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The photosensitive Belousov-Zhabotinsky (BZ) reaction was investigated on a double rectangular field
composed of two rectangular routes, which was drawn using computer software and then projected using a
liquid-crystal projector on a filter paper soaked with BZ solution. When two chemical waves were generated
on the rectangular routes as the initial condition, the nature of the collision of the waves could be theoretically
classified into four categories depending on the initial phase difference between the two waves and the aspect
ratio of the rectangular routes. The experimental results were consistent with the features of the theoretical
prediction. These results suggest that the feature of wave propagation characteristically develops depending
on the geometry of the excitable fields.

Introduction

Experimental and theoretical studies on wave propagation on
excitable media may help us not only to understand signal
processing in biological systems1 such as nerve impulses,2,3 but
also to create novel methods for artificial processing such as
image processing4-7 and information processing8-13 based on
a reaction-diffusion system. Various features of wave propaga-
tion and oscillation have been experimentally and theoretically
investigated with the Belousov-Zhabotinsky (BZ) reaction as
an excitable or oscillatory chemical system.14-16 In addition,
there have been many studies on the features of wave propaga-
tion on excitable fields with various geometries.17-24

A photosensitive experimental setup for the BZ reac-
tion4,5,12,25,26 makes it easier to create excitable fields with
various geometries, which are drawn by computer software and
then projected on a filter paper soaked with BZ solution using
a liquid-crystal projector which was drawn by computer
software. Using a liquid-crystal projector, the shape is projected
on a filter paper soaked with BZ reaction.13,27In this case, light
illumination produces bromine which inhibits the oscillatory
reaction; i.e., the degree of excitability can be adjusted by
changing the intensity of illumination. Therefore, the number
of chemical waves and their locations can be spatio-temporally
regulated by the local illumination of unwanted waves.13,28

We have recently reported interactive propagation of chemical
waves on a figure-eight field composed of two equivalent
circular rings illuminated with a liquid-crystal projector.29,30

When two chemical waves were generated on the figure-eight
field, the locations at which the waves collided were constant
for slightly connected rings and alternated for rings that
completely overlapped. In addition, we have reported experi-
mentally and theoretically that there are two categories of
collision depending on the initial phase difference between two
waves (∆θini) for slightly connected rings (i.e., in one case the

final phase difference is determined by∆θini, and in the other
case it is constant and independent of∆θini) and that the critical
value of∆θini depends on the thickness of the ring. However,
the amplitude of the alternating collision and the effect of the
degree of overlap have not yet been clarified.

Therefore, in the present study, we examined the characteristic
features of collision on the wave propagation as a continuation
of our previous study. We used a double rectangular field as a
figure-eight field in place of equivalent circular rings to clarify
the influence of the degree of overlap. When two chemical
waves were initially generated on the double rectangular routes
(i.e., one wave for each rectangular route), four categories of
wave collision could be distinguished depending on the initial
phase difference between the two waves and the aspect ratio of
a single rectangular route. The presence of the four categories
was derived in a theoretical way. We can regard that the
information on the chemical wave is remained, if we can know
the initial condition from the present condition. Thus, this might
be an interesting problem from the viewpoint of informatics.

Experimental Theory

We discuss interactive chemical wave propagation on a
double rectangular field which was made by partly overlapping
two equivalent rectangular routes,F1 as an upper route andF2

as a lower one, as shown in Figure 1a-1. The horizontal length
of the inner boundary and the width of the rectangular route
were defined asna and a, respectively. Thus,a was the
fundamental length, andn was the aspect ratio of the region
PQRS, which was equal to that of the inner boundary of the
single rectangular route. Figure 1a-2 shows the definition of
the phase and corner-points (P, Q, R, andS) along the inner
boundaries of the individual rectangular routes. Here,l i (i ) 1,
2) is the coordinate along the inner rectangular boundary from
the origin,Oi, for Fi. The phaseθi for the chemical waveW i

on a closed route is defined as
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where 2a(n + 1) is the peripheral length of the inner boundary
of the single rectangular route which corresponds to 2π.
Hereafter, the phases are represented in radians.

