result in a brown deposit around the anode. The deposition could be due to the oxidation
of the copper electrode. Since the medium is immobilized in agar gel, the oxidation products
can not diffuse into the observation area. Compared to the distance between the electrodes
(5 cm), the observation area (1.5 cm x 1.5cm) is small, so the reactions near the electrode
do not immediately affect the spiral wave. Moreover, the spiral unpins within one period of
its tip rotation, around 4 minutes. Thus, the effect of electrode oxidation can be neglected in

our experiments.

We applied the DC electric field through a pair of copper electrodes of dimension 5 cm
x 2.5 cm x 0.25 mm each (Fig.2.10a). The rotating field is realized by applying two AC
electric fields through two pairs of copper electrodes (Fig.2.10b). The ohmic heating can
lead to a temperature rise in the reaction medium. We kept the whole reaction medium in a

water bath to reduce the effect of ohmic heating.
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(a) DC (b) CPEF

Figure 2.10: Electrode arrangement for (a) DC field and (b) CPEF

The two AC signals for generating the CPEF are applied to the medium with a phase dif-
ference of 7. The frequency of the AC voltage signals is decided according to the frequency
of spiral rotation in the medium. The frequency of the spiral wave is calculated with the
relation fg,;y = ﬁ, where T, 1s the time period of spiral rotation obtained from the

intensity-time series plot (Fig.2.6).

2.3 The Oregonator model

The reaction mechanism developed by Field, Koros, and Noyes (the FKN model) forms
the foundation for modeling studies of the BZ reaction (Field et al. (1972)). A three-variable
model known as the Oregonator model encapsulates the vital characteristics of the FKN
process. (Field and Noyes (1974)). This model explains how the chemical state changes
over time. The Oregonator model works backward by initially understanding the idealized
BZ mechanism to a mathematical abstraction that preserves the dynamical phenomena. The
details of the actual chemistry underlying the reaction have been greatly idealized and sim-
plified in this model. The Oregonator model can be understood from the following five

chemical steps:

A+Y—U 2.1)

U+Y—>P (2.2)
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B+U—2U+V (2.3)

2U— QO (2.4)

V—sfY (2.5)

where 4 = B = [BrO; ], U = [HBrO,|, Y = [Br |, V = 2[Fe’*], P, Q=waste-product
concentrations, and f is a stoichiometric factor whose value may vary. The rate equations

can be written based on this model as follows:

dU

- = kiAY — kyUY + k3 4BU — 2ks U? (2.6)
ay

== —kiAY — ko UY + flgV 2.7)

‘;—It/ = k3 4BU — keV (2.8)

where ks (=1 to 6) are the rate constants.

Nonlinear dynamics often control excitable systems. These equations demonstrate the
nonlinear dynamical nature of the Oregonator model. These differential equations can be

expressed as follows using the parameters ¢, s, w and dimensionless variables u, y, v, t:

pa =s(y —uy +u— qu) (2.9)
dy 1

2y — 2.1
5= Sy w ) (2.10)
% =w(u—v) (2.11)

Here,

u=r2y (2.12)

kA '



_ 2.13
Y= B (2.13)
k2K6
= 2.14
keyks 4AB @.14)
T = \/k1k374ABl‘ (215)
kiksA
= 2.16
k2k3,4B ( )
ks 4
=,/24 2.1
s oA (2.17)
we N (2.18)

\/ k] k374AB

The stability of the steady-state solutions is used to analyze the dynamical behavior of the

d d d
system. For the steady state, w_a_ar_ 0. The steady state solutions are
dt  dr dr
Vo = Uy (219)
Suo
= 2.20
Yo 1+ g ( )
quy+ g = (1 =uo = (1+/) =0 (2.21)

In the stationary state, the value of y can be related tou as y = 1% Substituting this in

the previous equations will reduce the three-variable model to a two-variable model.

du fu  fuy s

S prvial s L (2:22)
dv
7= w(u —v) (2.23)

By examining the stability of stationary state solutions, oscillations in the chemical system

can be explained.

When the medium is not disturbed, the BZ reaction exhibits wave propagation and the

formation of spatiotemporal wave patterns. Depending on the reagent concentration, the
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medium can produce target and spiral waves in two dimensions and scroll waves in three
dimensions. These patterns are produced due to the coupling between the reaction and dif-
fusion processes. Consider a two-variable system (Eqns. 2.22 and 2.23) in the context of
an oscillating stirred BZ medium, where u and v represent the concentrations of the autocat-
alytic and inhibitory species, respectively. The pattern formation, in this case, is the outcome
of the coupling of the chemical processes f{u, v) and g(u, v), as well as the diffusion of the

chemical species u and v. The rate equations are given by:

du 0u
v _ (u,v) + D'@ (2.25)
PR A Ox? ’

Here, D and D’ denotes the diffusion coefficients for u and v respectively. These equations
form a system of reaction-diffusion (RD) equations. Depending on the system dimensions,
various wave patterns will emerge in the system. An external electric field can be added to

the model equations as an advection term.
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Chapter 3

Mechanism of spiral wave unpinning in
the Belousov-Zhabotinsky reaction with

DC electric field

Summary

In this chapter, we study the mechanism of spiral wave unpinning in the Belousov-Zhabotinsky (BZ)
reaction with a DC electric field. We systematically analyze the unpinning by varying the chirality
of spiral rotation, the initial phase of the spiral, the size of the pinning obstacle, the direction, and
the strength of the applied electric field. We conclude from our observations that a retarding electric

force’ on the chemical wave is responsible for the unpinning in the BZ medium.

3.1 Introduction

According to previous studies, chemical waves are significantly affected by an applied
electric field. In the beginning, the effects of electric fields on the chemical wave were
studied theoretically using models based on the FKN kinetics (Schmidt and Ortoleva (1977,
1979, 1981)). The theoretical predictions were later confirmed in BZ experiments by Sev-
cikova and Marek (Sevéikova and Marek (1983); Sevcik and Adamcikova (1985)). It was
found that in the presence of an external electric field, wave propagation velocity varies ac-
cording to the field intensity and direction. The diffusion of chemical species in response
to the applied electric field causes variations in the chemical wave dynamics. The three im-

portant chemical species that control the wave propagation in the BZ medium are Br~ ions,
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HBrO,, and Fe** ions. The Br~ and Fe** ions can directly interact with the applied electric
field. In an external electric field, the Fe’" ions drift in the direction of the field, and the
Br~ drift in the opposite direction. Depending on the diffusion of ionic species, the propaga-
tion of chemical waves alters. A DC electric field applied in the BZ reaction can also cause

annihilation and splitting of the waves (Feeney et al. (1981); Sevéikova and Marek (1983)).

The dynamics of spiral waves can also be controlled by an applied electric current (Agladze
and De Kepper (1992); Steinbock et al. (1992); Pérez-Mufiuzuri et al. (1992); Schmidt and
Miiller (1997)). Studies on how the electric field affects chemical waves have revealed that
waves moving toward the anode are accelerated, while those moving toward the cathode are
decelerated. This effect would cause a rotating spiral to move toward the anode. Experimen-
tal studies have been done on the influence of an electric field on a spiral wave and observed

a directional drift towards the anode as expected.
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Figure 3.1: Spiral drift in an external electric field: The spiral wave drifts toward the anode with
some angle a. The drift angle depends on the field intensity (Agladze and De Kepper (1992)).

