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ABSTRACT: We study the mechanism of spiral wave unpinning in the
Belousov−Zhabotinsky (BZ) reaction with a DC electric field. The
unpinning is characterized by the phase of the spiral tip around the obstacle
boundary at the time of unpinning. We systematically measure 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 electric field. In both BZ experiments and simulations using the
Oregonator model, we observe that the spiral wave always unpins at a fixed
position with respect to the applied field. The wave unpins when the electric
field component in the direction of the tip velocity of the spiral waves
becomes equal to a threshold field strength. From these observations, we
deduce a relation between the phase of unpinning, the size of the pinning
obstacle, the strength, and the direction of the electric field, and it agrees with
our observations. We conclude from our observations that a retarding ‘electric force’ on the chemical wave is responsible for the
unpinning in the BZ medium. Our results indicate that the ‘electric force’ is more effective in unpinning when the wave moves away
from the anode than when it is moving toward it.

■ INTRODUCTION
A wide variety of physical, chemical, and biological systems
display traveling wave patterns where an excitation character-
istic to the substrate propagates as a wave. Examples include
chemical waves in the Belousov−Zhabotinsky (BZ) reaction,1
waves of cellular action potential in cardiac tissue,2 CO
oxidization wave on a metal surface,3 corrosion waves on steel
in nitric acid,4 cellular signaling waves in the social amoeba
Dictyostelium discoideum,5 and oscillating proteins on the
surface of Xenopus frog embryos.6 These different types of
systems are collectively called excitable media. They all have a
characteristic response to an external stimulus, provided the
stimulus is above a threshold, and afterward, they do not
respond to another stimulus for a fixed time period. These
excitations can form traveling waves, like concentric circles
from the point of stimulus7 or self-sustained rotating spiral
waves.8

All excitation waves, irrespective of the mechanism of
formation and the nature of the substrate medium, have very
similar dynamics. The spiral waves can get attracted to
heterogeneities in the medium and form very stable rotating
patterns around the boundary of these heterogeneities.9−11

Such pinning has been observed in chemical systems and also
in physiological tissue, both in the experimental settings and in
their mathematical models.12−14 The pinned waves are very
stable, and they can only be unpinned by careful external
intervention.15−17 This problem has attracted attention

recently because such pinned waves are believed to play an
essential role in cardiac arrhythmia control.18

The mechanism of unpinning is very different for the pinned
waves in the BZ reaction as opposed to such waves in the
cardiac tissue. Because the chemical waves in the BZ reaction
are constituted of charged ions, they can directly interact with
an external electric field.19−21 Unpinning in the physiological
system is possible with carefully delivered secondary excitation
generated by the electric field, which is absent in the chemical
medium.22−24 In this paper, we investigate the field-induced
unpinning of chemical waves.
Theoretical studies on the analysis of chemical wave

propagation have suggested that an applied field may
significantly alter wave propagation.21,25 A DC electric field
in the BZ reaction can alter the wave velocity, and it can also
cause annihilation and splitting of the waves.26,27 The spiral
wave is forced to drift in the direction of the anode but with a
perpendicular velocity component whose direction is deter-
mined by the chirality of the spiral.19,28,29 The spiral can be
dragged in this fashion and ultimately removed from the
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medium. An electric field can unpin a pinned spiral wave if the
applied current is above a threshold current density.30 This
threshold increases linearly with the radius of the pinning
heterogeneity.31 A study in a three-dimensional BZ system
demonstrated that pinned scroll waves also could be unpinned
by external electric fields.32 However, the mechanism of field-
induced unpinning is not addressed so far. Apart from DC
electric field, many groups also have studied the response of
free spirals to AC and polarized electric fields.21 A corotating
circularly polarized electric field (CPEF) provides maximum
spiral drift,21,33 and it can induce frequency synchronization of
the spiral with the applied CPEF.34 It has been shown that the
chirality of the spiral can be controlled by adjusting the
frequency of the CPEF.35 Experiments in the BZ reaction have
shown that spiral turbulence can be successfully controlled
with CPEF.36

To understand the unpinning of chemical waves in an
electric field, we need to study how the pinned wave leaves
heterogeneity. This article reports a detailed investigation of
the location at which the spiral wave leaves the pinning
obstacle in the BZ reaction as a function 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 both 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.

