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We investigate the unpinning of chemical spiral waves attached to obstacles in the Belousov—-Zhabotinsky (BZ)
reaction using a Circularly Polarized Electric Field (CPEF). The unpinning is quantified by measuring the angle
at which the spiral leaves the obstacle. Previously, we had found that the wave can unpin when the electric
field along the direction of the spiral is above a threshold value. When we apply a DC field, this condition can
be satisfied for a range of spiral phases, which we call the unpinning window (UW). With a CPEF, this UW

moves either along the direction of the spiral (co-rotating) or against the spiral (counter-rotating). We find that
when the field is co-rotating, it can take several rotations of the spiral to get unpinned. With a counter-rotating
field, the spiral always unpins during the first rotation. We analyze how unpinning with CPEF depends on the
electric field’s relative speed, chirality, and strength using experiments and the Oregonator model. Our work
helps to understand and control chemical waves.

1. Introduction

The Belousov-Zhabotinsky (BZ) reaction is a non-equilibrium chem-
ical process characterized by oscillations in the chemical concentrations
of reactants [1-4]. Typically, it leads to the spontaneous formation of
organized wave patterns [5], such as rotating spirals [6] and circular
target waves [7,8] in two dimensions. When the BZ reagents are dis-
persed in water-in-oil microemulsions, they can also display distinctive
patterns like antispirals [9] and packet waves [10]. Remarkably, the
rotating spirals and target waves observed in the BZ reaction exhibit
striking similarities to patterns observed in cardiac muscle [11,12],
nerve tissue [13], chicken retina [14], and aggregating slime-mold
cells [15,16]. All these diverse systems possess a stable resting state.
They all can be activated from this resting state by a stimulus exceeding
a certain threshold. The response to the stimulus is characteristic of
the medium, such as action potential in nerve and muscle cells and
a sudden change in chemical concentration in the chemical medium.
Subsequently, they return to their original state after a period known
as the refractory period. During the refractory period, the system does
not respond to the stimulus. These systems are collectively known as
excitable media, and the BZ reaction is a classic example of excitable
medium. The BZ reaction is used in a wide range of applications,
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including in onboard chemical control for mobile robots [17], chemical
processors [18-21], and pressure sensors [22].

Spiral patterns commonly arise in excitable media by wave break
[23]. In heterogeneous media with obstacles, these rotating spirals can
move toward the obstacles and rotate around their boundary. These
waves are referred to as pinned spiral waves. Pinned waves are more
stable and challenging to remove [24]. When the spiral pins in a
physiological tissue, it causes dynamical disorders, including cardiac
arrhythmia [25] and epileptic seizures [26]. Thus, many groups have
devoted attention to controlling such waves [27-36]. In this context,
the BZ reaction serves as a model system [37,38] for investigating wave
dynamics.

The dynamics of chemical waves in the BZ reaction can be in-
fluenced by temperature [39,40], illumination [41,42], mechanical
deformation [43], stirring rate [44,45] and reactant concentration [46].
Since the BZ reaction comprises charged ions, the electric field can
also interact directly with the wave patterns. When a DC field is
applied, the wave drifts toward the anode with a velocity component
parallel to the field and a perpendicular component, determined by the
chirality of the spiral [47,48]. The spiral can also drift [49,50] in the
polarized electric field. The drift velocity is maximum when we use a
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circularly polarized electric field (CPEF) with a frequency twice that of
the spiral [51]. The wave synchronizes with the field when both share
similar frequencies [52] and rotate in the same direction [53]. This
synchronization is utilized in experiments to control spiral turbulence
in the BZ reaction [54].

The electric field is also used to unpin chemical waves pinned to
obstacles in the reaction medium. Sutthiopad et al. discovered that a
minimum electric field, referred to as the critical threshold, is necessary
for unpinning [55]. We have found that the wave is unpinned when the
component of the electric field in the direction of the spiral is equal
or greater than the critical threshold [56]. When we use a circularly
polarized electric field (CPEF) moving in the same direction of the
spiral, unpinning depends on the strength of the applied field, the
pacing ratio, and the initial phase of the spiral at the moment the field
is initiated [57]. However, how the chemical wave interacts with the
CPEF depends also on the direction of the spiral. Similar dependence
has been observed in cardiac models [58].

In this paper, we also investigate the unpinning of chemical waves
with CPEF rotating in the opposite direction of the spiral. We use
the term ‘counter-rotating CPEF’ to distinguish the above from the
previous case involving co-rotating CPEF. We employ both experiments
and mathematical models to study chemical wave dynamics. We found
that chirality plays a significant role in determining (1) the number
of rotations before unpinning, (2) the unpinning window, and (3) the
critical frequency of CPEF above which the field cannot unpin. In
the next section we describe our experiments and the mathematical
model used in this paper. Section 3 contains our main results. Further
results are also listed in the appendix. In Section 4 we conclude with a
discussion of our results.

2. Methods
2.1. Experimental methods

The experiments were performed as described in Amrutha et al.
[57]. The concentrations of reagents we used were [H,SO4] = 0.16
M, [NaBrO3] = 40 mM, [Malonic acid] = 40 mM, and [Ferroin] =
0.5 mM. We prepared the stock solutions using deionized water and
embedded the reaction mixture in 0.8% w/v agar-agar gel. Once one
color oscillation was observed, the reaction mixture was transferred to
a Petri dish with a diameter of 10 cm. An oxidation wave was induced
at the center on the Petri dish’s surface by touching it with a silver
wire during gelation. Breaking the above wavefront generated a pair
of oppositely rotating spirals.