Agladze et al. have given a simple mechanism to explain the drift of spiral waves in a
unidirectional electric field (Fig.3.1). Each spiral rotation cycle in the presence of an electric
field can be split into two halves depending on the orientation of the spiral tip. One half of the
rotation is towards the anode and the other towards the cathode. According to the previous
results, the wave propagation slows down when it propagates toward the cathode. As aresult,

the rotation of the tip slows down, and it rotates around a large core. On the other hand, in
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the other half, when the tip is oriented towards the anode, its rotation speeds up, and the
spiral rotates around a small core. The consequence is the drift of the spiral tip in an entire
cycle, as depicted in the picture (Fig.3.1). The tip shifts faster if the difference between the

core size is larger.

The increase of the spiral wave core observed by Perez-Munuzuri et al. (Pérez-Munuzuri
et al. (1992)), in a circular electric field centered at the core, can be explained by the large
and small core effect of the electric field. When a positive constant voltage is applied to the
central electrode, the period, wavelength, and core size of the spiral wave increase by a factor
of up to three, but a negative voltage does not affect the spiral wave characteristics. A low-
frequency alternating current affects the spiral wave as a direct current does. The observed
results were explained by assuming an electrostatic interaction around the electrode at the
spiral core. Near the central electrode, the concentration of inhibitor bromide ions increases
with voltage. The increase in the bromide ion concentration delays the autocatalytic process

and, hence, the excitation in the medium.

According to the observations, there exists an unexpected perpendicular spiral drift com-
ponent to the field direction. The perpendicular drift component is comparable to, or even
greater than, the parallel drift component. The direction of the perpendicular drift component
is determined by the chirality of the spiral (Agladze and De Kepper (1992); Steinbock et al.
(1992); Schmidt and Miiller (1997)). Munuzuri et al. (Mufiuzuri et al. (1993)) suggested that
the spiral dynamics in an electric field strongly depend on the contraction and elongation of
the spiral tip. The width, w, of a spiral wave, is related to its velocity as w = 7V, where 7 is
the wave duration. According to the relation, the electric field also affects the width of the
wave. The width of the rotating tip modulates periodically; it increases or decreases when
the tip propagates to the positive or negative electrode. The elongation of the tip caused by
changes in w produces a perpendicular drift component whose direction is determined by

the chirality of the rotating spiral.

It is well known that the tip of a rotating spiral wave can pin to inhomogeneities present in
the medium. Pinning alters the wave parameters such as the wave period, wavelength, and
velocity depending on the size of the pinning obstacle (Lim et al. (2006); Sutthiopad et al.

(2015)). An electric field can unpin a pinned spiral wave if the applied current is above a
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threshold current density (Sutthiopad et al. (2014)). This threshold increases linearly with the
size of the pinning heterogeneity (Sutthiopad et al. (2014); Porjai et al. (2016)). A study in a
three-dimensional BZ system demonstrated that pinned scroll waves could also be unpinned
by external electric fields (Jiménez et al. (2013)). However, the mechanism of unpinning is
very different for the pinned waves in the BZ reaction as opposed to such waves in the car-
diac tissue. Because the chemical waves in the BZ reaction are constituted of charged ions,
they can directly interact with the external electric field (Agladze and De Kepper (1992);
Enderlein and Kuhnert (1996); Li et al. (2017)). Unpinning in the physiological system is
possible with carefully delivered secondary excitation generated by the electric field, which
is absent in the chemical medium (Luther et al. (2011); Shajahan et al. (2016); Punacha et al.
(2019)). The mechanism of field-induced unpinning has yet to be addressed so far. In this

chapter, we investigate the field-induced unpinning of chemical waves.

To understand the unpinning of chemical waves in an electric field, we must study how
the pinned wave leaves heterogeneity. This chapter reports a detailed investigation of the
location at which the spiral wave leaves the pinning obstacle in the BZ reaction as a func-
tion of the chirality of spiral rotation, the initial phase of the spiral, the size of the pinning
obstacle, direction, and the strength of the applied electric field. We study unpinning in the
experiments and numerical simulations of the Oregonator model. From the observations, we
deduce a relationship between the phase of unpinning, the size of the pinning obstacle, the

strength, and the direction of the electric field.

3.2 Methods

3.2.1 Experimental methods

We performed experiments in uniform thin layers of ferroin-catalyzed Belousov-Zhabotinsky
(BZ) reaction. The initial concentrations of reagents in the medium are: [H,S0,]=0.16 M,
[NaBrO;] = 40 mM, [Malonic acid] = 40 mM, and [Ferroin] = 0.5 mM. The procedure for

solution preparation and spiral generation is explained in detail in the chapter Methods.

A glass bead is inserted partially across the gel surface by gently pushing it into the agar

gel so that the spiral tip on the surface pins to the great circle of the spherical bead. A pinned
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Figure 3.2: Schematic representation of the experimental setup: Images of BZ reaction are recorded
with a CCD camera controlled by LabVIEW software. The system is illuminated from the bottom
with white light. Electrode positions in the medium with respect to the obstacle are illustrated in the
inset. The white circle at the center of the reaction medium represents the pinning obstacle. (Not to
scale.)

spiral wave takes 4.17 minutes to rotate around a bead of radius 0.6 mm in the absence of
an applied electric field. The time period for the spiral pinned to obstacles of radii r = 0.75
mm and 0.9 mm is 4.58 and 5.04 minutes, respectively. The error in the time measurements
is 0.5 seconds. The rotation period increases with the size of the pinning obstacle, as re-
ported earlier (Lim et al. (2006)). A schematic diagram of the experimental setup is shown
in Fig.3.2. Unpinning experiments are performed in the presence of a constant DC electric
field. We applied the field through a pair of copper electrodes (of dimension 5 cm x 2.5 cm
x 0.25 mm each) kept 5 cm apart. For comparison, we have performed experiments using a

cylindrical rod.

3.2.2 Numerical methods

In simulations, the unpinning studies are carried out using the three-variable Oregonator
model. The coupling of chemical reactions (Eqns. 2.9-2.11) with the diffusion of corre-

sponding chemical species results in the formation of patterns in the medium. The following
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are the model equations (Schmidt and Miiller (1997)):

ou 1

i ;(qw—uw—ku(l —u)) + D,V?u (3.1
0\1 2 ™
E:u—vav v+ M,(E-Vv) (3.2)
ow 1 2 I
=, = (W —ww +fo) + D.VPw + My (E - Vw) (33)

where u, v and w represent the re-scaled, dimensionless concentrations of HBrO,, Fe**,
and Br~ respectively. Values of the parameters used are ¢ = 0.002, /= 1.4, ¢ = 0.01, and
¢ = 0.0001. In Eq.3.2 and Eq.3.3, the applied electric field E along +x-axis, is added as
an advection term. Since u is non-ionic, the electric field does not affect its diffusion. The
mobility values of u, v, and w are M,, =0, M, = -2, and M,, = 1 respectively. The computation
domain is 300 x 300 grids of size dx = dy = 0.1 spatial units (s.u). The numerical scheme
is the explicit forward Euler method with a time step of df = 0.0001. No-flux boundary
conditions are imposed on the domain and the obstacle boundaries. An obstacle of radius
is created by reducing the value of D, to 0.0001 at the center. D, and D,, are kept constant
across the simulation domain. The phase-field approach sets no-flux boundary conditions
at the obstacle boundary. The obstacle radii range from 0.75 to 1.5 s.u. The electric field is

initiated at 18 different initial phases of the spiral.

