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We present the first experimental study of unpinning an excitation wave using a circularly polarized electric field. The
experiments are conducted using the excitable chemical medium, the Belousov Zhabotinsky (BZ) reaction, which is
modeled with the Oregenator model. The excitation wave in the chemical medium is charged, so it can directly interact
with the electric field. This is a unique feature of the chemical excitation wave. The mechanism of wave unpinning in
the BZ reaction with a circularly polarized electric field is investigated by varying the pacing ratio, the initial phase of
the wave, and field strength. The chemical wave in the BZ reaction unpins when the electric force opposite the direction
of the spiral is equal to or above a threshold. We developed an analytical relation of the unpinning phase with the initial
phase, the pacing ratio, and the field strength. This is then verified in experiments and simulations.

Excitable systems, such as the Belousov-Zhabotinsky(BZ)
reaction, cardiac tissue, nerve cells, and aggregation of
slime mold amoeba, exhibit spatio-temporal patterns that
include expanding target waves and rotating spiral waves.
Spiral waves in such systems are of special interest since,
once formed, a spiral wave continues to rotate inside the
medium. Rotating spiral waves underlie cardiac arrhyth-
mias like ventricular tachycardia and fibrillation. Sev-
eral studies have shown that such spiral waves can inter-
act with heterogeneities in the tissue and get pinned to it,
forming a stable rotating wave around the boundary of the
heterogeneity. Such pinned waves are very difficult to re-
move from the medium, so unpinning has attracted many
groups studying excitable waves. An external electric field
can help unpinning, provided they are applied in a spe-
cific way. The efficacy of unpinning depends on the details
of the interaction between the wave and the field. In a
cardiac system, the field induces secondary wave emission
from the heterogeneity, and the high-frequency secondary
waves lead to unpinning. In this paper, we study unpin-
ning of chemical waves using a circularly polarized elec-
tric field (CPEF). We do not observe any secondary waves
in the chemical medium. Instead, the electric field exerts
a force directly on the chemical wavefront. The chemical
wave is unpinned when the electric force is opposite to the
direction of the wave propagation. We measure the an-
gle at which the chemical wave leaves the heterogeneity.
We show that this angle depends on the initial angle of the
wave, frequency, and strength of the rotating electric field.

I. INTRODUCTION

The Belousov-Zhabotinsky (BZ) reaction has served as the
prototype of a large class of systems that display excitation
waves, including the waves of action potentials seen in the
heart1,2, brain3, retina4, and waves of communication in the
social amoeba Dictyostelium discoideum5,6. Excitation waves

in these systems exhibit strikingly similar spatio-temporal
patterns such as expanding target waves7 or rotating spiral
waves8–11. Recently there has been a renewed interest in the
pattern formation in the BZ reaction because of the active na-
ture of the chemical waves: their wavefronts are electrically
charged12,13, and it is shown that droplets of BZ reagents in
an oily medium can self-propel14–16.

A characteristic feature of rotating excitation waves is their
tendency to pin to heterogeneities in the medium17–20. A
pinned rotating wave requires a carefully administered stimu-
lus to remove it from the heterogeneity21. This is especially
pertinent in cardiac tissue since stable, rotating waves can be
life-threatening21,22. Several groups have proposed methods
for controlling such pinned waves using either pulsed elec-
tric field1,23 or, more recently, circularly polarized electric
field24–26. A polarized electric field can be generated by ap-
plying two alternating electric fields simultaneously along the
X and Y axes. By varying the phase difference between the
two fields, different types of polarized electric fields can be
obtained. If the phase difference is π/2, the resulting field
will rotate with a constant amplitude at a uniform rate. So, the
resultant field vector traces out a circle; hence, it is known as
a circularly polarized electric field (CPEF). Numerical studies
have shown that circularly polarized electric fields (CPEF) are
more efficient in controlling cardiac excitation waves24,26,27.
In particular, CPEF requires less energy and is more efficient
in controlling pinned rotating waves in models of cardiac tis-
sue24,25. Our systematic investigations on the mechanism of
CPEF in cardiac models indicated that the spiral wave could
be unpinned if the frequency of the CPEF is more than a cut-
off frequency27.