■ METHODS
Experimental Methods. We performed experiments in

uniform thin layers of the ferroin-catalyzed Belousov-−
Zhabotinsky (BZ) reaction. The reaction mixture is embedded
in a 1.4%w/v agar gel to avoid any hydrodynamic
perturbations if present.37 First, the agar powder is dissolved
in deionized water, and then the reagents�sulfuric acid,
sodium bromate, malonic acid, and ferroin� are added
sequentially into the mixture. The initial concentrations of
reagents in the medium are [H2SO4] = 0.16 M, [NaBrO3] = 40
mM, [malonic acid] = 40 mM, and [ferroin] = 0.5 mM. This
solution displays color oscillation between red and blue,
indicating two different oxidation states of the catalyst ferroin.
After one cycle of color oscillation, the mixture is poured into a
glass Petri dish of diameter 10 cm. The immobilized reaction
mixture has a thickness of about 3 mm. A silver wire is used to
initiate an oxidation wave at the surface of the reaction
medium. A pair of counter-rotating spirals is created by
breaking the central induced circular wavefront with the tip of
a needle.
Glass beads of different diameters are used as the pinning

heterogeneity. The 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.
Pinning of the spiral tip to the glass bead is confirmed after two
to three complete spiral rotations. A pinned spiral wave takes
4.17 min to complete a rotation around a bead of a radius of
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 and
0.9 mm is 4.58 and 5.04 min, respectively. The error in the
time measurements is 0.5 s. The rotation period increases with
the size of the pinning obstacle, as reported earlier.10 A
schematic diagram of the experimental setup is shown in
Figure 1. 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 × 2.5
cm × 0.25 mm each) kept 5 cm apart. Voltage signals are
generated using a data acquisition device (NI USB-6343)
controlled with LabVIEW scripts. To avoid the effects of
Ohmic heating, we kept the reaction medium inside a square
Petri dish filled with water. Images of the BZ reaction are
recorded with a CCD camera (mvBlueCougarX120bC). The
lens of the camera is equipped with a blue filter (MidOpt
BP470-27), and the system is illuminated from the bottom
with a white light (3W LED). Images are captured every half a
second for 2−3 h. All experiments are performed at constant
room temperature. We have developed LabVIEW programs for
image and raw data acquisition. Image analysis is done with
Python scripts. For comparison, we have performed experi-
ments using a cylindrical rod (see Appendix A for details).
Numerical Methods.We used a three-variable Oregonator

model for the simulation of the BZ reaction system. This
model consists of the following equations29

= + +u
t

qw uw u u D u
1

( (1 )) u
2

(1)

= + + ·v
t

u v D v M E v( )v v
2

(2)

= + + + ·w
t

qw uw fv D w M E w
1

( ) ( )w w
2

(3)

The variables u, v, and w represent the rescaled,
dimensionless form of concentrations of [HBrO2], the oxidized
catalyst [Fe3+], and [Br−], respectively. The model parameters
are q = 0.002, f = 1.4, ϵ = 0.01, and ϵ′ = 0.0001. For both
variables v and w, the electric field E⃗, applied along the +x-axis,
is added as an advection term. However, the variable u is
unaffected in the presence of an electric field as it corresponds
to the charge-less species [HBrO2]. We consider ion mobility,
Mi ≈ −ziDi, where zi is the charge of the ion and Di is its
corresponding diffusion coefficient.38 Henceforth, we assigned
the valuesMu = 0,Mv = −2, andMv = 1 in our model, as shown
in Table 1.
The computation domain is composed of 300 × 300 grids of

uniform size with dx = dy = 0.1 spatial units (s.u). The
temporal evolution is studied using the explicit forward Euler
method with a time step of dt = 0.0001. The domain and