3.3 Results and discussion

Previous studies have shown that the propagation of a chemical excitation wave can be
controlled with an external electric field (Feeney et al. (1981); Sevéikova and Marek (1983)).
A free-rotating spiral wave in an external electric field moves from its initial position along
a trajectory at an angle to the electric field. The direction of this trajectory is determined
by the strength of the applied field and the chirality of the spiral (Agladze and De Kepper
(1992); Steinbock et al. (1992); Lietal. (2017)). It was also shown that the field could detach
a pinned spiral wave from an inexcitable obstacle in the reaction medium (Sutthiopad et al.
(2014)). In light of these results, we investigated the mechanism of unpinning by observing
the position of the spiral unpinning with respect to the direction of the applied field. We

used the experimental BZ reaction and the Oregonator model to systematically study the
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unpinning by an external electric field.

As long as the spiral tip stays pinned to the obstacle, the spiral core traced by the tip strictly
follows the obstacle boundary. Whenever the spiral core starts to deviate from the obstacle

boundary, we consider it as unpinning see Fig.3.3.
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(a) Unpinning of ACW spiral (b) Unpinning of CW spiral

Figure 3.3: The dotted circle represents the obstacle boundary, which is the same as the core of the
pinned spiral wave (in Fig.3.4). As the tip unpins from the obstacle, it traces a different path marked
by the arrows.

We measured the position of the spiral tip around the obstacle boundary at the time of
unpinning in degrees from the +x-axis, and it is denoted as the unpinning phase (¢, ) of the
spiral. Here, the applied field is oriented along the x-axis. In experiments, the angle at which
the rotating wave detaches from the glass bead is determined from the images using the soft-
ware GIMP (GNU Image Manipulation Program). Experimental images have a resolution
of 0.07 mm/pixel, which gives us a resolution of 6.67° in angle measurements for a bead of
radius 0.6 mm. In simulations, the spiral tip is defined as the intersection of two contours

u=1/2and F(1/2,v) = 0, where F is given by reaction term in Eq.3.1 (Barkley (1991)).

We observed that the spiral tip unpins from the obstacle only when the field strength is
above a threshold (£,,). We determined £, by systematically ramping up the field strength
to find the minimum field required to get the wave unpinned within one rotation of the spiral.
Fig.3.4 shows the unpinning of anti-clockwise (ACW) and clockwise (CW) rotating pinned
spirals subjected to a uniform DC electric field of strength greater than £,,. It was found that

both ACW and CW spirals detach near the anode as the tip propagates away from the anode.
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Figure 3.4: Unpinning of the spiral wave with DC electric field: (a) An anti-clockwise (ACW) rotating
spiral pinned to an obstacle of radius 0.6 mm without an external electric field. (b) An anti-clockwise
rotating spiral with initial phase ¢, = 45% ynpinned at 0, = 203.6° in an electric field of strength E
=2.40 V/cm. (a) A clockwise (CW) rotating spiral pinned to an obstacle of radius 0.6 mm without
an external electric field. (d) A clockwise rotating spiral with initial phase ¢, = 3 15° unpinned at
¢, = 151.43% in an electric field of strength E = 2.40 V/cm. The bold black arrow represents the field
direction.

For an electric field applied along the +x-axis (i.e., for the anode situated at 180°) in
Fig.3.4, the CW spiral detached around 135°, and the ACW spiral detached around 225°.
After unpinning, the tip drifts at an angle from the direction of the anode, as the free spiral
drifts in an electric field (Agladze and De Kepper (1992); Steinbock et al. (1992); Schmidt
and Miiller (1997)). A spiral pinned to a cylindrical glass rod of length more than the thick-

ness of the medium also unpins similarly (Fig.3.5).

(d)t=170s
[ ]

Figure 3.5: Spiral pinned to a cylindrical glass rod of diameter 1.0 mm is unpinned at ¢, = 206.47°
with a DC electric field E = 2.40 V/em for ¢, = 45°. E; = 0.76 V/em. From the equation, ¢, =
198.46°.

According to Sutthiopad et al., the critical threshold (£,;) increases with the size of the
pinning obstacle (Sutthiopad et al. (2014)). We determined the £, for obstacles with radius r

=0.6 mm, 0.75 mm, and 0.9 mm in experiments (Fig.3.6a). Regarding the spiral wavelength
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(4 =3.696 mm), these radii are 0.1624, 0.2024, and 0.243 4, respectively. From Fig.3.6b -
3.6d, it is clear that at E = E,;, the unpinning phase of spirals with similar chirality is constant

irrespective of the obstacle size.
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Figure 3.6: Unpinning of the spiral wave as a function of the radius of the obstacle: (a) Threshold
field strength (£;) for unpinning spiral from obstacles having different radii are plotted. The critical
threshold for unpinning increases linearly with the obstacle size. The radius is measured in millimeters
(mm). (b) g, is plotted against the obstacle radius. At E = Ej,, (c) ACW spiral always unpins at 270°
(circles) while (d) CW unpins at 90° (triangles). E represents the field direction and 77 is the tangential
propagation vector at ¢,,. In both (c) and (d), the obstacle radius = 0.6 mm and E = 0.8 V/cm.

To find the factors influencing the unpinning phase, we applied the electric field at differ-
ent initial phases of the spiral. The initial phase of a spiral, ¢, is the phase of the spiral tip

on the obstacle boundary at the time of field initiation.
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Figure 3.7: Unpinning phase as a function of the initial phase of the spiral: (a) In the experiment, the
detachment phase for the ACW spiral is plotted for different initial phases. ¢ is varied in the steps of
45°, for different E = 1.44, 2.04, and 2.40 V/cm. E; = 0.8 V/cm, and the obstacle radius is 0.6 mm.
(b) same as in (a) for CW spiral.

For different ¢, the spiral unpins with a constant ¢,, except when ¢, is close to the ex-
pected unpinning phase. In such situations, the wave is unpinned with a fixed delay (Fig.3.7).
A comparison between the unpinning of a spiral pinned to a spherical bead and a cylindrical

rod (Fig.3.8) reveals that this observation is common for both.

Another parameter that can influence the unpinning is the direction of the applied field,
0r. For Oz = 0° (along +x-direction), a CW spiral unpins between 90° and 180°. When the
field direction is reversed, i.e., for 8z = 180° (along —x-direction), the CW spiral unpins in
between 360° and 270°. An ACW spiral unpins in between 180° and 270° for 6z = 0°, and
in between 0° and 90° for 8; = 180° (Fig.3.9). Despite the difference in the phase values,

the unpinning phase is always symmetrical to the field vector.
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Figure 3.8: Comparison of unpinning with spherical bead and cylindrical rod as an obstacle: (a) Spiral
pinned to a spherical glass bead of radius 0.6 mm is unpinned with E =2.40 V/cm for different spiral
initial phases. Ey, = 0.80 V/cm. From the equation, ¢, = 199.47°. (b) Spiral pinned to a cylindrical
glass rod of radius 0.5 mm is unpinned with E = 2.40 V/cm for different spiral initial phases. £y, =
0.76 V/cm. From the equation, ¢, = 198.46°.
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(a)

Figure 3.9: Effect of field direction (6z) on unpinning: (a) For 8z = 0°, (i) an ACW spiral unpins
in between 180%and 270° (ii) a CW spiral unpins in between 90%and 180°. (b) For 0z = 180°, (i) an
ACW spiral unpins in between 0%and 90° (ii) a CW spiral unpins in between 270%and 0°. The electric
force exerted toward the anode influences the spiral detachment position. The obstacle radius is 0.6
mm, and E =2.40 V/cm.