A glass bead of radius 0.6 mm, which acts as an un-excitable
obstacle, was gently placed at the tip of one of the rotating spirals. Only
half of the bead is inserted into the gel to ensure that the spiral becomes
pinned to the great circle of the spherical bead. The spiral period to
travel the obstacle circumference, T, ~ 300 s. Once the spiral is pinned
to the obstacle, it becomes highly stable, with its position confined
around the obstacle. This allows us to control the position of the spiral
within the medium. We immersed two pairs of copper electrodes inside
the Petri dish along the x and y directions, perpendicular to each
other. In each pair, the distance between the electrodes was 5 cm. We
positioned copper electrodes in such a way that the obstacle was at
the center. We started applying the electric field to the BZ medium
after the spiral had completed two rotations following its attachment
to the glass bead. Sinusoidal signals were applied to both electrode
pairs with a phase difference of 90° to generate an anticlockwise
CPEF. The experiments were conducted on a thin gel surface, with
a thickness (~ 3 mm) lesser than the wavelength of the spiral (~
3.7 mm). This prevents the chemical wave from transforming into a
three-dimensional structure. Throughout the experiment, a CCD camera
systematically recorded images of the reaction medium at an interval
of 0.5 s for a duration of one hour. We have used a LabVIEW-based
virtual instrumentation software to simultaneously record and deliver
an electric field to the reaction medium [59].
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Table 1

Angle measurements and their definitions, used for quantifying spiral wave unpinning.
Angle Description
b The spiral phase
b The spiral phase at the onset of field
b, The angle at which spiral wave unpins
Ap Angular distance the spiral travels before unpinning, 4¢ = ¢, — ¢,
0 Angle of the electric field

2.2. Numerical methods

We used a two-variable Oregonator model [60,61] to model the BZ
reaction as shown below.

% _ Lo LDy L 2 ME - V) )
ot € u+q
% = —v)+ D,V20+ M(E - Vv) 2

Here, u and v correspond to the re-scaled, dimensionless concen-
tration of HBrO, and catalyst (Fe3"), respectively. In simulations,
the diffusion coefficients of variables were D, = 1.0, D, = 0.6. An
anticlockwise rotating CPEF with strength E and rotational period
Ty was given to the medium. The electric field was implemented in
model equations using an advection term E.Vu and E.Vv respectively.
Despite being electrically neutral, the dynamics of HBrO, are strongly
linked to the negatively charged Br~ ions in the reaction. The presence
of an electric field affects both Br~ ions, thereby HBrO,, as well as
Fe®'. Consequently, the electric field influences both u and v, similar
to how Br~ and Fe®' are affected by the electric field. Specifically,
Br~ ions move towards the anode, while the Fe** ions move towards
the cathode. This is represented in the model by introducing an ionic
mobility term with the field-induced advection term for both variables.
The mobility term is defined as M; ~ —z;D;, where z; is the charge
and D, is the diffusion coefficient of variables. This gives M, = 1 and
M, = -2 in simulations. The model parameters were ¢ = 0.002 and f
= 1.4. The ¢ = 0.01 determines the excitability of the medium.

The domain is discretized in space into 300 x 300 uniformly sized
grids of dx = dy = 0.1 space units (s.u.). The explicit forward Euler
method with a timestep of d7 = 0.0001 time units (t.u.) was used for the
temporal evolution. The coupling between the grids was provided via a
five-point Laplacian operator. We introduced an un-excitable obstacle
by setting D, to 0.0001 and maintaining u = 0 at the start time, t =
0, within a circular region at the center of the medium. The radius of
the obstacle was taken to be r = 1.0 s.u. The boundary of the domain
and the obstacle were subjected to no flux boundary conditions using
the phase-field method [62]. A pinned spiral wave was simulated in the
medium with the period, T, = 1.77 t.u. The electric field was introduced
after the pinned spiral had completed two full rotations. The point of
zero normal velocity (% = 0), satisfying u = 0.15 and v = 0.0935,
was considered as the tip. The tip was tracked in each iteration to
understand the dynamics. In simulations, if the spiral tip coordinate
moved at least one grid space away from the obstacle surface, we
considered it as unpinning.

