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Wave pattern formation and transition in chemical and biochemical reaction systems can reveal the system
properties. We investigate the pattern transition from target waves to spiral waves upon the increment of
inactive beads in a discrete system model, where ion-exchange resin loaded with Belousov-Zhabotinsky cata-
lyst corresponds to the active beads. The results show that inactive beads slow the propagation speed of target
waves and increase the wave frequency. As the population of inactive beads increases, clusters are formed,
which then break waves into segments where bounded spiral pairs are generated and separated into individual
spirals. From this observation, we conclude that the population of inactive resin beads acts as the bifurcation
parameter controlling the wave pattern transition from targets to spirals.
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I. INTRODUCTION

Spiral and target waves appear spontaneously in biologi-
cal excitable media �e.g., heart tissue �1–3��, in disordered
media �4�, and in nonlinear chemical reactions �e.g., the
Belousov-Zhabotinsky �BZ� reaction �5,6��. Wave pattern
transition phenomena in excitable media reveal how dynam-
ics are organized in a system �7,8�. Due to the heterogene-
ities of biological systems, discrete systems with nonlinear
chemical elements would be closely related analogs �9–11�.
Research on nonlinear waves in discrete systems, however, is
less common than that on homogeneous excitable media
�5,6�. Inactive elements, specifically, heterogeneous features,
frequently exist in discrete excitable systems. For example,
fibrotic nonexcitable “dead” tissue normally presents at a
small percentage of normal heart tissue. As a result of aging,
after a myocardial infarction �heart attack�, or in the case of
cardiac myopathies, the percentage of fibrotic tissue in-
creases dramatically, up to 30–40 % �12,13�.

Interesting observations show that there is a wave-form
change from plane wave to multiple spiral wavelets accom-
panying the procession from normal sinus rhythm to ven-
tricular tachycardia, and finally to ventricular fibrillation
�14�. Also, in a monolayer of chick embryonic heart cells,
transition has been observed from target to spiral waves �7�.
Both wave pattern transitions might be caused by increased
heterogeneities of the environment on which the wave pat-
terns are generated and propagated, but the mechanism
which gives rise to arrhythmias is still not clear. Insight into
the dynamics of spirals in bioexcitable media and the under-
standing of the genesis of spiral waves and their interactions
would offer insight into the development of effective ap-
proaches to interrupt arrhythmias. In this Rapid Communica-
tion, we address such wave pattern transitions using a simple
heterogeneous BZ reaction as a system model. Due to the

poor understanding of the transition between different wave
patterns, it would be of great interest to investigate how the
wave pattern transition is driven by inactive resin beads.

II. EXPERIMENTS

Belousov-Zhabotinsky active beads were fabricated by
immersion of polystyrene ion-exchange beads �Acros Organ-
ics, Morris Plains, NJ� in a 0.025 M aqueous solution of
ferroin �Sigma-Aldrich, Milwaukee, WI� in a capped glass
bottle. Ferroin, with the molecular formula as
�Fe�o-phen�3�SO4, where o-phen is an abbreviation for 1,10-
phenanthroline, serves as the catalyst for BZ reactions. The
loading of ferroin into the resin beads was completed in 10 h,
yielding a colorless solution. The beads were then filtered
and dried in an oven at 50 °C overnight. The concentration
of catalyst in active beads was 25 �mol /g based on the
assumption that 100% catalyst was immobilized. The BZ
reactants for all experiments are aqueous solutions of sulfuric
acid �J. T. Baker, Philipsburg, NJ� �0.25 M�, malonic acid
�Sigma-Aldrich, Milwaukee, WI� �0.025 M�, and sodium
bromate �0.25 M� �Sigma-Aldrich, Milwaukee, WI�, which
are typical excitable systems based on previous experiments
by Maselko et al. �11,15,16�.

In our experiments, an amount of 10 g of polystyrene ion
exchange resin beads �11� was added to 50 mL of the BZ
reactants in which the percentage of active beads � was var-
ied from 0.2 to 1. In detail, active beads, inactive beads, and
50 mL of the BZ reactants were well mixed and the beads
precipitated. The mixture was placed in a 9-cm-diameter
beaker. The thickness of bead bed was about 5 mm and the
depth of the reactants plus the beads, about 1.5 cm. The size
of the beads was between 75 to 150 �m. A camera installed
1.5 m directly above the beaker took images every 10 s in a
dark room maintained at 15 °C. The wavelength of the ob-
served wave in the beads layer is about 2 mm. Three-
dimensional effects might affect the dynamics of the waves,
but were not explored in our experiments.
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III. RESULTS