Next, we consider the case in which two chemical waves,
W1 and W2, propagate clockwise and collide on the double
rectangular field. A photosensitive chemical wave on a circular
ring propagates with an almost equivalent velocity20 and its
shape is well approximated as the involute of the circle.20,31-34

Due to the symmetry ofF1 andF2, we only need to consider
when∆θini g 0 (∆θini: initial phase difference, where∆θ )
θ1 - θ2). If we do not consider collision betweenW1 andW2,
W1 can diverge to the left (W1L) and downward (W1D) from
Q, W1L can diverged upward (W1U) and downward (W1D2) from
R, andW2 can diverge to the right (W2R) and upward (W2U)
from S. If ∆θini ) 0, W1 andW2 collide at the center of the
field for every collision.

WhenW1L reachesS beforeW2, W1U in the upper direction
is remained due to divergence fromR, butW2 disappears upon
collision with W1D2 which diverges downward. In this case,
the initial information forW2, i.e., θini of W2, is lost after the
collision. In contrast, whenW2 reachesS earlier thanW1L, W2

is remained, butW2R andW1L disappear upon collision between
them. Thus, ifW2 reachesS before W1L does, the initial
information forW2 is remained after the collision, otherwise,
this information is lost. Thus, the competition betweenW1 and
W2 to reach a certain point determines whether or not the initial
phase difference is remained.

Here, we will show that there are four categories of collision
(I , II , III , andIV ) depending on∆θini. To clarify the discussion,
we consider the case in whichW1 is initially located atP (l1 )
(1.5n + 2)a).

For 0< n < 1, W1 reachesQ after it passes throughS. Here,
we consider the case in whichW1 andW2 reachQ at the same
time. In this case,W2 is located atl2 ) (2.5n + 1)a whenW1

is located atP, i.e., ∆l ini ) (1 - n)a. If ∆l ini > (1 - n)a, the
initial information forW1 remains, but that forW2 is lost since
W1 reachesQ beforeW2 does. The location of the collision is
constant after the second collision. Here, this collision is
distinguished as categoryI . In contrast, if∆l ini < (1 - n)a, the
initial information for W2 is remained sinceW2 reachesQ
beforeW1 does. The location of the collision is fixed after the
first collision. Here, this collision is distinguished as category
II . Thus,∆l ini ) (1 - n)a is the critical value between categories
I andII . In other words,∆θc ) π(1- n)/(n + 1) is the critical
value for the phase description in eq 1.

For n > 1, we consider the case in whichW1L andW2 reach
S at the same time. In this case,W2 is located atl2 ) (0.5n
+3)a whenW1 is located atP, i.e.,∆l ini ) (n - 1)a, wherel ini

is the initial value ofli (i ) 1 or 2), and∆l ) l1 - l2. If ∆l ini

> (n - 1)a, the initial information forW1 is remained but that
for W2 is lost sinceW1L reachesS beforeW2 does. After the
first collision, collision occurs betweenW1L andW1D (newly
defined asW2), and the location of this collision alternates
between two points that are symmetrical with regard toO (see
Figure 1c). Here, this collision is classified as category III. In
contrast, if∆l ini < (n - 1)a, the initial information forW2 is
remained and collision betweenW1 andW2 is repeated at the
regionPQRSsinceW2 reachesSbeforeW1L does. The location
of collision alternates between two points that are symmetrical
with regard to the center of the field inside the regionPQRS.
Here, this collision is classified as categoryIV . ∆l ini) (n -
1)a is the critical value between categoriesIII and IV . Thus,
∆θc ) π(n - 1)/(n + 1) is the critical phase difference.

For n ) 1, W2 disappears after the first collision withW1L,
and therefore the initial information (θini) for W2 is lost. The
second collision occurs betweenW1L and newW2 (or W1D)
for every∆θini (>0), i.e.,∆θ ) 0 for the second collision. Thus,
the collision at the center of the field aroundθ ) 0 is maintained
after the second collision. Here, this collision is distinguished
as category I since the feature of collision is similar to that for
0 < n < 1.

By combining these results, we write

and the phase diagram for the collision category based on eq 2
is shown in Figure 1b and Table 1.

Next, we consider the location of collision. For cases in which
the initial information forW2 is lost, i.e., categoriesI andIII ,

Figure 1. Theoretical prediction of the features of wave propagation
on a double rectangular field based on eqs 1-6. (a-1) Double
rectangular field composed ofF1 andF2, and definitions forOi, W i,
na, anda. (a-2) Definitions for pointsP, Q, R, andS at the region
PQRSand the phase,θi. (b) Phase diagram of the categories of collision
(I , II , III , andIV ) in n-∆θini space. Dotted curves, which were derived
based on eq 2, are the boundaries betweenIII and IV for n > 1 and
betweenI and II for 0 < n e 1. (c) Schematic diagram to derive the
locations of collision,Xc, at the regionPQRS. (d) Location of collision,
Xc, depending onn for categoriesI (0 < n e 1) andIII (1 < n) based
on eq 5 (η ) 0). The dotted line in panel d corresponds to the location
of P. The dotted line in panel d corresponds to the location ofP. The
parametera is set as 1.9 mm.