In both experiments and simulations, we quantified the unpinning
by measuring the position of the spiral tip on the obstacle, and this is
then converted to an angle. The spiral phase, ¢,, is the angle formed
by the line connecting the tip of the spiral wave to the center of the
obstacle, from the positive x-axis in the direction of spiral rotation.
We applied an electric field of strength, E, to the pinned spiral with
the initial phase, ¢, = ¢,, and determined the angle at which the
spiral wave detached from the obstacle as the unpinning angle, ¢,.
The difference A¢ = ¢, — ¢, represents the angular distance the spiral
traveled before unpinning. We have summarized the details of all the
angle measurements used to quantify the field-spiral interaction in
Table 1.
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Fig. 1. Unpinning in DC electric field. A schematic of an anti-clockwise rotating spiral around an obstacle. Spirals 1, 2, and 3 correspond to the position of the spiral at three
different times. The orientation of the static field is shown with the black arrow, making an angle 6, = 0° with the x-axis. The unpinning window (UW) is shaded gray, where
L and U correspond to the lower and upper bounds, respectively. In (a), the spiral with the initial phase, ¢, € [L,U] (outside the UW), unpins when it enters UW at L. In (b)
where ¢, is inside UW, ¢, € [L,U — 6], unpins after traveling 6. Otherwise, the spiral completes one more rotation and unpins at L. (¢) (¢, —60g) Vs ¢,. The unpinning angle, ¢,,
is L and thereby stays at a fixed angle with the electric field, for all initial phases except when ¢, € [L,U —5]. (d) 4¢ = ¢, — ¢, is plotted against ¢,. Outside UW, A¢ decreases
linearly with ¢, at E = 1.6 E,,. The black slanted line represents the L of UW. However, ¢, € [L,U — 5] inside UW (shaded region), spiral unpins after a short delay &.

3. Results Table 2
¢, Vs ¢, in DC electric field.
The spiral waves in a BZ reaction can anchor to unexcitable obsta- bo Pu
cles analogous to the pinning in the physiological tissues like the heart. [L,U - 6] L
Since the BZ reaction is composed of charged ions, the electric field [L,U-8] $o+o

can directly interact with the wavefront. They can be released from
their anchored cores by applying an electric field of threshold field
strength [55]. Chemical wave unpinning has been studied extensively
using a DC electric field. We first summarize the salient features of the
DC field unpinning.

3.1. Unpinning in DC electric field

Under the influence of a DC electric field of unidirectional nature,
as mentioned in our previous paper [56], the unpinning happens if the
component of the electric field along the spiral tangent direction, 7
equals or exceeds the critical threshold, E,,. Considering the above, we
observed a spiral phase window that satisfies the specified condition
at field strengths E > E,;,. This window can be termed an unpinning
window, UW = [L,U], as depicted by the gray color in Fig. 1(a) &
(b). The L and U denote the lower and upper bound of the UW when
measured along the direction of the spiral rotation. The UW orient at
a fixed angle with the field vector.

Since the field is static, UW also remains static with time. The spiral
unpinned at the lower bound (L) as soon as it entered the UW, as
shown in Fig. 1(a). When the spiral is inside the unpinning window,
L < ¢, < U, the spiral was expected to unpin immediately upon
applying the electric field. However, as shown in Fig. 1(b), the spiral
unpinned after a short delay in its path, § ~ 30°, provided that the
spiral stayed inside the UW after traveling a distance equivalent to 6.
If the spiral left the UW during this delay, it rotated once again around
the obstacle and unpinned at L. This is summarized in Table 2.

Fig. 1(c) shows the unpinning angle (¢, — 6, with 8 = 0° for DC
field) for spirals corresponding to different ¢. It was almost constant
except when the spiral was within the UW. Fig. 1(d) shows the distance

(in angle) the spiral moves before unpinning (4¢ = ¢, — ¢y); AP
decreased as the spiral got closer to the unpinning window; within the
UW, 4¢ =~ §. Fig. 1(c) and (d) validated our mechanism portrayed in
Fig. 1(a) and (b). We got similar results when we changed the direction
of the spiral; shown in Appendix A.

3.2. Unpinning with circularly polarized electric field (CPEF)

Since the spiral waves possess rotational symmetry, the application
of a circularly polarized electric field (CPEF) has been used widely to
control spiral drift [49,51] and turbulence [54,63]. We applied sinu-
soidal signals along both the x and y-axis with a phase difference of 90°
between them to generate CPEF, as depicted in Fig. 2(a). This resulted

in a rotating field of strength E = 4/E,*+ E,> with instantaneous
angle 0. Two additional properties characterize such a rotating field
compared to the DC electric field : (1) rotational speed and (2) chirality
of the CPEF. We quantified the rotational speed by the pacing ratio,
p= % The p > 1 indicates overdrive pacing where the field is faster
than the spiral, p = 1 denotes resonance pacing where the field and
the spiral move with the same speed, and p < 1 represents underdrive
pacing where the field rotates slower than the spiral. Based on chirality,
a CPEF can be of two types: 1. CPEF rotating in the direction of the
spiral (co-rotating CPEF) 2. CPEF is rotating against the spiral rotation
(counter-rotating CPEF). Fig. 2(b) shows unpinning by a co-rotating
field in both experiments and simulation. Fig. 2(c) shows unpinning
by a counter-rotating field. We discussed the salient features of these
unpinning below.
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Fig. 2. Unpinning with CPEF. (a) Schematic of the experimental setup (top view). A clockwise spiral is pinned to the obstacle (white circle) at the center. The copper electrodes
(blue rod) are symmetrically arranged in the four corners of the Petri dish. Two sinusoidal signals are applied across two opposite electrode pairs with a phase difference of