Figure 1. Schematic representation of the experimental setup: Images
of the 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).
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obstacle boundaries are both subjected to no-flux boundary
conditions. At the center of the domain, an obstacle of radius r
is created by reducing the value of Du to 0.0001, while Dv and
Dw are kept constant across the simulation domain. At the
obstacle border, the phase-field approach is employed to set
no-flux boundary conditions. We used obstacle radii ranging
from 0.75 to 1.5 s.u. In each trial, we initiate the electric field at
18 different initial phases of the spiral tip that are symmetri-
cally distributed around the obstacle. Whenever the spiral tip
unpins from the obstacle, we estimate the associated
detachment position.
We also have added the simulation results of the two-

variable Oregonator model (the dimensionless Tyson−Fife
reduction of the three-variable Oregonator model)39−41 in
Appendix B.

■ RESULTS AND DISCUSSION
Previous studies have shown that the propagation of a chemical
excitation wave can be controlled with an external electric
field.26,27 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.19,21,28 It was also shown that the field could be used to
detach a pinned spiral wave from an inexcitable obstacle in the
reaction medium.30 In light of these results, we investigated the
mechanism of unpinning by observing the position of spiral
unpinning with respect to the direction of the applied field. We
used both the experimental BZ reaction and the Oregonator
model to systematically study the unpinning by an external
electric field.
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 (ϕu) 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
software GIMP.42 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 a radius of 0.6 mm. In simulations,
the spiral tip is defined as the intersection of two contours u =
1/2 and F(1/2,v) = 0, where F is given by the reaction term in
eq (8).43

We observed that the spiral tip unpins from the obstacle
only when the field strength is above a threshold (Eth). We
determined Eth by systematically ramping up the field strength
to find the minimum field required to get the wave unpinned
within one rotation of the spiral. Figure 2 shows the unpinning
of anticlockwise (ACW) and clockwise (CW) rotating pinned
spirals subjected to a uniform DC electric field of strength
greater than Eth. It was found that both ACW and CW spirals
detach near the anode as the tip propagates away from the
anode. For an electric field applied along the +x-axis (i.e., for
the anode situated at 180°) in Figure 2, 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.19,28,29

According to Sutthiopad et al., the critical threshold (Eth)
increases with the size of the pinning obstacle.30 We
determined the Eth for obstacles with radii r = 0.6, 0.75, and
0.9 mm in experiments (Figure 3a). In terms of the spiral
wavelength (λ = 3.696 mm), these radii are 0.162, 0.202, and
0.243 λ respectively. In simulations, the obstacle radii are r =
0.75 s.u (0.0745 λ), 1.0 s.u (0.0994 λ), 1.25 s.u (0.1243 λ), and
1.5 s.u (0.149 λ). From Figure 3b−d, it is clear that at E = Eth,
the unpinning phase of spirals with similar chirality is constant
irrespective of the obstacle size.
To find the factors influencing the unpinning phase, we

applied the electric field at different initial phases of the spiral.
The initial phase of a spiral, ϕ0, is the phase of the spiral tip on
the obstacle boundary at the time of field initiation. For
different ϕ0, the spiral unpins with a constant ϕu, except when
ϕ0 is close to the expected unpinning phase itself. In such
situations, the wave is unpinned with a fixed delay (Figure 4).

Table 1

i zi Di Mi

u 0 1 0
v 3 0.6 −2
w −1 1.12 1

Figure 2. Unpinning of the spiral wave with the DC electric field: An anticlockwise (ACW) rotating spiral (a) in the experiment with initial phase
ϕ0 = 45° unpinned at ϕu = 203.6° and (b) in simulation with initial phase ϕ0 = 60° unpinned at ϕu = 236.47°. A clockwise rotating (CW) spiral (c)
in experiments with initial phase ϕ0 = 315° unpinned at ϕu = 151.43° and (d) in simulations with initial phase ϕ0 = 300° unpinned at ϕu = 122.73°.
The field strength in the experiment is E = 2.40 V/cm, and in simulation, E = 1.1. The obstacle radius in the experiment is 0.6 mm, and in
simulation, it is 1.0 s.u. The bold black arrow represents the field direction. The yellow lines in (b) and (d) indicate the trajectory of the spiral tip
(see Supporting Information videos).