From these observations, we hypothesize that the unpinning happens because of the slow
down in the spiral tip velocity due to the electric field. The wave unpins when the electric
force opposing the tip movement is above the critical threshold. The direction of the spiral
tip velocity at each phase ¢, around the obstacle boundary is represented by 7, (Fig.3.6c and
3.6d). The orientation of 7 is (¢, + 90°) for ACW spiral and (¢, — 90°) for CW spiral.
With £ = E,;, the wave unpins when the field vector and 7, align parallel to each other as
in Fig.3.6¢ and Fig.3.6d. Fig.3.10 schematically represents the alignment of the spiral with

respect to the applied field of threshold strength during unpinning.
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Figure 3.10: Schematic representation showing the orientation of E and # during unpinning with a
field of threshold field strength: (a) for ACW spiral and (b) for CW spiral.

We assume that the unpinning constantly occurs at the phase ¢, = 270° because there, due
to the parallel alignment of 7, and E, the ACW spiral experiences the maximum electric force
opposing its tip rotation. Similarly, a CW spiral experiences the maximum electric force at
the phase ¢, = 90°. Mathematically, the condition can be expressed as E- 7, = Ey. In general,
for any electric field £ greater than £y, the wave can be unpinned when the component of
applied electric field (FZ) along 7, becomes equal to greater than £, i.e., E -/ > E, These

assumptions will provide an unpinning phase window.

For an ACW spiral, it is given by,

E E
0r — 180° + sin—l(ffh) <, <0p— sin_l(Fth) (3.4)

In its course of rotation, an ACW spiral initially approaches the phase value,

E

0, = Oy —180° + sin_l(fth) (3.5)
So every ACW spiral, except those with ¢, ~ ¢,, unpins at ¢, given by Eq.3.5. When the
initial phase of the spiral is close to the expected unpinning phase (i.e., p,—A < ¢, < ¢,+A),

the wave unpins after a fixed delay of A (Fig.3.7,3.8).

where A = 30° in experiments. However, ¢, is still within the upper bound of the provided

window. This delay in unpinning can be related to the characteristic time for the diffusion of
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ionic species in response to the applied field. This time of response must depend on the field
strength and diffusion constant. In the case of £ = Ej, Eq.3.5 will give ¢, = 270°, which

matches well with our observations in Fig.3.6b.
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Figure 3.11: Unpinning phase varies with field strength: ¢, is plotted against the field strength ratio
% for spiral pinned to various obstacle sizes. The radius is measured in millimeters in experiments
and space units in simulations. In both (a) simulation and (b) experiment, a solid red line indicates the
values of ¢, calculated from the analytical formulae Eq.3.4 and Eq.3.7. For ACW and CW spirals,
¢, approaches 180° with the increase in field strength. , i.e.., An increase in the field strength results
in an unpinning closer to the anode.

Similarly, for clockwise rotating spiral ¢, is,

E
0, = Op + 180° — sin_l(fth) (3.7)

The unpinning phases given by Eq.3.7 correspond to the mirror image of the unpinning

phases obtained when the spiral was rotating in the anti-clockwise direction (Eq.3.5.
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AtE = Ej,, Eq.3.7 gives ¢, = 90° as expected from Fig.3.6b and 3.6d.

As with the ACW spiral, here also when the initial phase of the spiral is close to this
expected unpinning phase, (, i.e., o, — A < ¢, < ¢, + A), then the wave unpins after a fixed
delay of A.

Py = o — A 3-8)

For CW spiral, ¢, can vary up to 6 + sin™" (£2).

It has been observed from the study that £, increases with the obstacle radius (Fig.3.6a).
Since ¢, depends on E;, ¢, also increases with obstacle radius. For fixed field strength, un-
pinning will be delayed for a larger obstacle. Thus, the above equations relate the unpinning
phase with the chirality, obstacle size, field strength, and field direction. In Fig.3.11, we plot
¢, of the spiral wave as a function of (%) by varying the obstacle size and field strength for a
fixed 0. The maximum deviation from the predicted theoretical value is 15° in simulations
and 10° in experiments.

As (%) decreases ¢, for an ACW spiral decreases and approaches 180, , i.e., unpinning

happens in the close vicinity of the anode. For spirals rotating in the CW direction, the plot

Ey

) will show the opposite trend. When E = £, the wave unpins at 90°.

between ¢, and (

As E increases, ¢, increases and approaches 180°.

3.4 Conclusions

This chapter reported a systematic study of the unpinning of spiral waves in a chemical
excitable medium using a constant electric field. The unpinning is characterized by the un-
pinning phase, which is the angle of the spiral tip around the obstacle boundary at the time
of unpinning. We measured the unpinning phase in the BZ reaction medium and the Orego-
nator model. For a given field strength, the spiral wave always unpins at a fixed phase while
propagating away from the neighborhood of the anode. Except for a small range of initial
phases, an anticlockwise (ACW) spiral unpins between 180° and 270° while a clockwise
(CW) spiral unpins between 90° and 180°, for an electric field applied along the +x-axis.
Based on the assumption that unpinning is by the retarding force of the electric field, we

estimated the unpinning phase, which is in good agreement with our measurements.
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We performed unpinning by replacing the spherical bead with a cylindrical rod of the
same diameter. With a spherical bead as the obstacle, the spiral pins to the great circle of
the bead. The cylindrical rod is inserted vertically so that its top end is visible above the
medium. In a two-dimensional system, the spiral on the gel surface gets pinned to both
bead and rod identically. In our experiments, the spiral pinned to the rod unpinned exactly
like a spiral unpinned from a bead. This observation ensures that our system is essentially

two-dimensional.

The observation that the wave unpins as it moves away from the anode indicates that the
electric force on the chemical wave depends on the propagation direction of the wave. In
particular, if the wave moves along the direction of the field, it slows down, and if the field
is in the opposite direction, it accelerates. An electric field along the +x-axis accelerates
an ACW spiral moving from 0° to 180° and decelerates when it moves from 180° to 360°.
However, we do not observe the wave being dragged toward the anode as it approached the
anode but instead slowed down as the wave moved away from it. The chemical waves in
the BZ reaction involve three important chemical species: The Br~ ion, HBrO,, and the
Fe(phen); . The Br~ ions, usually diffuse opposite to the wave, can make the wave move
slowly if the wave is moving in the same direction as the field (Feeney et al. (1981)). Sim-
ilarly, in a field opposite to the wave propagation, the Br~ ions move ahead of the wave,
leading to wave acceleration. Our results show that the slow-down effect of the field is more
pronounced than its ability to accelerate the wave. Slow down in the propagation of spiral
wave when moving towards the negative electrode facilitates the unpinning of the spiral tip

from the obstacle.