TABLE 1: Categorization on the Features of Collision from
the Viewpoint of the Initial Information of Chemical Wave
Propagation

information lost remained

n e 1 I II
n > 1 III IV

{∆θini < ∆θc
(information forW2 is remained;
categoriesII andIV )

g ∆θc
(information forW2 is lost;
categoriesI andIII )

∆θc ) |1 - n|
n + 1

π
(2)
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the second collision occurs betweenW1 and newW2 at the
region PQRS since the initialW2 disappears upon the first
collision with W1L for n g 1 or W1 for 0 < n < 1. WhenW1L

arrives atO1 (l1 ) 0), W1D, which is diverged fromW1 at Q,
is located atl2 ) (n - 1)a. Thus, the phase difference between
W1L and newW2 (or W1D) is

For cases in which the initial information forW2 is remained,
i.e., categoriesII and IV , the location of the collision is
determined by the initial phase difference betweenW1 andW2.
On the other hand, for categoriesI and III , the two chemical
waves,W1 and newW2, collide on the linePR upon and after
the second collision. We setK as the collision point,O as the
intersection between the linePR and thex-axis, andlPK as the
distance betweenP andK , as shown in Figure 1c.

The projected length oflOK on thex-axis,Xc, can be expressed
as

whereXc corresponds to the amplitude of the alternate collision
on the x-axis for categoryIII or the converged location of
collision on thex-axis for categoryI, andη is the effect of the
corner on the chemical wave propagation (see Appendix).
Inserting∆θ (see eq 3), we obtain

This dependence ofXc on n in the case ofη ) 0 is shown in
Figure 1d. Equation 5 indicates thatXc for categoriesI andIII
is determined byn.

We can consider these phenomena using the following
mapping between∆θk and∆θk+1 (∆θk is the phase difference
when the chemical waves collidek times) forη ) 0 is expressed
as

where sign(y) is equal to 1 fory > 0, to 0 fory ) 0, and to-1
for y < 0.

Equation 6 indicates that the location of the collision alternates
for every collision with a constant amplitude (original point:l
) 0) for n > 1, and that it converges forn e 1.

Experiments

Ru(bpy)3Cl2, which was purchased from Sigma-Aldrich (St.
Louis, MO), was used as a catalyst for the photosensitive BZ
reaction. The BZ solution consisted of [NaBrO3] ) 0.51 M,
[H2SO4] ) 0.34 M, [CH2(COOH)2] ) 0.16 M, [KBr] ) 0.01
M, and [Ru(bpy)3Cl2] ) 1.7 mM. A cellulose nitrate membrane
filter (Advantec, A100A025A, diameter of the membrane) 25
mm) with a pore size of 1µm was homogeneously soaked in
BZ solution (5 mL) for about 1 min. The soaked membrane
filter was gently wiped with another pure filter paper to remove
excess solution and placed on a glass plate (77× 52 × 1.3

mm3). The surface of the membrane filter was completely
covered with 1 mL silicone oil (Wako, WF-30) to prevent it
from drying and to protect it from the influence of oxygen in
air. The experiments were carried out in an air-conditioned room
at 298 ( 2 K, at which the reaction medium showed no
oscillation and exhibited almost constant wave propagation
behavior for approximately 30 min.

The medium was illuminated from below as schematically
shown in Figure 2. The high-pressure mercury bulb of a liquid-
crystal projector (Mitsubishi, LPV-XL8) was used as a light
source, the spatial intensity distribution was controlled with a
personal computer, and a magnifying lens was used to adjust
the focus. The black and white picture created by the liquid-
crystal projector served as an illumination mask to create the
appropriate boundary. The light intensities on the black and
white regions were 4.0× 102 and 1.7× 104 lx, respectively,
where the light intensity at the illuminated part was measured
with a light intensity meter (Asone, LX-100). Actually,a in
Figure 1a-1 was 1.9 mm, andn was changed between 0.5 and
6.0. The velocity of the chemical wave at the inner boundary
of the single rectangular route was maintained at ca.0.07 mm/s
except at the corner.