It is observed that chemical waves are also prone to
pinning17, and they can also be unpinned using electric
field12,28,29. However, there is an essential distinction between
the chemical wave and the waves in physiological tissue. In
the latter, the electric force does not affect the excitation wave
directly; instead, they unpin by inducing secondary excita-
tions from the heterogeneities30. In the chemical medium, on
the other hand, the wavefront contains charged ions such as
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Br− and Fe3+, which can be moved by the applied electric
field, i.e., the electric field in a chemical medium exerts an
advective force directly on the wavefront12,31,32. The physi-
ological tissue does not report such an electric force on the
wave. It is also observed that the chemical wave unpins as
the tip moves away from the anode, and not when moving
towards it12. So far, there have not been any experimental
reports of unpinning spiral waves using CPEF, either in the
chemical medium or the cardiac tissue. This paper reports
the first experimental studies of spiral wave unpinning using
CPEF in an excitable medium. However, the mechanism of
how CPEF acts on a chemical wave differs from that of the
cardiac excitation wave. In particular, we find no lower cut-
off frequency for CPEF to unpin a chemical wave. We studied
the unpinning by varying the pacing ratio, initial spiral phase,
and field strength. We observed that the wave unpins when
the component of the electric field vector along the direction
of the spiral equals or exceeds a critical field strength. Based
on this, we predict the unpinning phase of the spiral as a func-
tion of the initial position of the spiral wave, the pacing ratio,
and the strength of the electric field. A CPEF can provide a
wide range of spiral unpinning phases depending on the value
of the pacing ratio. Hence, for a particular field strength, the
chance of unpinning is more with an applied CPEF. We show
that our analytical formulation agrees with experimental data
and numerical results.

II. METHODS

A. Experiment

This paper focuses on unpinning an anticlockwise (ACW)
rotating spiral using a CPEF rotating in the same direction.
We conducted our studies in the ferroin-catalyzed BZ reac-
tion in a petri-dish12. We start with the following initial
reagent concentrations: [H2SO4] = 0.16 M, [NaBrO3] = 40
mM, [CH2(COOH)2] = 40 mM, and [Fe(phen)3SO4] = 0.5
mM. The stock solutions are prepared using deionized water.
The reaction mixture is embedded in 0.8 % w/v of agar gel
to avoid hydrodynamic perturbations. The reagents are added
individually to the initially boiled and cooled mixture of agar
and deionized water. The reaction mixture is poured into a
glass petri-dish after one color oscillation. The single reac-
tion layer of thickness 3 mm is taken in a glass petri dish of
diameter 10 cm.

A circular excitation wave is created at the center of the re-
action medium by touching the surface with a silver wire dur-
ing gelation. By disrupting the motion of the circular wave-
front, a pair of counter-rotating spirals are created. To gener-
ate a pinned spiral wave, a glass bead of diameter 1.2 mm
is carefully placed at the tip of one of the spirals. By in-
serting only half of the bead into the gel (Fig. 1(a)), we en-
sure the spiral pin to the great circle of the spherical bead.
The pinning of the spiral tip to the obstacle is confirmed af-
ter 1-2 rotations. Our experiments are conducted in thin gel
with a thickness smaller than the wavelength of spiral propa-
gation (λ = 3.7 mm). The chemical wave does not develop a

three-dimensional structure when the thickness is smaller than
the wavelength. An anticlockwise rotating circularly polar-
ized electric field (CPEF) is applied using two pairs of cop-
per electrodes as in Fig. 1(a). The electrodes are fixed in
the medium using electrode holders (Check the supplemen-
tary material to see the electrode arrangement). Images of the
reaction medium are recorded using a CCD camera at every
0.5 s interval for 1−2 hours.

B. Simulation

To model this experiment, we use a two-dimensional Oreg-
onator model. The model equations are given by

∂u
∂ t

=
1
ε
(u(1−u)− f v(u−q)

u+q
)+Du∇

2u+Mu(~E ·∇u) (1)

∂v
∂ t

= u− v+Dv∇
2v+Mv(~E ·∇v). (2)

Here, u is the activator variable, and v is the inhibitor vari-
able (corresponding to the rescaled concentrations of HBrO2
and the catalyst Fe(phen)3SO4, respectively). The values of
the diffusion coefficients are Du = 1.0 and Dv = 0.6. Here,
Mu and Mv describe the ionic mobilities of the activator and
inhibitor variable respectively. We have taken Mu = 1.0 and
Mv = -2.0 in our simulations. ~E = E0cos( 2πt

T )x̂+E0sin( 2πt
T )ŷ

is the circularly polarized electric field. The electric field is
added as an advection term for the variables u and v.