In the presence of an applied electric field, the core of a free spiral wave drifts toward the
direction of the anode. However, the velocity of the spiral core has an additional component
perpendicular to the direction of the field. The perpendicular component of the spiral drift
depends on the chirality of the spiral (Agladze and De Kepper (1992)). Similarly, in the case
of field-induced unpinning, the position of unpinning with respect to the field changes with
the chirality of spiral rotation. The ‘electric force’ acting directly on the excitation wave
is a unique feature of the chemical excitation wave. In physiological tissue, for example,
though the excitation waves show similar dynamics, the electric field does not act directly

on the wavefront. For example, in cardiac tissue, the field induces secondary excitation from
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the boundaries of obstacles. When the secondary waves are generated within the vulnerable
window of the spiral, the wave gets unpinned (Luther et al. (2011); Shajahan et al. (2016)).
We have not observed such wave emission in the chemical medium; we are also unaware
of any other excitable medium where the external field can directly apply a force on the
excitation wave. In conclusion, we point out that the chemical excitation waves in the BZ
reaction interact uniquely with an external electric field. Also, unpinning by a retarding

electric force is not seen so far in any other excitable medium.
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Chapter 4

Theory and experiments of spiral
unpinning in the Belousov-Zhabotinsky
reaction using a circularly polarized

electric field

Summary

The mechanism of spiral wave unpinning in the BZ reaction with an applied circularly polarized
electric field is investigated by varying the pacing ratio, initial spiral phase, and field strength. An
electric force exerted in opposition to the spiral propagation by the applied field, while propagating
away from the anode, induces unpinning. Based on the condition that the unpinning happens as the
electric field component along the spiral propagation vector reaches the threshold, analytical formulae
are derived for calculating the spiral unpinning phase. The unpinning occurs within the limits of
the unpinning phase window calculated using the derived analytical formulae. The experimental

observations are verified using the numerical simulations performed with the Oregonator model.

4.1 Introduction

We have seen from the previous chapters that applying an external electric field to the
excitable systems, especially to the chemical and biological systems, can have a sensitive
control over the wave dynamics (Feeney et al. (1981); Agladze and De Kepper (1992); Chen

et al. (2006); Feng et al. (2014); Ji et al. (2013)). The variations in the chemical wave dy-
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namics in an applied electric field are correlated with the oriented movement of ionic species
in the medium. In the previous chapter, we have described, in detail, how an applied DC
electric field can achieve the unpinning of pinned spirals from the inhomogeneities (Am-
rutha et al. (2022)). A slowdown in the spiral propagation due to the electric force leads to
unpinning a pinned spiral tip in a DC electric field. The field vector is static in a DC field,
and its orientation will not change with time. But, the spiral wave changes its phase accord-
ing to its frequency. So, it is logical to think that a rotating field could provide better control
over the spiral dynamics. In an applied rotating electric field, the spiral and the electric field

exhibit relative rotation with specific individual frequencies.

It is possible to generate various polarized electric fields by changing the phase difference
between the two applied AC electric fields. The resulting electric field will be circularly
polarized if the phase difference is +x/2. A circularly polarized electric field (CPEF) is
spatially uniform since it possesses constant amplitude and rotates in a particular direction
with uniform frequency. Many of the numerical studies employed a CPEF to control the
spiral dynamics. As in the case of a DC or an AC electric field, the spiral wave drifts in
a CPEF, and a co-rotating CPEF induces maximum drift (Chen et al. (2006)). Numerical
studies in reaction-diffusion models show that a co-rotating CPEF can synchronize the spiral
frequency (Chen et al. (2009)) if the frequency of the CPEF is near that of the spiral. The
synchronization is difficult to obtain if the CPEF is too fast or too slow. An applied CPEF
breaks the chiral symmetry, and by adjusting the field frequency, a spiral with the same
or opposite chirality can be selected. This phenomenon can be explained using frequency
synchronization followed by the competition rule, that the faster waves always survive in
excitable media (Li et al. (2013)). The only experimental study of CPEF in the BZ reaction
is reported by Ji et al. (Ji et al. (2013)). The study explains the control of spiral turbulence
obtained in the BZ reaction with CPEF based on frequency synchronization. The CPEF
synchronizes some unstable spirals, and the prolonged field application helps develop well-
formed spiral waves. All these control effects are possible only with a CPEF of frequency

closer to the spiral frequency.

The unpinning so far reported using a CPEF in the reaction-diffusion models is based
on the mechanism of wave emission from heterogeneities. Unpinning of spiral waves in

cardiac models by WEH induced by the CPEF has been reported to have a higher success
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rate and more application scope than a unidirectional electric field (UEF), even with a lower
voltage (Feng et al. (2014); Punacha et al. (2020)). A CPEF induces spherical waves with
frequencies higher than the pinned scroll wave in a three-dimensional system. Such higher-
frequency spherical waves induced by CPEF can drive the pinned scroll wave out of the

cardiac systems (Pan et al. (2016)).

So far, there are no reports on experiments of spiral unpinning using a rotating electric
field. In this chapter, for the first time to our knowledge, the unpinning of a spiral wave with
the circularly polarised electric field (CPEF) in the BZ reaction is reported. We will address

the mechanism of spiral unpinning and formulate it analytically.

4.2 Methods

4.2.1 Experimental Methods

Our experiments were conducted in a ferroin-catalyzed BZ reaction with the same compo-
sition and concentration described in the second and third chapters. The single reaction layer
of thickness 3 mm is taken in a glass petri dish of diameter 10 cm. The spiral generation and
pinning procedure is explained in detail in the chapter Methods. A glass bead of diameter 1.2
mm is used as the pinning obstacle. An anticlockwise rotating circularly polarized electric

field (CPEF) is applied using two pairs of copper electrodes as in Fig.4.1.
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Figure 4.1: Schematic diagram of the experimental system: Positions of the two pairs of field
electrodes with respect to the glass bead are shown schematically (not to scale).

Images of the reaction medium are recorded using a CCD camera at every 30s interval for
1 — 2 hours. Even though we mainly discuss the unpinning of a spiral pinned to a spherical

bead, a comparative study with a spiral pinned to a cylindrical rod is included.

4.2.2 Numerical methods

According to the FKN mechanism, the variables u, v, and w in the three-variable Oreg-
onator model (see Chapter 3 for details) represent the rescaled dimensionless equivalent of
the concentrations of HBr(,, oxidized catalyst, and Br~ ions respectively. Since w changes
on the fastest time scale, w(x, ) is always determined by the instantaneous values of  and v
according to the relation w = bv/(u + a). As a result, the three-variable Oregonator model
is reduced to a two-variable system in u and v. The transport of the inhibitor Br~ ions is
primarily responsible for the field-induced effects observed in the BZ reaction. The tempo-
ral evolution of the concentration of Br~ ions is anticorrelated to that of the autocatalytic

component HBr(O,. The effect of the electric field on the variable Br~ is included in the
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equation for u by the additional advection term. This advection term does not describe any
real physical movement of HBrO, (Schmidt and Miiller (1997)). The paper by Amruthaet al.
Amrutha et al. (2022) reports an excellent agreement between the dynamics of spiral waves
obtained using the three and two-variable Oregonator model.

So, here, the dynamical features of the BZ reaction are described using the two-variable

Oregonator model. The model equations are as follows:

8u_1

L B _fV(U—‘I) 2 *
o = Um0 =T ) F DNV MUE - V) 1)
8\/ 2 ™
5, =u—v+DV v+ M,(E - Vv). (4.2)

where u, and v represent the re-scaled, dimensionless concentrations of HBrO,, and Fe> ™
respectively. The electric field E is added as an advection term in the equations for u and v.

The CPEF is represented as E = Eosin(32)x + Egcos(32)y.

The model parameters are ¢ = 0.002, f = 1.4 and ¢ = 0.01. D, = 1.0 and D, = 0.6
are the values of diffusion coefficients. The ionic mobilities of u and v are M, = 1.0 and
M, = —2.0 respectively. The computation domain is 300 x 300 grids of size dx = dy = 0.1
spatial units (s.u). The numerical scheme is the explicit forward Euler method with a time
step of dt = 0.0001. No-flux boundary conditions are imposed on the domain and the
obstacle boundaries. An obstacle of radius » = 10 s.u is created by reducing the value of
D, t0 0.0001 at the center. D, and D,, are kept constant across the simulation domain. The

phase-field approach sets no-flux boundary conditions at the obstacle boundary (Fenton et al.