To prepare a unidirectional chemical wave on each rectan-
gular route and adjust the initial phase difference between the
two waves, the following processes were performed. (1) Several
chemical waves were initially generated on the excitable field
under no illumination, i.e., dark condition. (2) When illumination
except in the dark area was started, the chemical waves
disappeared in the illuminated area but maintained in the un-
illuminated reaction field. (3) Unwanted waves disappeared upon
local illumination. (4) To adjust the initial phase difference
between two waves, another chemical wave was translated from
another darker area to the rectangular routes. Thus, we prepared
the experimental conditions so that two chemical waves
propagate in a clockwise direction to simplify the discussions
on the nature of the collision of two waves.

The experiments were monitored from above with a digital
video camera (Sony DCR-VX700) and recorded on videotape.
A blue optical filter (Asahi Techno Glass, V-42) with a
maximum transparency at 410 nm was used to enhance the
images of the green-colored chemical waves, which correspond
to the oxidized state, [Ru(bpy)3]3+.

Results and Discussion

Figure 3 shows snapshots of wave propagation on the double
rectangular fields with differentn for various initial phase
differences. Forn ) 1, W1L andW1D collided at aroundO on

Figure 2. Schematic illustration of the experimental system based on
the photosensitive BZ reaction.

∆θ ) θ1 - θ2) -
l1 - l2

a(n + 1)
π ) - n - 1

n + 1
π (3)

Xc ) n

2xn2 + 1
(a(n + 1)|∆θ|

π
+ η) (4)

Xc ) n

2xn2 + 1
|a(n - 1) + η| (5)

{∆θk +1 ) -∆θk sign(n - 1) if |∆θk| < ∆θc
(information for
W2 is remained)

) - n - 1
n + 1

π sign(∆θk) if |∆θk| g ∆θc
(information for
W2 is lost)

(6)
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and after the second collision, as seen in Figure 3a. With the
increase in the number of collisions, the location of collision
was almost at the centerO, i.e., categoryI was observed.

Forn > 1, two categories of collision were observed (Figures
3b and 3c). In one type, the initial information forW2 was lost;
i.e., W2 disappeared upon collision withW1L, as seen in
snapshot 2 in Figure 3b. The second collision occurred between
W1L andW1D (snapshots 3 and 4). In this category, the location
of collision alternated between the left and right edges of the
regionPQRS(snapshots 2, 4, 6), i.e., categoryIII was observed.
In the other type of collision, the initial information forW1

andW2 was remained after the collision, as shown in Figure
3c. In this category, the location of the collision was alternated
around the inner side of the regionPQRS(snapshots 2, 4). Thus,
categoryIV was observed.

For 0 < n < 1, two categories of collision, for which the
location of collision was constant, were observed. In the category
shown in Figure 3d,W2 disappeared upon the first collision at
aroundR (snapshot 2), and then collision betweenW1L and
W1D was observed on and after the second collision (snapshots
3-7). Thus, categoryI was observed. In the other category
shown in Figure 3e,W1 collided withW2 at aroundθ ) 0 upon
the first collision (snapshot 2), andW1U in the upward direction
andW2R in the right direction were remained (snapshots 3, 4).
The location of collision was maintained on and after the first
collision. Thus, categoryII was observed.

Here, we consider the effect of corners on the chemical wave.
The effect of corners is counteracted for categoriesII and IV
sinceF1 is equivalent toF2. That is, we can see no effect of
corners. In contrast, the symmetry is broken when the two

chemical waves turn the different number of corners for
categoriesI and III . We discuss the effect of corners by
considering the delay length,∆lc, which is generated when the
chemical wave turns the corner. The velocity of the chemical
wave,V, was decreased when it turned the corner, as shown in
Figure 4a.∆lc for one corner was estimated as 0.38 mm by∫t1

t2

(Vav - V(t)) dt, whereVav was the average velocity when the
chemical wave propagated straightforward, wheret1 andt2 were
the times before and after the chemical wave turned the corner,
respectively. As shown in Figures 3 and 4b,Xc was not
completely zero but alternately changed with the amplitude of
0.32 ( 0.05 mm. Thus, the amplitude of collision location
including the effect of corners (|Xc|) is calculated as∆lc/x2 )
0.26 forn ) 1 (see Appendix). Thus,|Xc| for n ) 1 obtained
from Figure 4b is similar to that in eq 10. As forn > 1, the
effect of corner decreases with the increase inn, as suggested
in eq 5. As for the effect of corners for categoryI for n < 1, Xc

Figure 3. Experimental results for snapshots of wave propagation on a double rectangular field for differentn ((a) n ) 1, (b, c)n ) 2, (d, e)n
) 0.5). After the first collision, the initial information forW2 disappeared in panels a, b, and d but remained in panels c and e. Time intervals
between the individual snapshots are shown.∆θini values were (a) 0.5π, (b) 0.6π, (c) 0.1π, (d) 0.8π, and (e) 0.1π.