BZ wave patterns were generated at various active bead
percentages �. The snapshots of the steady wave patterns at
about 2 h after the start of each experiment are displayed in
Fig. 1. Target wave patterns were observed for ��0.7. In
the range of 0.5���0.6, target waves were formed, but the
wave crests close to the center were irregular and the whole
pattern became noncircular. For ��0.4, multiple wave ini-
tiation sites and various wave patterns coexisted, and rotating
spirals were generated. No wave pattern was observed for
�=0.1. The composition of inactive resin beads �1−��
seems to act as a dynamic bifurcation parameter. As � de-
creases, steady state of the system makes a transition from
targets to spirals, separated by a transient region. It should be
noted that this pattern transition is due to the percentage of
inactive resin beads, not to the decrease in total concentra-
tion of the catalyst. Control experiments for different con-
centrations of catalyst in the samples indicated that the wave
pattern transition took place at the same composition of in-
active beads �� between 0.5 and 0.6�.

It is worth noting that a unique pattern was generated in
the experiments carried out at �=0.3. Instead of multiple
initiating sites and multiwaves, as shown in Fig. 1, a wave
pattern originating from a high-frequency pacemaker occu-
pied the entire area in this particular experiment about 5 h
after the start of the experiment, as shown in Fig. 2�a�. At the
wave center, the wave crest appeared as a closed line. How-
ever, its shape deviated from the circular. The time sequence
of this experiment is shown in Fig. 2�b�. Due to the presence
of the inactive beads occupying 70% of the total beads, the
continuity of the wave was destroyed, and three separate
activated pieces can be identified �insets of Fig. 2�b��. These

pieces grew into three wave segments as they moved away
from the center. The segments tended to curve, as shown in
Fig. 2�b� and panel 3, and grow into spiral pairs �see Fig.
3�a� and panel 1�. However, the distance between the seg-
ments was too small for full development of spirals. Instead,
they quickly met and joined into a closed wave pattern,
which was different from the target waves observed for �
�0.7.

Bound spiral pairs were observed for samples at �=0.2,
where the wave segments were further separated and allowed
to become fully developed spiral waves, as shown in micro-
graph 1 of Fig. 3�a�. However, such bound states are meta-
stable: the two spirals in one pair have opposite topological
charges and likely repel each other �17,18�. The higher-
frequency spiral in the pair could expand faster and take over
the other spirals, as we observed in the time sequence of Fig.
3�a�. We also observed that the dynamics of spirals are pe-
culiar due to the presence of inactive clusters, as shown in
Fig. 3�b�. Here the clusters were formed by the aggregation
of inactive resin beads at �=0.2. Within one period of the
spiral rotation, the center of the single spiral first sprouts out
a closed geometric pattern composed of wave segments �Fig.
3�b�, �2��. The closed pattern expands with upward growth
�Fig. 3�b�, �3��, then expands horizontally, forming a semi-
circle on the left half �Fig. 3�b�, �4��. Meanwhile, the semi-
circle starts to rotate in the clockwise direction together with
the whole spiral pattern �Fig. 3�b�, �4� and �5��, and the

FIG. 1. �Color online� The BZ wave patterns change from tar-
gets to spirals with the reduction of the number of active beads. The
percentage of active resin beads are labeled in the right bottom
corner. Image sizes are 9 cm in diameter.

FIG. 2. �Color online� The closed wave pattern at �=0.3. �a�
The closed irregular wave pattern at the steady state with a pace-
maker near the edge. �b� The periodic process of generating the
closed irregular pattern through the joint of three wave segments.
The image sizes are about 2.9 cm in side length. Time separation
between sequential frames is 40 s. The insets at the bottom-right
corners illustrate the central portion of the wave.

FIG. 3. �Color online� The spiral-wave patterns at �=0.2. �a�
The evolution of a bound spiral pair �micrograph 1� to a single
spiral �micrograph 8�. The image sizes are about 1.65 cm in width.
�b� Rotation of a single spiral. The side length of the image is about
2.65 cm. Insets illustrate the center of the spiral wave. Frames 1 and
7 are the beginning and end of a spiral rotation period, respectively.
The time separations between sequential frames for line �a� and �b�
are both 30 s.
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closed segments open up. Finally, the last straight segment
with the free end and curves rotates �Fig. 3�b�, �6� and �7��,
setting the stage for the next period. This behavior was dis-
tinctly different from that of a continuously processing spi-
ral.