2xt

90°. They are E, = Ecos(6g) and E, = Esin(6y), with a net electric field strength, E and field angle, 6, = T where T} is the rotational period of the field. The sequences of
snapshots leading to unpinning for a spiral with the initial phase, ¢, = 45° are shown in experiment (top) and simulations (bottom). The electric field strength is E = 1.38 V/cm
in the experiment and E = 1.0 in simulations; pacing ratio is 1.5 in both cases. The arrow shows the direction of CPEF. The obstacle is shown with a circle at the center of each
snapshot. The CPEF is (b) co-rotating with the anticlockwise (ACW) spiral and the spiral unpins at ¢, = 229° when 6, = 260°. (c) Same as (b), but CPEF is rotating in the opposite
direction. The spiral unpins at ¢, = 134° when 0, = 225°. (The angles are measured along the direction of spiral rotation.). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

3.2.1. Unpinning with co-rotating CPEF

As both the spiral and electric fields rotate around the obstacle, we
measured the relative phase of the spiral with respect to the electric
field at unpinning, denoted as (¢, — 0) for different ¢,. The plot of
this relative phase to ¢, is shown in Fig. 3. For underdrive pacing,
the mechanism is illustrated in Fig. 3(a),(b). This mechanism is the
same as what happened with the DC field (Fig. 1(a), (b)), except that
the unpinning window (UW) is not static. For underdrive pacing, the
UW was rotating slower than the spiral; the wave entered the UW via
the lower bound (L) and unpinned there. This is why Fig. 3(c) was
very similar to Fig. 1(c). However, when p > 1, the UW moved faster
than the spiral, and it met the spiral at its upper bound (U), as shown
schematically in Fig. 3(d); inside UW, the spiral unpinned after § as
shown in Fig. 3(e). This explained the inverted shape of Fig. 3(f).

We examined the unpinning condition in light of our previous
papers [56,57]. The equation E = E(cos0,f + sinfj) mathematically
represents the co-rotating CPEF, and the spiral tip tangent vector at ob-
stacle boundary is, 7, = —sin ¢,7 +cos ¢, j. According to the mechanism
predicted by Amrutha et al., the spiral unpins when the component of
the electric field along the spiral tangent direction, 7, equals or exceeds
the critical threshold, E,, [56]. This can be expressed as E - 7, > E,y,.
As the unpinning mechanism is different in overdrive and underdrive
pacing as illustrated in Fig. 3, the above equation leads to different
unpinning conditions as discussed in [57].

”+Sin_l(%)—l’¢o - Zﬂ—sin_l(% - piby
1-p ==
p¢0 + Sil’l_l(%

p—1

; (p< D). 3)
l-p
Py — sin_l(% +x

< <
<4, < P

; (p> 1. (©)]

For ¢, € UwW (outside UW), ¢, represents the lowest point within
the range of ¢, where the spiral reaches first (see Appendix B). Thus,

the total angular path the spiral travels before unpinning, denoted by
Ap = ¢, — ¢, is given by:

. 1, E
+sin 1(%)—1"1’0
— 1-p
- .1, E
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For ¢, € UW (inside UW), the unpinning condition is satisfied at the
onset of the field. Here, the spiral unpin after a short delay (4¢ = 6)
only if the spiral stays inside UW, even after the delay. The value of
¢, that satisfy this condition can be found by solving the following
equation:

. 1., E
27—sin~! (<)—pgsy

—¢o; p<1
o= Wo_mfl‘(”ﬂ y ©
TIE — ¢0 s p> 1

This reduces to :
Table 3
Range of ¢, that unpin after § in co-rotating CPEF.

Co-rotating CPEF

¢, that unpins after &

[L,U -6(1 - p)]
[L+6(p—1).U]

Underdrive pacing (p < 1)
Overdrive pacing (p > 1)

In Fig. 4, we plotted A¢ = ¢, — ¢, for different ¢, in experiments
and simulations. This tells us how far the spiral wave traveled before
unpinning since the electric field is applied, as in Fig. 1(d). The relative
strength of electric field was E = 1.6 E,;,. Outside the UW, A¢ is a linear
function of ¢,. The spiral unpinned at (a) L of UW in underdrive pacing
with p = 0.5 and (b) U in overdrive pacing with p = 1.5. In short,
unpinning occurred at the point in UW where the spiral had reached
first. Inside UW (shaded region), the spiral unpinned at 4¢ ~ 30° for
most of ¢,. However, if the spiral moved out of UW before this delay,
it had to go for another rotation around the obstacle.
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Fig. 3. Mechanism of unpinning with co-rotating CPEF. When pacing ratio is less than 1 (underdrive pacing), and for ¢, outside UW, the spiral unpins at L as shown in (a);
but if the spiral was inside the UW, it unpins after a short delay (6), provided it stays within the UW even after traveling é. This is shown in (b). (¢) shows ¢, — 6, against ¢, at
p = 0.5 for different field strengths. This is similar to DC (see Fig. 1(c)). When the pacing ratio is greater than 1, (overdrive pacing) and outside UW, the spiral unpins at the U
of UW, as shown in (d). If the spiral were inside UW, it would unpin after a short delay, as shown in (e). (f) shows the plot of ¢, — 0 against ¢, at p = 1.5 (overdrive pacing).
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Fig. 4. A¢ vs ¢, in co-rotating CPEF. The angular path the spiral travels before unpinning, denoted as 4¢, is plotted for the different spiral initial phases, ¢, at an electric field
strength of E = 1.6 E,,. (a) When CPEF has p = 0.5 and (b) p = 1.5. For ¢, € UW (outside UW), 4¢ is a linear function of ¢,. In (a), the spiral unpins at L, whereas in (b), it
unpins at U (both represented by the slanted black line). The shaded region corresponds to the unpinning window, UW. If ¢, is inside UW, the spiral unpins after a fixed delay.
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travels before unpinning, denoted as A¢, is plotted against pacing ratio, p < 2 at E = E,,. The shaded region indicates unpinning within the initial spiral rotation. The solid