Figure 4. Experimental results for (a) migration lengthVs velocity of
a chemical wave when it turned a corner, and (b)Xc, depending on the
number of collision betweenW1L andW1D after the first collision. The
chemical wave passed through the corner at the time indicated by the
dotted line in panel a.

5836 J. Phys. Chem. A, Vol. 111, No. 26, 2007 Matsushita et al.



is reduced sincea(n - 1) < 0 but ∆lc > 0, as suggested in eq
5 (see Appendix).

Figure 5 shows a comparison of the experimental and
theoretical results for (a) the classification of the four categories
of collision (I , II , III , andIV ) and (b) the relationship between
Xc andn for categoriesI (0 < n e 1) andIII (1 < n). In Figure
4a, the experimental data nearly coincide with the classification
based on eq 2. The three contradictory data around the boundary
between categoriesIII and IV , and the convergence toθ ) 0
for n ) 1 with time (see Figure 3a), may be the result of the
experimental precision, e.g., the effect of corners on the velocity
of the wave propagation because of the slight leak of the
inhibitor from the bright to the dark region. In Figure 4b,
experimental data forXc are approximated by the theoretical
curves based on eq 5. Thus, the experimental results are well
reproduced by the theoretical prediction.

Conclusion

The nature of wave propagation and collision in the photo-
sensitive BZ reaction on an excitable double rectangular field
illuminated with a liquid-crystal projector was examined. The
collisions of chemical waves can be classified into four
categories depending on the initial phase difference between
the two waves (∆θini) and the aspect ratio of the single
rectangular route (n). The results approximately correspond to
the theoretical prediction.

The photosensitive BZ reaction may be useful for studying
spatiotemporal development that depends on the geometric
condition of the excitable fields since the shape of the reaction
field can be varied using a personal computer. In addition, the
features of wave propagation can be theoretically predicted
because of the equal velocities of wave propagation during ca.
30 min of the experiments. To investigate the reaction fields
with further complex shapes or to reproduce the theoretical
prediction in the experiments, the development of an experi-
mental system in place of immersed filter paper will be
necessary to maintain and stabilize the velocity and features of
wave propagation.

Appendix

Here, we derive eq 4 and consider the collision location and
the effect of corner on the chemical wave. AslPR × (na/2 +
Xc) ) lQR × lKR, eq 7 is given (see Figure 1c):

Equation 8 is derived from eq 7:

Since the distance betweenP and R, axn2+1, is equal to
2lPK - ∆l + η, we obtain

Thus, eq 4 is obtained from eqs 8 and 9.
Next, we consider the effect of corners on the chemical wave

propagation for categoriesI andIII . We suppose that the delay
length ∆lc is generated betweenW1L and W1D, as shown in
Figure 6. The numbers of corner whichW1L andW1D turn are
5 and 3 from the divergence ofW1 to the second collision
between them at the regionPQRS, i.e., η is equal to 2∆lc on
the second collision forIII (see Figure 6a). As forI , the delay
length is 2∆lc - a(1 - n) on the second collision, as shown in
Figure 6b. Therefore, eq 5 is rewritten as eq 10 if we consider
the effect of the corners:

Acknowledgment. The authors thank Professor Yoshihito
Mori (Ochanomizu Univerisity, Japan) and Professor Takatoshi
Ichino (Kinki University, Japan) for their kind suggestions and
comments. This work was supported in part by Grants-in-Aid
for Scientific Research (No. 18550126) to S.N. and for Young

Figure 5. Experimental results for (a) the phase diagram of the four
categories of collision (I , filled square;II , empty square;III , filled
circle; IV , empty circle) and (b) the location of collision,Xc, depending
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Figure 6. Schematic illustration on the wave propagation on a double
rectangular from (1) divergence ofW1 to (2) collision betweenW1L

andW1D for (a)n g 1 and (b)n < 1. The numbers in the empty circles
indicate the count on turning the corner forW1L andW1D.
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