The activator, u, triggers the reaction and diffusion pro-
cesses. By lowering the diffusion coefficient, Du, the cell-
to-cell coupling can be reduced33. So, lowering the values of
u and Du close to zero results in a non-excitable obstacle. The
circular obstacle of radius r = 1.0 s.u is created at the domain
center by setting u = 0 at t = 0 t.u and lowering Du to 0.0001.
We implement non-flux boundary conditions on both the ob-
stacle as well as the domain boundary using the phase field
method34. Details of the model and the simulations are given
in Ref.12.

III. RESULTS AND DISCUSSIONS

The rotating chemical wave in the BZ reaction medium can
get anchored into the boundary of the glass bead and form a
very stable pinned wave, as shown in Fig. 1(b). A similar sit-
uation occurs in the numerical simulation of the model equa-
tions, where the spiral wave can get anchored to the obstacle in
the domain. Here, we use a circularly polarized electric field
(CPEF) to unpin the anchored spiral tip from the obstacle. In
experiments, we employ a CPEF using two cross-electrodes
(see Fig 1.(a)).
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FIG. 1. (a) Schematic diagram of the experimental system: The positions of two pairs of field electrodes with respect to the glass bead are
shown schematically (not to scale). Unpinning of an anti-clockwise rotating spiral using CPEF: (b) An ACW rotating spiral pinned to a
spherical bead of diameter 1.2 mm in the experiment. The natural period of pinned spiral tip Ts = 297 s. (c) An applied CPEF of strength
E0 ' 1.38 V/cm, and period TE = 125 s unpins the spiral tip from the obstacle. (d) An ACW rotating spiral pinned to an obstacle of diameter
1.0 s.u in the simulation with Ts = 1.77 t.u is subjected to a CPEF of strength E0 ' 0.6 and period TE = 1.18 t.u. The unpinned spiral tip drifts
away from the obstacle at t = 1.27 t.u. The arrows show the direction of the applied CPEF. Area of each captured frame is 1.5 cm × 1.5 cm.
(See the video in the supplementary material)

FIG. 2. Schematic diagram showing the phase measurements: φ0 and
φu are the phase of the spiral tip at t = 0 and at the time of unpinning
respectively. θE denotes the phase of the electric field ~E and r̂t is
the tangential vector of spiral rotation on the obstacle boundary. All
phases are measured in the anticlockwise direction from the +x axis,
with the obstacle center as the origin. The tail of the resultant field
vector ~E marked with a + sign is mentioned as the anode and the
head with a − sign is the cathode.

The CPEF can unpin the wave if the amplitude of the re-
sultant electric field (E0) equals or exceeds a certain threshold
value (Eth), as shown in Fig. 1(c). The arrow in the figure
indicates the instantaneous direction of the electric field. Sim-
ilar unpinning is also seen in the simulations [Fig. 1(d)]. To
understand the unpinning process, we measure the location
at which the wave unpins from the obstacle. We can quantify
the spiral location by the phase of the spiral tip on the obstacle
boundary. The phase is the angle of the spiral tip, measured

in degrees from the +x-axis along the anticlockwise direction
with the obstacle center as the origin. The phase of the spiral
when we start the CPEF is denoted by φ0 and the phase when
the spiral unpins from the boundary is denoted by φu [Fig. 2].
The instantaneous direction of the electric field is denoted by
the angle θE . The direction of the spiral propagation is along
the tangent at the obstacle boundary, and this direction is de-
noted by r̂t . We define the pacing ratio, p, as the ratio of the
frequency of the CPEF (ωcp) to that of the spiral (ωs), i.e.,
p = ωcp/ωs. We have varied p from 0.25 to 3.