lines represent theoretically predicted curves. (b) For a fixed ¢, = —45°, A¢ reduces with %, indicating faster unpinning with higher electric field strength. (¢) Inside UW, the

combinations of ¢, and p that unpins with a short delay is marked (circles) at E =13 E,,. The remaining ¢, represented with cross mark unpins in subsequent rotation when it
re-enter UW. (d) The same is marked for different combinations of ¢, and ET” at p=1.5. The blue and red lines represent the upper (U) and lower (L) bounds of UW. The range
of ¢, that unpins within a short delay (shaded region) varies with p and E. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

As the unpinning window (UW) in CPEF moves along with the
field vector, the unpinning angle with CPEF would also depend on
the pacing ratio (p). Fig. 5(a) shows the dependence on p, for ¢,
outside UW. In this plot, A¢ was estimated at the critical threshold
E = E,,. We varied the pacing ratio, p, from 0.25 to 2. We fixed
the ¢, —45°,45°,135°,225°. The shaded region below 4¢ = 360°
represents unpinning within one spiral period. When the co-rotating
CPEF was applied, the spiral rotated multiple times before unpinning.
Fig. 5(b) shows 4¢ as a function of field strength. It decreased with an
increase in field strength, indicating that the spiral unpinned faster with
higher field strength. The solid curves are theoretically estimated values
from Eq. (5). Our experimental and simulation data aligned with the
theoretical curve. In Fig. 5(c), we fixed the field strength at E = 1.3 E,;,
and marked all combinations of ¢, and p that unpinned within a short
delay 6, in experiments and simulations. The remaining ¢, inside the
UW unpinned in the subsequent rotation when it re-entered UW. At
p =1, all ¢, inside UW unpinned after §, and all spirals outside the UW

3.2.2. Unpinning with counter-rotating CPEF

In counter-rotating CPEF, the electric field and the spiral rotate in
opposite directions. Regardless of the pacing ratio, the spiral unpinned
at L of the UW, as shown in Fig. 6(a). Inside the UW, the spiral
unpinned with a short delay 6, provided it remained within the UW
even after traveling §, as illustrated in Fig. 6(b). Fig. 6 also shows the
relative position of the spiral to the electric field, denoted as ¢, — 0
for different ¢, in (c) underdrive and (d) overdrive pacing. The results
show that the mechanism of unpinning in counter-rotating CPEF is
similar to that of DC.

When measured along the direction of spiral rotation, the equation
represents the counter-rotating CPEF takes the form, E = E(cosfi —
sinfgJ), with spiral tip tangent vector 7/, = —sing,i + cos¢,j. The
unpinning condition reduces to:

=1 Emn _ ein—1cEmn
PPy + 7 + sin (E)< pdo + 2m — sin (E)

<, < 7
have not been unpinned. Fig. 5(d) shows the same for combinations of I+p ’ 1+p
¢y and E for a ﬁx.ed p= 15 The r.ange of ¢, that unpinned W1Fh1n.a For values of ¢, outside of UW, 4 is obtained as:
short delay of 5 widened with the field strength. The shaded region in
both the above curves corresponds to the range predicted by Eq. (6) Py + 7+ Si”_l(%) 7+ sin! E—g‘ — ¢y
and shown in Table 3. A¢ = — ¢ = (8

1+p 1+p
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Fig. 6. Mechanism of unpinning with counter-rotating CPEF. In both overdrive and underdrive pacing, (a) for ¢, outside UW, the spiral unpins at L of UW similar to DC. (b)
Shows the delayed unpinning for ¢, inside UW, when the spiral moves close to 6. The unpinning angle relative to the field vector, ¢, — 6, as a function of ¢, at field strengths
E=13E, and E = 1.6 E,, (c) for underdrive pacing (p = 0.5), and (d) for overdrive pacing (p = 1.5).

Table 4
Range of ¢, that unpin after 5 in counter-rotating CPEF.

Counter-rotating CPEF
p>0 [L,U —-6(1+p)]

¢, that unpins after &

Therefore, A¢ is a linear function of ¢, with the slope being a
function of p. However, when ¢, is inside of UW, the range of ¢, that

. -, +2r—sin~) (2L .
satisfy the condition Moo () ¢ > 6 unpin after a short delay

of 5. The range of ¢, is prov+ified in Table 4.

Fig. 7 depicts the A¢ values estimated in experiments and simu-
lations at a field strength of E = 1.6 E,, for both underdrive and
overdrive pacing. Outside the UW, A¢ exhibited a linear relationship
with ¢,. The spiral unpinned at L of UW in both underdrive and
overdrive pacing, resembles the behavior observed in DC. The 4¢ <
360° with counter-rotating CPEF; that is, unpinning happened within
one rotation of the spiral. Within the UW, spirals with ¢, near the lower
bound (L) unpinned after a delay, while those near the upper bound
(U) unpinned when it re-entered UW in subsequent rotation. This is
consistent in underdrive and overdrive pacing, although the range of
¢, unpinned after the short delay differed between them.