(2005)).

4.3 Results and Discussions

The location of the spiral tip on the obstacle is denoted by its phase, ¢,. The spiral phase at
t =0 s is represented as ¢,, (initial spiral phase), and the phase at the time of unpinning is ¢,
(unpinning spiral phase). ¢, is measured anti-clockwise from the positive X-axis in degree by
considering the obstacle center as the origin. The direction of the spiral tip rotation (#,) can be
obtained by drawing a tangent at the respective phases. In experiments, ¢ is determined from

the images using the software GIMP (GNU Image Manipulation Program). The resolution
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in angle measurements is 6.67° for a bead of diameter 1.2 mm. In simulations, the point of
intersection of the two contours u = 1/2 and F(1/2,v) = 0 is defined as the spiral tip. Here,

F is given by the reaction term in the Eq.4.1 (Barkley (1991)).

4.3.1 Anti-clockwise spiral

We focused on the unpinning of an ACW spiral in an ACW CPEF.

t=110s : t=176s

Figure 4.2: Unpinning of an anti-clockwise rotating spiral using CPEF: (a) An ACW rotating
spiral pinned to a spherical bead of diameter 1.2 mm in the experiment. The natural period of pinned
spiral tip 75 = 297 s. (b) A CPEF of strength £y ~ 1.38 V/cm, and period Tz = 125 s applied to the
medium unpins the spiral tip from the obstacle. The arrows show the direction of the applied CPEF.

As in the DC electric field (Amrutha et al. (2022)), the spiral can be unpinned with the
CPEF only when the field strength £, equals a particular threshold value E£,,. The significant
difference from the DC electric field is that it is static there, but it is rotating here. Fig.4.2a
gives the time sequence of field-free rotation of an ACW spiral wave and its unpinning with
an ACW CPEF of strength £y, = Ej;. In experiments, the ACW spiral rotates with a period
T, = 297 s, and the period of the applied field is 7r = 125 s. Here, the field rotates with
a higher frequency than the spiral (7; > T%). Hence, we say the pacing is overdrive. The
ratio between the periods of the spiral and the field rotation is denoted as the pacing ratio;

p = T,/ Tg. In terms of angular displacements,

05— 6,

@, — Po
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where 6, = 0° in the initial position of the field vector, and &y is the angle covered by the
field vector by the time of unpinning. (¢, — ¢,) is the angle covered by the spiral during the

time of unpinning.

To find out the mechanism behind the unpinning, we must examine the unpinning se-
quences, Fig.4.2b. It can be seen that the unpinning is initiated as the spiral starts to rotate
toward the cathode after passing the anode. In Fig.4.2b, at t = 110 s, if we mark 7, it will
align parallel to the field vector E. So the electric force on the spiral will be in the opposite
direction to 7, and hence its propagation slows down. If the applied field strength is equal to
E,;, the opposing electric force leads to the unpinning of the tip from the obstacle. This con-
dition is similar to the unpinning at £, in a DC electric field (Amrutha et al. (2022)). Fig.4.3

schematically represents the above-explained mechanism of spiral unpinning in a CPEF.

by ----- Eth(t = tunpinning)

> Eyp(t = 0)

_I_

Figure 4.3: Schematic diagram showing the mechanism of unpinning at £y = £j,: ¢, and ¢, are
the phase of the spiral tip at # = 0 s and at the time of unpinning respectively. g denotes the phase
of the electric field £ and 7 is the tangential vector of spiral rotation on the obstacle boundary. All
phases are measured anticlockwise from the initial direction of the E field. The wave unpins when
the electric force is opposite to 7; (or when E and 7, are parallel to each other). The tail of the resultant
field vector E marked with a 4 sign is mentioned as the anode, and the head with a sign is the
cathode.
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So, the unpinning at £y = Ey;, occurs when E align parallel to 7,. Following the mechanism
at £y = Ey;, the unpinning for a field strength greater than £, must occur when the component
of E along 7, reaches the critical threshold, Ej,. i.e., when the scalar product of E and 718
equal to or greater than E,,. This condition gives a window of possible spiral unpinning
phase ¢, as,

E E
Op —m +sin”' () < ¢, < Op —sin”! () (4.4)

which is the same as in a static DC field (Amrutha et al. (2022)). 8 is a constant in the DC
field. However, in a CPEF, 6 is a function of the pacing ratio and the spiral phase according

to the Eq.4.3. So, we can obtain ¢, in terms of ¢, p, E and Ej,.
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Figure 4.4: Unpinning at £y > E,, (sin~! (%) = 48.95%: Spiral waves with different ¢, are
unpinned in a CPEF with both under-drive (p < 1) and over-drive pacing (p > 1). The solid bottom
line represents the lower limit of the range of possible ¢, -values given by the relation ¢, = (pp, +
48.95)/(p—1) for over-drive pacing and ¢,, = (7 —pg,+48.95) /(1 —p) for under-drive pacing. The
upper limit of the range of possible ¢, -values, given by the relation ¢, = (pp, + 7 —48.95)/(p — 1)
for over-drive pacing and ¢, = (27 —pgp,—48.95) /(1 —p) for under-drive pacing, are represented by
the top dashed line. Circles and triangles represent the experiment and simulation data, respectively.
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For overdrive pacing with p > 1, the unpinning phase window is given by

. —1/E il En
poytsin (8) __ppytr—sin”(2)

T—2 sin_l(bih)
with a width Agp, = ——1
p

For underdrive pacing i.e., for p < 1, the unpinning phase window is

w4 sin~'(£e) — 2m — — sin~! (L
(Eo) p%S(DuS P9 (Eo) (4.6)

l—p l—p
T—2 sin_l(Eﬂ)

The width of this window is Ag, = TEO. So, for a fixed Ey, accurately choosing the

p-value makes it possible to control the width of the unpinning phase window.

Fig.4.4 shows the unpinning phase window at E, > E,, for different initial phases of the
spiral. Here, the solid lines correspond to the lower limit, and the dashed lines correspond to
the upper limit of the window according to Eq.4.5 and 4.6. The unpinning always happens
at a phase within this range immediately after the required interaction between the spiral and

the field.

At E=E,, Eq.4.5 and 4.6 reduces to,

90
0, = M;p > 1 (4.7a)
p—1
270 —
0, = l—p%;p <1 (4.7b)
—p

In Fig.4.5, we plot the values of (¢, — ¢,) obtained in experiments as a function of the pacing
ratio, p for different ¢, at threshold field strength. The solid curves in Fig.4.5 represent
the analytically predicted values (Eq.4.7). The observed values agree with the theoretical

predictions.
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Figure 4.5: Unpinning at £y = E,: For spirals having different ¢, the phase difference (¢,- ¢,)
is plotted with the pacing ratio, p in experiments. At overdrive pacing (p >1), the red dashed lines
on the top mark the theory curve for p,=—45°(315%), corresponding to the second angular positions
satisfying the unpinning mechanism. The solid red line at the bottom corresponds to the first set of
angular positions satisfying the unpinning mechanism for g,=—45°(315%).