Our observations can be summarised as follows: (1) The
chemical wave can be unpinned with CPEF for all pacing ra-
tios (between 0.25 to 3), provided the strength of the electric
field (E0) is equal or above a threshold. There is no lower
cut-off frequency, and both overdrive pacing (p > 1) and un-
derdrive pacing (p < 1) are equally effective. (2) The spiral
unpinning phase φu varies linearly with φ0. It increases for
overdrive pacing and decreases for underdrive pacing (Fig. 3).
(3) (φu- φ0) varies with the pacing ratio, p, as in Fig. 4. (4)
Unpinning is not guaranteed within one rotation of the spi-
ral. i.e., in comparison with a DC field12, the time taken for
unpinning with a CPEF can be more than a rotational period
of the spiral tip. (5) In a few cases, where either the relative
rotation of the spiral-field pair varies quickly (extremely over-
drive or underdrive pacing), or φ0 lies close to the expected φu
(i.e., (φu - φ0)≈ 0), the spiral misses unpinning at the first ex-
pected phase. Here, the unpinning may happen later at a phase
where the unpinning condition is satisfied again (dashed lines
in Fig. 4). (6) It takes several rotations for the chemical wave
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to unpin as p approaches 1 (when the spiral and the CPEF ro-
tate with the same frequency). The wave cannot be unpinned
for resonant pacing (p = 1) except for a small range of initial
conditions (φ0). This range increases with the strength of the
electric field (Fig. 5).
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FIG. 3. Unpinning at E0 = Eth: (a) The unpinning phase φu is plot-
ted against φ0 for p = 0.5 (underdrive pacing). (b) same as (a) but for
p = 1.5 (overdrive pacing). In both cases φu varies linearly with φ0.
Circles and triangles represent the experiment and simulation data
respectively.

These results can be analyzed in light of our recent work
with the DC electric fields12. We found that the electric field
exerts a retarding force on the chemical wavefront, which is
maximum when the field direction is along the direction of the
wavefront. For a CPEF with field strength E0 =Eth this condi-
tion is satisfied when ~E · r̂t =Eth. Here, r̂t =−sinφsx̂+cosφsŷ,
where φs is the spiral phase. From the above condition, we
can estimate the unpinning spiral phase by solving the scalar
product as,

φu =
pφ0 +900

p−1
; p > 1 (3)

φu =
2700− pφ0

1− p
; p < 1 (4)

When E0 = Eth, the wave unpins only when θE−φ0 = 900.
The theoretical solid curves in Figs. 3 and 4 are based on the
above equation.
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FIG. 4. Unpinning at E0 = Eth: For spirals with different φ0, the
phase difference (φu- φ0) is plotted (solid curve) with the pacing ra-
tio, p in (a) experiments and (b) simulations. The solid theory lines
represent the phases where the unpinning condition is satisfied for
the first time (Eq.A9). The dashed lines at the top correspond to the
phases where the spiral unpins when the unpinning condition is met
a second time in its subsequent rotations. Most of the cases with
φ0 =−450 show a delayed unpinning.

For a field strength greater than Eth, the wave must unpin
when the component of ~E along r̂t reaches the critical thresh-
old, i.e., ~E · r̂t ≥ Eth. Solving and rearranging this condition
gives an upper-bound and lower-bound for possible spiral un-
pinning phases φu. For overdrive pacing with p > 1, the un-
pinning phase window is given by

pφ0 + sin−1(Eth
E0

)

p−1
≤ φu ≤

pφ0− sin−1(Eth
E0

)+π

p−1
(5)

with a width ∆φu =
π−2sin−1(

Eth
E0

)

p−1 . In most cases, the unpinning
condition (Eq. A6) is satisfied at the lower bound of this range.
However, unpinning is possible at any point inside the window
(refer to Appendix A).

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

π + sin−1(Eth
E0

)− pφ0

1− p
≤ φu ≤

2π− sin−1(Eth
E0

)− pφ0

1− p
(6)

The width of this window is ∆φu =
π−2sin−1(

Eth
E0

)

1−p . Depending
on the strength of the electric field, the width of the window
increases. The window reduces to a point when E0 = Eth.

For p = 1, unpinning happens only if the following condi-
tion is satisfied.

π + sin−1(
Eth

E0
)≤ φ0 ≤ 2π− sin−1(

Eth

E0
) (7)

Thus for p = 1, the range of initial phases that lead to un-
pinning increases with the field strength, E0. Figure. 5 shows
the initial spiral phases that lead to successful unpinning as a
function of Eth

E0
.
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FIG. 5. Unpinning of spiral wave with pacing ratio, p = 1 for differ-
ent field strength: π + sin−1(Eth

E0
) and 2π− sin−1(Eth

E0
) are the lower

and upper limit of the range of possible φ0-values which gives suc-
cessful unpinning for p = 1. The shaded region corresponds to the
cases of successful unpinning. Circles and diamonds represent the
experiment and simulation data respectively.