We have also studied the effect of p and E in the unpinning with
counter-rotating CPEF. We systematically varied the pacing ratio and
field strength for all ¢, inside and outside UW. In Fig. 8(a), at field
strength E = E,;, and for p < 2, most trials were inside the shaded
region corresponding to unpinning within one spiral rotation. Our
experimental and simulation data were in line with the theoretical
curve obtained from Eq. (8). However, we observed cases where the
spiral failed to unpin despite meeting the unpinning condition. For
these cases, unpinning occurred in subsequent rotations, as indicated
by the dotted lines, when the unpinning condition was satisfied again.
Fig. 8(b) shows in counter-rotating CPEF, similar to co-rotating CPEF,

I experiment

simulation
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Fig. 7. A¢ vs ¢, in counter-rotating CPEF. This is similar to Fig. 4, but when the
field and spiral are in the opposite directions. However, in both (a) p = 0.5 (underdrive
pacing) and (b) p = 1.5 (overdrive pacing), the slanted line represents the L of UW.
The ¢, inside UW, either unpin within a short delay or in subsequent rotations (dashed
line).

unpinning occurred faster with increasing field strength. In Fig. 8(c)
for ¢, inside UW and at a fixed field strength of E = 1.3 E,;, the range
of ¢, that unpinned within a short delay monotonously decreased with
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Fig. 8. Effects of p and E on spiral unpinning with counter-rotating CPEF. This is similar to Fig. 5, but when the field and spiral are rotating in opposite directions. (a) Most
trials are unpinned within the initial spiral rotation as shown inside shaded region. (b) The spiral unpins earlier with increased field strength. The range of ¢, that unpins within
a short delay reduces (¢) with pacing ratio (p), and (d) increases with E. The remaining ¢, inside UW unpins in the subsequent rotation when it reaches L of UW.

the pacing ratio. At pacing ratio, p > 1.75, all ¢, inside UW unpinned in
the next rotation despite unpinning within a short delay. In Fig. 8(d),
similar to co-rotating CPEF, the window of ¢, unpinned within a short
delay, widened with the field strength. However, for E < 1.26 E,;, all
the ¢, inside UW failed to unpin within a short delay despite meeting
the unpinning condition. The shaded region from plots (c) and (d) are
the ranges of ¢, obtained from Table 4.

3.3. Comparison between co-rotating and counter-rotating CPEF

In Fig. 9, we compared the unpinning by co-rotating and counter-
rotating CPEF. We calculated how many rotations it took to unpin in
each case and plotted the fraction of successful unpinning against the
number of rotations it took. For this calculation, we kept E = E,,, and
the initial phase was taken to be outside UW. The pacing ratio was
taken from 0.25 to 1.75 in the steps of 0.25. The plot is derived from 28
experimental trials and 56 simulations. In Fig. 9(a), when co-rotating
CPEF was applied, the spiral was unpinned after undergoing multiple
rotations up to five. However, in Fig. 9(b), with the counter-rotating
field, most trials unpinned within one spiral rotation. In experimental
trials, unpinning occurred within the first rotation of the spiral for 88%
of the cases. In simulations, this percentage was lower, close to 73%.
However, in both the co-rotating and counter-rotating fields, few cases
failed to unpin, and in these instances, the spiral rotations continued

infinitely. This is represented by ‘spiral rotations = oo’. As the electric
field strength increased, the percentage of unpinning during the initial
rotation increased. In simulations with the counter-rotating CPEF, all
cases unpinned within the initial rotation with counter-rotating CPEF
at the higher electric field strength of E = 13 E,,,1.6 E,, (see
Appendix C).

Inside UW, the range of ¢, that unpinned within a short delay varied
in both co-rotating and counter-rotating CPEF, depending on the pacing
ratio. The total width of this range is represented by A¢,. In the DC
field, this range is given by (4¢)pc = U — L — 6. In co-rotating CPEF at
a field strength of E = 1.3 E,;,, Fig. 10(a) indicates that the A¢, became
wider than (4¢,)pc (dotted line) when applying underdrive pacing,
and overdrive pacing below p < 2. However, with Fig. 10(b) counter-
rotating CPEF, A¢, was less than (4¢,)pc and decreased consistently
with the increase in pacing ratio. The black line corresponds to the
theory curves according to Table 5.

Table 5
A¢, in various control schemes.