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.2c01452
J. Phys. Chem. C 2022, 126, 19618−19626

19620

https://pubs.acs.org/doi/10.1021/acs.jpcc.2c01452?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c01452?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c01452?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c01452/suppl_file/jp2c01452_si_001.mp4
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c01452?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c01452?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Another parameter that can influence the unpinning is the
direction of the applied field, θE. For θE = 0° (along the +x-
direction), a CW spiral unpins in between 90 and 180°. When
the field direction is reversed, i.e., for θE = 180° (along the −x-
direction), the CW spiral unpins in between 270 and 360°
(Figure 5). Despite the difference in the phase values, the
unpinning phase is always symmetrical to the field vector.
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.
From Figure 3c, it is clear that when E = Eth, an ACW spiral
experiences the maximum electric force opposing its tip
rotation at the phase ϕs = 270°. Hence, unpinning occurs at
this phase. The direction of the spiral tip velocity at each phase
ϕs around the obstacle boundary is represented by rt̂ (Figure

3c,d). The orientation of rt̂ is (ϕs + 90°) for the ACW spiral
and (ϕs − 90°) for the CW spiral. With E = Eth, the wave
unpins when the field vector and rt̂ align parallel to each other,
as shown in Figure 3c,d. For E greater than Eth, the wave can
be unpinned when the component of the applied electric field
(E⃗) along rt̂ becomes equal to Eth. Based on these
considerations, we calculated the unpinning phase as

= + E
E

180 sinu E
0 1 thi

k
jjj y

{
zzz (4)

However, when the initial phase of the spiral is close to this
expected unpinning phase (i.e., ϕu − Δ ≤ ϕ0 ≤ ϕu + Δ), the
wave unpins after a fixed delay of Δ.

= +u 0 (5)

Figure 3. Unpinning of the spiral wave as a function of the radius of the obstacle: Threshold field strength (Eth) for unpinning the spiral from
obstacles having different radii is plotted. (a) In both experiments (blue dots) and simulations (red diamonds), the critical threshold for unpinning
increases linearly with the obstacle size. Blue axis labels correspond to experimental data and red axis labels correspond to simulation data. The
radius is measured in millimeters (mm) in experiments (lower +x-axis) and space units (s.u) in simulations (upper +x-axis). (b) ϕu is plotted
against the obstacle radius. At E = Eth, (c) ACW spiral always unpins at 270°, while (d) CW unpins at 90° in experiments. E⃗ represents the field
direction and rt ⃗ is the tangential propagation vector at ϕu. In both (c) and (d), the obstacle radius = 0.6 mm and E = 0.8 V/cm.
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where Δ = 35° in simulation and it is about 30° in
experiments.
Similarly, for a clockwise rotating spiral, ϕu is

= + E
E

180 sinu E
0 1 thi

k
jjj y

{
zzz (6)

The unpinning phases given by eq (6) are the mirror image of
the unpinning phases obtained using eq (4).
At E = Eth, eq (6) gives ϕu = 90°, as expected from Figure

3b,d.
As with the ACW spiral, here also when the initial phase of

the spiral is close to this expected unpinning angle (i.e., ϕu − Δ
≤ ϕ0 ≤ ϕu + Δ ), then the wave unpins after a fixed delay of Δ.

=u 0 (7)

It has been observed from the study that Eth increases with
the obstacle radius (Figure 3a). Since ϕu depends on Eth, ϕu
also increases with the obstacle radius. That is, for fixed field
strength, unpinning 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

Figure 6, we plot ϕu of the spiral wave as a function of( )E
E

th by
varying the obstacle size and field strength for a fixed θE. The
maximum deviation from the predicted theoretical value is 15°
in simulations and 10° in experiments. As ( )E

E
th decreases, ϕu

for an ACW spiral decreases and approaches 180°. For spirals
rotating in the CW direction, the plot between ϕu and ( )E

E
th

will show the opposite trend. When E = Eth, the wave unpins at
90°. As E increases, ϕu increases and approaches 180°. i.e., with
an increase in the field strength, unpinning happens in the
close vicinity of the anode.