IV. CONCLUSIONS

In summary, we have presented the first experimental stud-
ies using a co-rotating circularly polarized electric field to un-
pin an excitation wave. In our studies, we have assumed that
the rotating chemical wave is essentially two-dimensional. We
observed unpinning with overdrive, underdrive and resonant
pacing. Because of the charge on the chemical wavefront,
the mechanism of chemical wave unpinning differs from that
in other excitable media. The wave unpins when the electric
field component along the tangential direction of spiral propa-
gation is equal to or more than the critical threshold; i.e., when
the electric force opposite to the instantaneous spiral propaga-
tion is above the threshold value. Based on this condition,
we can predict the unpinning phase, and the same has been
verified in simulations and experiments. The unpinning phase
depends on the pacing ratio, initial spiral phase, and applied
field strength. For a particular field strength, the width of the
unpinning phase window can be increased by varying the pac-
ing ratio. This helps in increasing the chances of unpinning
compared to a constant DC electric field.

We have seen from the previous studies that there is a fun-
damental difference in the mechanism of field-induced unpin-
ning in biological and chemical excitable systems. Studies
on electric field and chemical wave interactions in the BZ re-
action have shown that the speed of the chemical wave in-
creases as it propagates towards the anode, and it decreases
as the wave moves away from the anode32,35,36. Moreover,
wave splitting, annihilation, and extinction have also been
observed in an external electric field. A free spiral wave in
the BZ medium drifts with a parallel component which is al-
ways directed towards the anode, and a chirality-dependent

perpendicular component37. The spiral drift is studied in nu-
merous experimental and computational studies with DC, AC,
and polarized electric fields37–40. The experimental observa-
tions were satisfactorily explained using the diffusion of ionic
species in response to the applied electric field.

In the unpinning reported here, the wave always gets un-
pinned when the electric force is opposite to the wave prop-
agation direction. The spiral never unpins while accelerating
in the direction of electric force or while propagating toward
the positive field polarity. The spiral wavefront behaves like a
negatively charged particle in an external electric field. When
the spiral propagates away from the positive field polarity, it
experiences an electric force opposite to its propagation, and
the tip unpins from the obstacle.

Our work reiterates the active nature of chemical waves-
they are electrically charged and can directly interact with ex-
ternal electric fields. Recently people have started looking at
interesting active properties of the BZ reaction. For exam-
ple, it is shown that the chemical waves can induce changes
in the surface tension profile on the droplets of BZ reaction,
and it can lead to the self-propulsion of those droplets in oily
media14,16. Our work indicates another way such active in-
teractions can take place. We hope this will stimulate further
studies into the dynamics of chemical waves and droplets.

V. SUPPLEMENTARY MATERIAL

A video (mp4) of spiral unpinning in the BZ experiments
with an ACW rotating CPEF and an image of electrode ar-
rangement are available as the supplementary material.
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Appendix A: Derivation of analytical formulae to calculate φu

Electric field,~E = E(cosθE î+ sinθE ĵ) (A1)
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The spiral tangent vector, r̂t =−sinφs î+ cosφs ĵ (A2)

The condition for unpinning is ~E · rt ≥ Eth. (A3)

i.e.,Esin(θE −φs)≥ Eth or Esin(π−θE +φs)≥ Eth (A4)

At unpinning, φs = φu and θE = p(φu−φ0). (A5)

Plugging Eqn. A5 into Eqn.A4 will give,

pφ0 + sin−1(Eth
E0

)

p−1
≤ φu ≤

pφ0− sin−1(Eth
E0

)+π

p−1
(A6)

Eqn. A6 on rearrangement and mapping to the positive angu-
lar coordinates by adding 2π , will give

π + sin−1(Eth
E0

)− pφ0

1− p
≤ φu ≤

2π− sin−1(Eth
E0

)− pφ0

1− p
(A7)

At E = Eth, Eqn. A6 and Eqn. A7 will reduce to the fol-
lowing equations:

φu =
pφ0 +900

p−1
; p > 1 (A8)

φu =
2700− pφ0

1− p
; p < 1 (A9)

At resonance pacing p = 1, The numerator of Eqn.A6 and
Eqn.A7 should be set zero in order to get a definite value,
which results in the condition

π + sin−1(
Eth

E0
)≤ φ0 ≤ 2π− sin−1(

Eth

E0
) (A10)

Appendix B: Unpinning for E > Eth
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FIG. 6. Unpinning at E > Eth (sin−1(Eth
E ) = 48.950): Spiral waves

with different φ0 are unpinned in a CPEF with both under-drive
(p < 1) and over-drive pacing (p > 1). The solid bottom line rep-
resents the lower limit of the range of possible φu-values given
by the relation φu = (pφ0 + 48.95)/(p− 1) for over-drive pacing
and φu = (π − pφ0 + 48.95)/(1− p) for under-drive pacing. The
upper limit of the range of possible φu-values, given by the re-
lation φu = (pφ0 + π − 48.95)/(p− 1) for over-drive pacing and
φu = (2π − pφ0 − 48.95)/(1− p) for under-drive pacing, are rep-
resented by the top dashed line. Circles and triangles represent the
experiment and simulation data, respectively.

Fig.6 shows the unpinning phase window at E > Eth for
different initial phases of the spiral. Here, the solid lines cor-
respond to the lower limit, and the dashed lines correspond to
the upper limit of the window according to equations 5 and
6 in the main text. The unpinning always happens at a phase
within this range. The width of the window varies with the
field strength.

Appendix C: Comparison between unpinning of spirals pinned
to obstacles of different geometry

The results of spiral unpinning from spherical beads are
presented in the paper. For comparison, we have performed
similar experiments using cylindrical rods. The experimental
setup is the same as in Fig.1a in the main text. A cylindri-
cal glass rod of length ≈ 4 mm is inserted vertically into the
medium.
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FIG. 7. Comparison of unpinning of spiral pinned to spherical bead
and cylindrical rod: φu is plotted against the pacing ratio,p where
p > 1. φ0 = 450 and E = 1.38 V/cm. The diameter of the obstacles
are same and equals 1.2 mm.

Figure.7 shows the variation of unpinning phase with the
pacing ratio for a cylindrical obstacle of radius 1.2 mm. The
unpinning phases for a spherical bead have also been shown,
and in both cases, unpinning occur at phases that are consis-
tent with the theoretical predictions.

Appendix D: Comparison between numerical models

In this letter, we have used a two-variable reduction of the
original three-variable Oregonator model. Here we compare
the unpinning studies using both two and three-variable mod-
els.

The three-variable Oregonator model consists of the follow-
ing equations37.

∂u
∂ t

=
1
ε
(qw−uw+u(1−u))+Du∇

2u (D1)

∂v
∂ t

= u− v+Dv∇
2v+Mv(~E ·∇v) (D2)

∂w
∂ t

=
1
ε ′
(−qw−uw+ f v)+Dw∇

2w+Mw(~E ·∇w) (D3)

The variables u, v and w represent the re-scaled dimension-
less concentrations of HBrO2, Fe3+, and Br− respectively.
The model parameters are q = 0.002, f = 1.4, ε = 0.01 as
in Numerical methods in the manuscript, along with an addi-
tional parameter, ε ′ = 0.0001. For both variables v and w, the
electric field ~E is added as an advection term. However, the
variable u is unaffected in an electric field as it corresponds to
the charge-less species HBrO2. The values of the ionic mo-
bilities are Mu = 0, Mv = -2, and Mv = 1. Our recent paper12

shows the simulation details.

FIG. 8. Comparison of spiral unpinning obtained in two and three-
variable Oregonator models: φu is plotted against the pacing ratio,p
where p > 1. φ0 = 450 and E = 0.6. The obstacle diameter is 1.0 s.u.

Using the three-variable model, we measured the unpinning
phase of an ACW spiral pinned to an obstacle of radius, r=1.0
s.u in an electric field of strength Eth = 0.6. The unpinning
is done for a fixed initial phase with overdrive pacing. The
results are in good agreement with those obtained from the
two-variable Oregonator model and the theory (Figure.8).
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