Control scheme

DC

Co-rotating CPEF (p < 1)
Co-rotating CPEF (p > 1)
Counter-rotating CPEF (p > 0)

Ay

U = L) =6 = (4¢y)pc

(U - L) = 6(1 = p) = (4pg)pc + 6 p

WU —-L)=6(p—1)=(4dg)pc +62—p)
(U~-L)-6(1+p)=(Apy)pc —J p
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Fig. 9. Unpinning across various spiral rotations. For a range of ¢, symmetrically distributed around the obstacle and 0.25 < p < 1.75 in increments of 0.25, the percentage of
unpinning is calculated for different spiral rotations (1, 2, 3, ..., o) at electric field strength, E = E,, for (a) co-rotating CPEF and (b) counter-rotating CPEF. The case where
‘spiral rotations = oo’ indicates instances where unpinning failed. The plot is derived from 28 experimental trials and 56 simulations. Compared to co-rotating CPEF, most trials

are unpinned within the first rotation of the spiral for counter-rotating CPEF.
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Fig. 10. Unpinning within a short delay. For ¢, lying within UW, the window width of ¢, that unpins within a short delay of 5 = 30°, denoted by 4¢,, is plotted against the
pacing ratio p = [0.5,1,1.5,2] for (a) co-rotating CPEF and (b) counter-rotating CPEF. The electric field strength is E = 1.3 E,,. The black solid line represent theoretical curves
obtained from Table 5, and the green dotted line corresponds to 4¢), of the DC electric field. For p < 2, A¢, is wider than DC for co-rotating CPEF and consistently decreased with
p for counter-rotating CPEF. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

At resonance pacing, p = 1, the spiral and applied field rotate at
the same speed. The spiral unpins only if it enters the UW at L. For
co-rotating CPEF, (L — ¢,) was invariant in time, leading to phase-
locking between field and spiral. Thus, unpinning was possible only
if ¢, was inside UW, as shown in Fig. 11(a). However, in the case of
the counter-rotating field, since the field and spiral rotate in opposite
directions, the phase difference between the spiral and the field con-
stantly changes with time. As a result, the phase-locking did not occur,
and unpinning during resonance pacing was similar to underdrive and
overdrive pacing, as shown in Fig. 11(b).

We tried to unpin the spiral by gradually increasing the pacing ratio
in co-rotating and counter-rotating CPEF. However, the pacing ratio
must be below a cutoff value, p.yofr- At E = E,;, (corresponding to
% = 1), we observed that p.,oi Was 3.2 in experiments and 3.5 in
simulations for co-rotating CPEF. On the other hand, with counter-
rotating CPEF, the experimental p.,.¢ Was 3.1, while in simulations,
it was 2.1, which was lower than that of co-rotating CPEF. We then
investigated the relationship between p s and electric field strength.
Fig. 12 illustrates how pg..of increased with electric field strength
in both experiments and simulations. Achieving a higher p.of is
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Fig. 11. Unpinning at resonance pacing (p = 1). A spiral subjected to resonance pacing at an electric field strength of E = 1.6 E,,. The spiral unpins if it reaches the lower
bound (L) of the unpinning window (UW). In (a) co-rotating CPEF, for ¢, outside UW, the angular distance between L and the spiral (¢,) remains constant since both the spiral
and electric fields move at the same speed. Due to this phase locking, unpinning fails outside UW. However, for ¢, inside UW, the spiral unpins after a short delay. In (b)
counter-rotating CPEF, the ¢, € UW, unpins at L of UW. For ¢, inside UW, the spiral unpins either after a short delay or upon reaching L in the subsequent rotation. In each

case, the mechanism is depicted in insets.

desirable for effectively controlling the spiral wave, which is attainable
at higher field strengths. However, p...g differed among co-rotating
and counter-rotating CPEF for all field strengths and was higher for
co-rotating CPEF than for counter-rotating CPEF.

Our results are consistent for the spiral wave pinned to all obstacle
radii, provided that the radius is greater than the spiral core radius (see
Appendix D).

4. Conclusion

We investigated the unpinning of chemical waves in the Belousov—
Zhabotinsky reaction using experiments and mathematical models. The
spiral unpinned when the electric field component along the spiral
propagation direction was equal to or exceeded the threshold field
strength E,,. This condition is satisfied within a range of spiral phases,
and we call it the unpinning window (UW). With a DC electric field, the
UW remains static, and the spiral unpins immediately when it reaches
the lower boundary of the UW. If the spiral initial phase is inside
the UW, unpinning occurs after a short delay, provided that the spiral
remains inside the UW following the delay; otherwise, the spiral unpins
in subsequent rotations.

With CPEF, the unpinning also depends on the chirality and the
speed of the electric field. The CPEF can be either co-rotating (rotating
along a spiral direction) or counter-rotating (rotating against a spiral
direction). For co-rotating electric field, and ¢, outside the UW, we
found that: (i) When the field is rotating slower than the spiral (p < 1),
it unpins at the lower boundary of the UW. This is similar to the
unpinning with the DC field. (ii) When p > 1, the spiral unpins at the
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upper boundary of the UW. (iii) If on the other hand, the ¢, is inside the
UW, the spiral unpins after a short delay. However, if the spiral leaves
UW during this delay, it takes more rotations to unpin. (iv) With a
counter-rotating CPEF, the wave always unpins within the initial spiral
rotation around the obstacle. (v) With counter-rotating CPEF, the spiral
always unpins at the lower boundary of the UW, irrespective of the
pacing ratio. (vi) The range of ¢, that unpins within short delay varies
in both co-rotating and counter-rotating CPEF. (vii) In resonance pacing
(p = 1), the co-rotating CPEF fails to unpin because of the phase locking
between the spiral and electric field, whereas the counter-rotating CPEF
always unpins. (viii) The wave can be unpinned only when the pacing
ratio falls below the cutoff pacing ratio, puf- The value of pyos
increases with the strength of the electric field and is higher in the
co-rotating CPEF than in the counter-rotating CPEF. Our results are
consistent with the experiments and mathematical model.