It is evident from Fig.4.5 that ¢, explicitly depends on p and ¢,,. For example, in Fig.4.5
the spiral waves with ¢, = 225° unpins with a minimum A¢ ~ 50° for p < 1. However,
the spirals with the same initial phase unpin with a larger phase difference Ap ~ 150° for
p > 1. If we consider some other ¢, the case will differ. It indicates that the unpinning
is not instantaneous with the field application. Instead, it requires a minimum duration of

interaction between the spiral and the field. So when the field starts with ¢, = 225°, the spiral
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experiences an opposing force from the beginning. Low pacing makes it possible to achieve
the required interaction before the tip changes its orientation. However, with high pacing,

the orientation changes quickly, and the process of unpinning is comparatively slow.

A comparison between unpinning in the case of spirals pinned to spherical bead and the
cylindrical rod is given in Fig.4.6. It is clear from the figure that the unpinning is similar in

both cases and is independent of the obstacle’s shape.

B bead
350 - ® rod
—— Equation
300 A
S 250 -
200 A
150 A
100 -

1.50 1.75 2.00 225 250 275 3.00
Pacing Ratio (p)

Figure 4.6: Unpinning of spirals pinned to spherical bead and cylindrical rod: ¢, is plotted
against p, where p is greater than 1. Blue rectangles represent the unpinning from a bead, and green
circles represent that from a rod. The red line represents the theory.

The variation in the unpinning phase with the initial phase is plotted in Fig.4.7a and
Fig.4.7b by fixing the pacing ratio at 0.5 and 1.5, respectively. In DC, ¢, is constant with ¢,
except for ¢, = ¢, where ¢, is the lower bound of the unpinning phase window. When ¢, =
¢, spiral unpinned after a delay of around 30°. We got ¢, = ¢, + 30°. We assumed that the
spiral could not instantaneously unpin with the applied electric field, but it requires a mini-
mum interaction, which is why the delay occurs. The requirement of a minimum interaction
time can be related to the time required for the diffusion of ions. Still, the unpinning happens
within the upper bound of the window. The figures show that in a CPEF, ¢, varies with ¢,.

As ¢, increases from —90° to 270°, ¢, decreases linearly for p < 1 and increases linearly
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for p > 1. The point ¢, = 270 acts as a point of resetting, so we have used the range —90°
to 270° for g,. According to formulae, at g, = 270°, ¢, is expected to be 270°. However,

our observations show a delay in unpinning, similar to the case mentioned in the DC field.

In Fig.4.5, there are two theoretical curves for ¢, corresponding to ¢, = —45° (315°).
However, from the Eq.4.7a, at E = E;, ¢, can have only a single value, represented by the
solid line at the bottom. Instead, the unpinning happened at a subsequent ¢, after the expected
¢,, where the condition for unpinning is satisfied (dashed line in Fig.4.5). Such a significant

change is most probable for high pacing ratios (p > 2).
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Figure 4.7: ¢, versus ¢,: (a) The unpinning phase ¢, is plotted against ¢, for p = 0.5 (underdrive
pacing). (b) same as (a) but for p = 1.5 (overdrive pacing). In both cases ¢,, varies linearly with ¢,,.

Suppose the time period of applied CPEF Ty = T;. Then, the pacing ratio will be p = 1.
We denote the case as resonant pacing. Here, the spiral and the CPEF would rotate with a
fixed phase difference. According to the equations for ¢, p = 1 will give infinity (Fig.4.5

and Fig.4.4. It means that unpinning is impossible for p = 1. It can be seen from Fig.4.4 and
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4.5 that when p=1, the cases of unpinning are less. But in Fig.4.4, the spirals with g, = —45°
and 225° unpinned for p = 1. It implies that unpinning is possible with resonant pacing for

particular values of ¢,, which are marked in Fig.4.8.
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Figure 4.8: Unpinning of spiral wave with pacing ratio, p = 1 for different field strength: = +
sinfl(%’é’) and 27 — sinfl(%’é’) are the lower and upper limit of the range of possible ¢ -values
which gives successful unpinning for p = 1. The shaded region corresponds to the cases of successful
unpinning.

For p = 1, unpinning happens if the following condition is satisfied.

E E
T+ sin’l(E—th) <, <2m— sin’l(E—m) (4.8)
0 0

This condition is reduced from the Eq.(4.5) and (4.6) by equating the numerator to zero.
The observed g, falls within the boundaries of the diagram (Fig.4.8) given by Eq.(4.8). The

width of the possible ¢,-values which results in unpinning is Ap, = 7 — 2sin~! (g—'(’;) At

Ey = Ey;, Ap, = 0 and only spirals with ¢, = 270° unpins. For E, > Ej, the unpinning is
possible for a larger Ag,, with a maximum value of 7. From Fig.4.4 and 4.8, it is clear that

for a fixed Ey;, the possibility of unpinning increases with an increase in the field strength.
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4.3.2 Clockwise spiral

In the previous chapter, we have seen that the chirality of the rotating spiral influences the
unpinning phase of the spiral. However, ACW and CW spirals behave mirror-symmetrically
with a DC field. Studies on frequency synchronization (Chen et al. (2009)) and spiral drift (Chen
et al. (2006)) using different polarized electric fields concluded that the relative rotation of
the spiral and the field is an important parameter that defines the spiral dynamics. Only a
co-rotating CPEF can synchronize the spiral and impose maximum spiral drift. Numerical
studies show that the mechanism of spiral unpinning in the cardiac model differs with the
relative rotation between the CPEF and the spiral (Punacha et al. (2020)). Here, we studied
the unpinning of a CW spiral in an ACW CPEF. In this case, the CPEF and the spiral are

doing counter-rotation.

Fig.4.9 gives the time sequence of field-free rotation of a CW spiral wave and its unpinning
with a CPEF of strength £, = Ej. In experiments, the CW spiral rotates with a period
T, = 287.14s, and the period of the applied field is 7r = 142.85s. So, the pacing is overdrive,
and the pacing ratio p =2.01.

(c) t=250s "

(g) t=425s

Figure 4.9: Unpinning sequence of a CW spiral in an ACW CPEF: The CW spiral rotates with a
period Ty = 287.14s, and the period of the applied field is T = 142.85s.
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The spiral phase difference (¢,- ¢,) is plotted against the pacing ratio in the Fig.4.10.
It is clear from the figures that the unpinning in every case occurred within a single spiral
rotation. Except for ¢, = 45°, the phase difference is less than 100°. i.e.., the unpinning is

comparatively faster for counter-rotating spiral and CPEF.
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Figure 4.10: Unpinning of CW spiral at E=Eth with underdrive and overdrive pacing: |p,- ¢,|
is plotted against p for different initial phases. The unpinning happens within one spiral rotation.

We have seen from Fig.4.8 that with resonant pacing, an ACW spiral (i.e., a co-rotating
spiral in our study) unpins only for particular initial phase values. However, a CW spiral
(i.e., a counter-rotating spiral in our study) with any initial phase value unpins with resonant
pacing. It is evident from Fig.4.11 that the spiral phase difference (¢,- ¢,) increases almost

linearly with the initial spiral phase.
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Figure 4.11: Unpinning of CW spiral at E=Eth with resonant pacing (p = 1): |¢,- ¢,| is plotted
against initial phase, ¢,. The unpinning happens with every ¢,.