IV. DISCUSSION

When �=1, every bead in the system is able to be ex-
cited, generating a perfect target pattern. When � starts to
decrease, some of the beads are not active in the BZ reaction
and the propagation of the waves is affected. The waves are
hence generated with shorter wavelength and higher fre-
quency due to the change of �, which is consistent with
theoretical predictions �19,20�. An effective medium theory
has been developed by Alonso et al. �20� for spatially het-
erogeneous nonlinear reaction-diffusion media, which are
similar to our case. The observed wavelength reduction, the
wave pattern formation, and transition may be explained by
the interplay between nonlinear reaction kinetics and diffu-
sion.

Just below �=0.6, the percentage of inactive beads
reaches a critical level at which they tend to form clusters
that function as obstacles to wave propagation �21,22�. Dis-
torted target patterns are observed in the beaker due to inac-
tive beads hindering wave propagation, as shown in Fig. 1
for �=0.6 and 0.5. The wave crests closer to the center ex-
hibit an unsmoothed edge and an eccentricity of about 0.6.
The roughness disappears as waves propagate away from the
centers, with eccentricity decreasing to 0.3. Therefore, the
discrete system steps into a new regime as � reduces below
0.6, which we call it transient region.

As � further decreases below 0.4, instead of only one
pacemaker dominating, multiple initiation sites are gener-
ated, as shown in the bottom row of Fig. 1. This new regime
is called the spiral region, due to the tendency toward spiral
formation. The formation of spiral pairs starts from a short
wave segment, as previous theory hypothesized �23�. How-
ever, the ability to form spirals also depends on the distance
between the segments, which is why spiral pairs are not ob-
served until �=0.2. These observations confirm the theoret-
ical prediction by Meron et al. and van der Deijl et al.
�23,24�.

Figure 4 depicts the measured characteristics of the wave
pattern from the captured image series in Figs. 1–3. In Fig.
4�a�, we can define three regions based on the wave patterns
obtained in Fig. 1: target region, transient region, and spiral
region. We can also see that the period of the waves de-
creases until it reaches the transient region. When � is re-
duced from 1.0 to 0.7, the propagation velocity of the waves
decreases linearly, as shown in Fig. 4�b�. Wave characteris-
tics show significant changes between 0.4 and 0.7. We define
the lower boundary of the transient region to be �lower
=0.48�0.01 by polynomial curve fitting in Fig. 4�b� to lo-
cate the lowest velocity composition. The measured disper-
sion curve �velocity versus period� is plotted in Fig. 4�c�,
showing a decreasing wave period as propagation velocity
decreases, which is consistent with previous theories �25,26�.
The inactive beads, therefore, which slow the wave propaga-

tion speed, will produce high-frequency waves. Correspond-
ingly, the wavelength decreases with �, as shown in Fig.
4�d�. We define the upper boundary for the transient region
as �upper=0.59�0.01 by linear fittings depicted in Fig. 4�d�.
Lee reported a wave pattern selection between spiral and
circular pacemaker waves with a FitzHugh-Nagumo
reaction-diffusion model when the parameters of homoge-
neous excitable media change �27�. In our work, the ob-
served wave pattern transition between spirals and targets
took place when the structure of the media changed. Future
theoretical considerations might explore the structure depen-
dence of the BZ reaction parameters �28�.

V. CONCLUSION

In summary, we have developed a model of a discrete
excitable medium in which the population of inactive resin
beads acts as the bifurcation parameter that controls the wave
pattern transition from targets to spirals. The behavior of
bound spiral pairs and their separation is indicative of the
effect of inactive clusters, which break the wave into seg-
ments and allow them grow into spiral pairs. Because het-
erogeneities are intrinsic in biological systems, this model
system might be applied to the understanding of the occur-
rence of the spiral wavelets in the heart with diseased cells.
Future work will include computer simulations of this het-
erogeneous model system and various wave pattern transi-
tion phenomena in a broad range of BZ reaction conditions.

FIG. 4. �Color online� The characteristics of BZ waves vary
with the composition of active beads �. �a� Period of the waves.
Dashed lines indicate the boundaries of the target patterns to spiral
patterns transition as � decreases. �b� Propagation velocity of the
waves. Dotted lines are the linear fitting to the data for ��0.7 and
polynomial fitting to the data ��0.6, respectively. �c� Dispersion
of the waves. The dashed curve is the fitting to the data ��0.7 of
V= �18.87�0.12��tanh�T / �9.52�0.35��. �d� Wavelength of the
waves. The dotted lines are the linear fitting to the data ��0.7 and
��0.6, respectively.
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