This study is the first of its kind to explore the effect of electric
field chirality on the unpinning of chemical waves, using both exper-
imental and numerical methods. Recent studies using the CPEF have
shown that the spiral can drift [51] and synchronize [52] with the
field frequency when they rotate in the same direction, but not when
they rotate in opposite directions. It has been found that only CPEF
rotating in the opposite direction can maintain the stability of two-
armed spirals, whereas CPEF rotating in the same direction tends to
destabilize them [64]. This demonstrates the significance of the field
chirality in spiral dynamics. In a spiral pair, the frequency and chirality
of the electric field significantly affect the selection of the unique spiral
direction in the medium [53,63]. Our research further confirms that
the frequency (determined by the pacing ratio) and chirality of the



A. Sebastian et al.

Chaos, Solitons and Fractals: the interdisciplinary journal of Nonlinear Science, and Nonequilibrium and Complex Phenomena 186 (2024) 115209

@® co-rotating CPEF

5.0 1 A counter-rotating CPEF
(a) experiment 8 1 (b) simulation
4.5 A
§ 4.0
3
Q
3.5 1
2 -
1 -
3-0 T T T O T T T
1.0 0.9 0.8 1.00 0.75 0.50
Etn

. E,
Fig. 12. p..pp VS 2

= In both (a) experiments and (b) simulations, the cutoff pacing ratio, p = p,,,,, is marked against

E

%. The circle corresponds to co-rotating CPEF, and

riangles correspond to counter-rotating . The unpinning fails if p > p,,s,. In co-rotating and counter-rotating ) Peuoyy increases with electric field strength.
t 1 d t \{ tat CPEF. Th fails if I tat d ¢ tat CPEF th elect field st th.

electric field influence the unpinning mechanism. The chemical wave
can be unpinned more efficiently using a counter-rotating CPEF than
a co-rotating field, as unpinning is always successful here. Moreover,
with the counter-rotating CPEF, the wave can be unpinned within one
rotation of the spiral irrespective of the initial position of the spiral
(provided E > E,;). Thus, the counter-rotating CPEF provides an effi-
cient method for unpinning chemical waves. However, re-pinning of the
spiral to the obstacle after unpinning was faster in the counter-rotating
CPEF than in the co-rotating CPEF. This needs to be investigated
further.

Despite many similarities in the excitation wave dynamics, the un-
pinning mechanism is different in chemical and physiological excitation
waves. For example, the unpinning in cardiac tissue is because of sec-
ondary excitations [27,65,66]. Punacha et al. found that the rotating
frequency of the electric field must exceed a minimum cutoff frequency
to unpin [58]. However, in chemical waves, the wave unpins when
the field frequency is below a maximum cutoff frequency. Also, they
observed that the wave was always unpinned within the first rotation of
the CPEF in the cardiac model. The unpinning within the first rotation
is not observed for chemical waves with the co-rotating field. Thus,
one should be careful when using the results from chemical waves
unpinning to cardiac waves, even though they share many striking
similarities as excitation waves.

Even though the BZ reaction has been thoroughly studied in the
past, interest has recently revived because of its role in many new areas,
such as the self-propelled motion of droplets [67] and chemical com-
puting [68]. In these applications, precise control of chemical waves
allows us to control the system’s state. Our studies are a step forward
in this direction. We are able to control and predict the response of
chemical waves to the electric field. We hope this will stimulate further
studies and a better understanding of chemical wave dynamics and its
applications.
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Appendix A. Unpinning of clockwise spiral in DC electric field

See Fig. A.13.

Ey

Appendix B. Unpinning window vs —

See Fig. B.14.
Appendix C. Unpinning in various spiral rotations
See Fig. C.15.
Appendix D. Unpinning of spiral pinned to varying obstacle size

The threshold field strength (E,,) increases linearly with the ob-
stacle radius, r [55]. In addition, the spiral period (7}) increases with
r [37]. Since our results are expressed in terms of %, p= TT—‘, and ¢,
(an angle), their form remains the same. We tested this for co-rotating
and counter-rotating CPEF by varying the obstacle radius, r. The results
are shown in Fig. D.16. A relatively higher electric field strength must
be applied longer to unpin the spiral from a larger obstacle (as E,, and
T, are higher). This is evident from the comparison of (a) and (c) in co-
rotating CPEF and (b) and (d) in counter-rotating CPEF. As expected,
the value of ¢, does not vary with obstacle radius, as illustrated in (e)
and (f) of Fig. D.16.

Appendix E. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.chaos.2024.115209.
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and p = 1.5. The electric field strength is E = 1.3 E,,. The (a) and (b) correspond to spiral unpinning from obstacle radius, » = 0.75 at E = 0.5, and (c) and (d) corresponds to the
same for r = 1.25 at E = 1.0, respectively. We varied obstacle radius from r = 0.5 to r = 1.5 in steps of 0.25 and found the unpinning angle, ¢,, for (e) co-rotating CPEF and (f)

counter-rotating CPEF. The simulation data is compared to the theoretical curve shown with the dotted line. The value of ¢, remained consistent regardless of obstacle radius in
the simulations.
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