■ CONCLUSIONS
This article 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 unpinning
phase, which is the angle of the spiral tip around the obstacle
boundary at the time of unpinning. We measured the
unpinning phase both in the BZ reaction medium and in the
Oregonator model. It is found that 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, and it was found to be in good agreement
with our measurements.

Figure 4. 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. ϕ0 is varied in the steps of 45o, for different E = 1.44, 2.04, and 2.40 V/cm. Eth = 0.8 V/cm and the obstacle radius is 0.6
mm. (b) same as in (a) for CW spiral. (c) In simulations, the unpinning phase of the ACW spiral pinned to an obstacle of radius, r = 1.0 s.u for 18
different initial phases is measured. ϕu versus ϕ0 is plotted for field strength E = 1.0, 1.1, and 1.2. Here, Eth = 0.9. (d) same as in (c) for CW spiral in
simulations.

Figure 5. Effect of the field direction (θE) on unpinning: For θE = 0°,
a CW spiral unpins in between 90 and 180° in (a) experiments and
(b) simulations. For θE = 180°, a CW spiral unpins in between 270
and 360° in (c) experiments and (d) simulations. The spiral
detachment position is influenced by the electric force exerted
toward the anode. In experiments, obstacle radius = 0.6 mm and E =
2.40 V/cm. In simulations, obstacle radius = 1.0 s.u and E = 1.1.
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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, HBrO2, and the
Fe(phen)33+. 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.26 Similarly, in a field opposite to the
wave propagation, the Br− ion moves 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 the spiral
wave when moving toward 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.19 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 very
similar dynamics, the electric field does not act directly on the
wavefront. For example, in cardiac tissue, the field induces
secondary excitation from the boundaries of obstacles, and
when they are generated within the vulnerable window of the
spiral, the wave gets unpinned.22,23 We have not observed such
wave emission in the chemical medium; we are also not aware
of any other excitable medium where the external field can
directly apply a force on the excitation wave itself. In
conclusion, we point out that the chemical excitation waves
in the BZ reaction interact with an external electric field
uniquely, and unpinning by a retarding electric force is not
seen so far in any other excitable medium.

■ APPENDICES

A.. Unpinning of the Spiral Pinned to a Cylindrical Glass
Rod in Experiments
We have presented the results of wave unpinning from
spherical beads in the paper. Since the medium thickness is the
order of the wavelength of the chemical activity, the wave
patterns will be homogeneous along the third dimension. The
chemical wave gets pinned around the great circle of the
spherical beads�that is, along its center�most easily, and it is
where the unpinning is most difficult.30 We have repeated

Figure 6. Unpinning phase varies with field strength: ϕu is plotted against the field strength ratio
E
E
th for the 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 ϕu calculated from the analytical formulae eqs (4) and (6). For both ACW and CW spirals, ϕu approaches 180° with the
increase in field strength. i.e., an increase in the field strength results in an unpinning closer to the anode.
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these experiments using cylindrical rods to test whether the
shape of the obstacles can make any difference to these results.
The experimental setup is the same as in Figure 1. Instead of
the glass bead, a cylindrical glass rod (length ≈4 mm) is
inserted vertically so that it touches the bottom of the Petri
dish and stands a little high above the surface.
Figure 7 shows the unpinning of an anticlockwise (ACW)

rotating spiral pinned to a cylindrical glass rod of a radius of
0.5 mm in a uniform DC electric field of strength E = 2.40 V/
cm, which is greater than the threshold (Eth = 0.76 V/cm). It
was found that the spiral detaches near the anode as the tip
propagates away from the anode. We measured the unpinning
phase ϕu = 206.47° for an initial spiral phase ϕ0 = 45°. From
the equation, ϕu = 198.46°. After unpinning, the tip drifts at an
angle from the direction of the anode, as in the case of a spiral
pinned to a spherical glass bead.
Figure 8 shows the variation of the unpinning phase with ϕ0