4.4 Conclusions

We have presented the first experimental studies of unpinning an excitation wave using a
circularly polarized electric field. We observed unpinning with overdrive, underdrive, and
resonant pacing in experiments and simulations of the BZ reaction. There does not exist a
lower cut-off frequency of CPEF for unpinning. However, unpinning does not happen after
a pacing ratio of p=3. It can be because of an extended refractory period of the medium
compared to the time period of the CPEF. While ¢, is independent of ¢,, in the DC field, it

depends linearly on the initial spiral phase in the CPEF.
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The mechanism of unpinning a pinned wave in an excitable chemical medium differs from
a similar process in other excitable media because of the charge on the chemical wavefront.
The electric force induces retardation in the propagation of a pinned spiral, which eventually
leads to the unpinning of the spiral if the field possesses a threshold amplitude. For any field
strength greater than the threshold, the unpinning occurs when the electric field component
along the tangential direction of spiral propagation reaches the critical threshold. Based on
this condition, we can predict the unpinning phase, and the predicted values agree with those

obtained in experiments and simulations.

The migration of negative bromide ions towards the anode causes retardation in the wave
speed during the cycle of spiral rotation towards the cathode. The wave approaching the
anode gets accelerated and decelerates as it leaves the anode. The spiral unpins only when it
is being decelerated. Previous studies reported that the core size of a free-rotating spiral in-
creases as it rotates toward the cathode and decreases as it rotates toward the anode (Agladze
and De Kepper (1992)). When the core size is bigger than the size of the pinning obstacle,
it is impossible to stay pinned. This could be why the unpinning happens as it rotates to-
wards the cathode. This asymmetric interaction presents a unique situation. The anode can
only ’catch’ the spiral from behind while chasing it. If the anode fails to halt the spiral and

overtakes it, the anode has to come back again to act on the spiral.

The unpinning demands a minimum interaction between the spiral and the field vector
while the anode follows the spiral tip. For any field strength greater than the threshold, ¢,
always comes within the unpinning phase window predicted by the analytical formulae. Un-
pinning happens at a spiral phase, immediately after the required interaction between the
spiral and the field. According to the equations, ¢, depends on p, E, and ¢,. These param-
eters fundamentally affect the interaction between the field vector and the spiral. Previous
studies using a CPEF show that only a high-frequency CPEF can effectively control the ro-
tating waves. However, in the BZ reaction, the unpinning is possible with a CPEF of lower
frequency than the spiral wave. For a particular set of initial phases, unpinning is possible
with resonant pacing (p = 1 ). With resonant pacing, unpinning is possible only when the
initial position of the spiral is ahead of the anode as obtained from Eq.4.8. The variations
in ¢, with % give a tongue-shaped diagram. The range of initial phases, which give unpin-

ning with resonant pacing, increases with the applied field strength. Also, the width of the
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unpinning phase increases with the field strength. It means an increase in the field strength
increases the chances of unpinning. For a fixed field strength, the width of the unpinning
phase window can be increased by properly choosing the pacing ratio, which is impossible

with a unidirectional DC electric field.

A counter-rotating CPEF also follows the exact mechanism of unpinning explained for a
co-rotating field. However, our observations indicate that unpinning is faster in a counter-
rotating CPEF than in a co-rotating CPEF. Different from the case of a co-rotating spiral,
with resonant pacing, the unpinning of the counter-rotating spiral occurs for all the initial

spiral phase values.
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Chapter 5

Conclusions

Summary

This chapter briefly describes the work carried out in this thesis. We discuss the scope for future

studies in related research areas.

This work aims to study the dynamics and control of chemical excitation waves in the
Belousov-Zhabotinsky (BZ) reaction with an external electric field. External control of ex-
citation waves has interdisciplinary applications, including chemical computing, arrhyth-
mia control in cardiac tissues, and self-propelled motion. The BZ reaction is one of the
simple experimental models for studying the excitation wave dynamics. So, the excitation
wave dynamics observed in other systems are expected to be qualitatively identical to that
of the chemical waves. On the contrary, our studies show that the chemical excitation waves
uniquely interact with an external electric field. We proposed to study the unpinning of
rotating spiral waves using static and rotating electric fields in the BZ reaction. We have
made considerable progress in the study, the results of which have been published in two

international journals. The work presented in this thesis is summarised below.

In BZ experiments and simulations, we studied the unpinning of spiral waves with a con-
stant DC electric field. To filter out the unpinning mechanism, we systematically measured
the unpinning phase as a function of the chirality of spiral rotation, the initial phase of the
spiral, the size of the pinning obstacle, the direction, and the strength of the applied elec-
tric field. The observations were intriguing: irrespective of these parameters, the unpinning

always happens as the tip propagates away from the anode. We found that the spiral wave
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always unpins at a fixed phase for a given field strength, except for a small range of initial
phases. The tip unpins with a fixed delay when the initial phase is close to the unpinning

phase.

We then presented the first experimental studies of unpinning an excitation wave using a
circularly polarized electric field. The relative rotation of the spiral and the field resulted in
more dynamic and exciting results. Here, we chose the rotational frequencies, initial spiral
phase, and field strength as the control parameters for unpinning. The spiral unpinning as it

lags behind the CPEF is identical to the observations in a DC field.

We have explained the mechanism of spiral unpinning based on the nature of the electric
force on the wavefront. As the wave propagates away from the anode, it experiences an
electric force opposite to its expected propagation due to the electromigration of the inhibitor
bromide ions. This electric force retards the spiral propagation and induces unpinning. If
the anode rotates behind the spiral, the CPEF could unpin the tip even with a lower or equal
rotational frequency to that of the spiral. Based on the hypothesis, our theory accurately
calculates the unpinning phase and agrees well with our observations in the static and rotating
electric field. For a fixed field strength, the range of the unpinning phase can be increased
by adequately choosing the pacing ratio in a CPEF, which is impossible with a unidirectional

DC electric field.

Studies with different spiral chirality in the DC field have shown that the spirals with
opposite chirality exhibit mirror-symmetrical unpinning with respect to the field. But in
a rotating electric field, the relative rotation of the field and the spiral matters. We have
performed a systematic study about the unpinning in a co-rotating field. Our trials with a
counter-rotating field indicate that the unpinning is quicker than that in a co-rotating field. A
detailed investigation of unpinning with a co-rotating and counter-rotating CPEF may lead

to interesting observations.

From the studies conducted so far, it is clear that the response of a spiral wave to an ap-
plied field is not instantaneous. There is a delay between the field initiation and the spiral
unpinning. The cause of the electric field effects in the BZ medium is the diffusion of mo-

bile ions. Depending on the nature of the medium and the field, the characteristic time for
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diffusion changes. We can relate the observed delay to the characteristic time for diffusion.
A study governing the minimum period of effective interaction, which leads to unpinning in
terms of diffusion, propagation speed, or field strength, can provide a better understanding
of the electric field control of chemical wave dynamics. It could also find applications in the

control of the self-propelled motion of the BZ droplets.

Moreover, all the studies in this thesis are restricted to a two-dimensional excitable system.
By increasing the third dimension, i.e.., the height of the medium, it is possible to observe
the scroll waves. The dynamics and control of three-dimensional excitation waves using an

external electric field can be a new and promising field of research.

The “electric force’ acting directly on the excitation wave is a unique feature of the chem-
ical excitation wave. Though the excitation waves show similar dynamics in physiological
tissue, the field-induced unpinning in the cardiac system is based on the secondary wave
emission from the obstacle boundary. We have not observed such wave emission in the
chemical medium; we are also unaware of any other excitable medium where the external
field can directly apply a force on the excitation wave. The electromigration of the mobile
ions in the medium causes this unique behavior of the chemical wave. We have made con-
siderable progress in understanding the electric field-induced unpinning of spiral waves in
an excitable chemical medium. We hope our work will provide new insights into the control

and applications of chemical waves.
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