for a cylindrical obstacle of a radius of 1 mm. We have also

displayed the unpinning phases corresponding to a spherical
bead, and in both cases, unpinning happens at similar phases
and as predicted by the theory. The unpinning threshold is
slightly less for the cylindrical obstacle (0.76 V/cm) compared
to the spherical bead (0.80 V/cm) because of the difference in
the pinning radius. Hence, according to the analytical formula,
ϕu = 199.47° for the glass bead and ϕu = 198.46° for the rod.

B.. Simulations Using the Two-Variable Oregonator Model
In this paper, we have used a three-variable Oregonator model.
All simulations of chemical waves in the BZ system have used a
two-variable model. Taboada et al.44 have shown that the
quantitative properties of the chemical wave are the same in
both the original three-variable model and the two-variable
reduced model. Here, we compare the unpinning studies using
both sets of model equations.
We model the BZ reaction system using a two-variable

Oregonator model (the dimensionless Tyson−Fife reduction
of the three-variable Oregonator model)39−41 using the
following equations

=
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u u
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The activator variable u and the inhibitor variable v are the
rescaled, dimensionless form of concentrations of HBrO2 and
the catalyst, respectively. Though HBrO2 is electrically neutral,
its dynamics is strongly coupled with the negatively charged
Br− ions. The effect of the electric field on the Br− ions will be
reflected immediately on the dynamics of HBrO2.

29 Thus, the
electric field affects both u and v, and we represent it by adding
a field-induced advection term to the dynamics of both these
variables. The model parameters are q = 0.002, f = 1.4, and ϵ =
0.01 as in section “Numerical methods” in the manuscript but
without the use of ϵ′. The unidirectional electric field is E⃗ = Ex̂,
where E is the magnitude of the electric field. We performed
simulations for both ACW and CW spirals. In the
computations, we used the explicit forward Euler technique,
following the same procedure as described in section
“Numerical methods” of the manuscript.
In the two-variable Oregonator model, we examined the

unpinning phase of the spiral pinned to an obstacle of radius r
= 1.0 s.u using an electric field of strength from E = 1.0, 1.1,
and 1.2 and estimated the corresponding unpinning phase ϕu.
For 18 different initial phases ϕ0, around the obstacle, the
unpinning phase is the same, except at the region ϕ0 close to
the expected ϕu (see Figure 9). Furthermore, ϕu reduces with
the field strength. These are in good agreement with the results
from the three-variable Oregonator model (see Supporting
Information videos (b) and (e) for unpinning in both two- and
three-variable models for the same chirality, E = 1.1, r = 1.0 s.u,
and ϕ0 = 60°).
In two-variable, the behavior of ϕu versus ( )sin E

E
1 th curve is

as predicted by our analytical formula eq (4)(see Figure 10).

Figure 7. Spiral pinned to a cylindrical glass rod of a diameter of 1.0 mm is unpinned at ϕu = 206.47° with a DC electric field E = 2.40 V/cm for ϕ0
= 45°. Eth = 0.76 V/cm. From the equation, ϕu = 198.46°.

Figure 8. Comparison of unpinning with a spherical bead and a
cylindrical rod as an obstacle: (a) Spiral pinned to a spherical glass
bead of a radius of 0.6 mm is unpinned with E = 2.40 V/cm for
different spiral initial phases. Eth = 0.80 V/cm. From the equation, ϕu
= 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.
Eth = 0.76 V/cm. From the equation, ϕu = 198.46°.
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The maximum deviation from the predicted theoretical value is
7° in simulations.

We observed an excellent agreement between the results
obtained from the two- and three-variable Oregonator models.
The calculated unpinning phase in both models, ϕu, matches
the expected analytical formula, validating our mechanism.
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