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Propagation of Photosensitive Chemical Waves on the Circular Routes
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The propagation of chemical waves in the photosensitive BelotBoabotinsky (BZ) reaction was investigated

using an excitable field in the shape of a circular ring or figure “8” that was drawn by computer software and
then projected on a film soaked with BZ solution using a liquid-crystal projector. For a chemical wave in a
circular reaction field, the shape of the chemical wave was investigated depending on the ratio of the inner
and outer radii. When two chemical waves were generated on a field shaped like a figure “8” (one chemical
wave in each circle) as the initial condition, the location of the collision of the waves either was constant or
alternated depending on the degree of overlap of the two circular rings. These experimental results were
analyzed on the basis of a geometrical discussion and theoretically reproduced on the basis of a-reaction
diffusion system using a modified Oregonator model. These results suggest that the photosensitive BZ reaction
may be useful for creating spatio-temporal patterns depending on the geometric arrangement of excitable

fields.

Introduction

Experimental and theoretical studies on wave propagation on
an excitable media may help us not only to understand signal
processing in biological systefnsuch as nerve impulsesbut
also to create novel methods for artificial processing such as
image processirfg” and logic operation%.13 The Belousow
Zhabotinsky (BZ) reaction has been widely investigated as an
excitable and oscillatory chemical systéin!® The BZ reaction
on a membrane, e.g., filter pagér8 Nafion membrané?—2!
gel??230r glass filter?* has been well studied because the spatio-
temporal pattern of wave propagation can be regulated by the
geometry of the excitable field, which is prepared by cuting
or printing® In such systems, however, it can be technically
difficult to cut a membrane filter with a complex geometry and
to regulate the number of chemical waves and their intervals.

A photosensitive experimental setup of the BZ readifén
makes it easy to create excitable fields of various geometries,
which are drawn by computer software and then projected on
a film soaked with BZ solution using a liquid-crystal projec-
tor.1328|n 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 intervals
can be spatio-temporally regulated by illuminatii?

In this study, the propagation of chemical waves in the
photosensitive BZ reaction on an excitable field (a circular ring
or a figure “8" composed of two equivalent circular rings)
illuminated with a liquid-crystal projector was investigated. The
nature of wave propagation depending on the ratio of the inner
and outer radii of the circular rings was well fitted as the involute
of a circle28-31 When the two equivalent circular rings slightly
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Figure 1. Schematic illustration of the experimental system based on
the photosensitive BZ reaction.

in contact one another, two chemical waves collided at a location
apart from the intersection. When the circular rings of the figure
“8” completely overlapped, the location of wave collision
alternated with time. The essential feature of wave propagation
was qualitatively reproduced by a computer simulation based
on the reactiorrdiffusion equation using a modified Oregonator
model.

Experiments

Ru(bpy}Cl,, which was purchased from Sigma-Aldrich (St.
Louis, MO), was used as a catalyst for the photosensitive BZ
reaction. The BZ solution consisted of [NaB{G= 0.45 M,
[H2SO] = 0.3 M, [CHx(COOH)] = 0.2 M, [KBr] = 0.05 M,
and [Ru(bpyiCl;] = 1.7 mM. Cellulose-nitrate membrane
filters (Advantec, AL00A025A) with a pore size ofuln were
soaked in BZ solution (5 mL) for about 1 min. The soaked
membrane was gently wiped with filter paper to remove excess
solution and placed on a Petri dish (diameter: 100 mm). The
surface of the membrane filter was completely covered with 1
mL of silicone oil (Wako, WF-30) to prevent it from drying
and to protect it from the influence of oxygen. The experiments
were carried out in an air-conditioned room at 298 K, at which
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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 image of the chemical waves.

The light intensity at the illuminated part was measured with a
\ ( // 0w light intensity meter (AS ONE, LX-100).

2 [t 0.2 Results
T = a. Propagation of a Single Wave on a Circular RingFirst,
= a1 3 we examined the radius-dependent propagation of a single wave
RIZY ¢ 4013 : ' . . : :
£ 1 I z on a reaction field in the shape of a circular ring. In this
3 oy @ |0 O experiment, two chemical waves initially propagated in opposite
1 directions. By locally increasing the illumination around one
03 — '2 : 39 wave within 1 s, the illuminated wave was disappeared, but
rn another one continued to propagate. Therefore, the uni-

out’'in

. - . . . directional chemical wave on the ring could be achieved. Figure
Figure 2. Wav_e propagation in a circular ring depenphng RWVrin 2 sh th locity of fi ircul ;
for vin (empty circle) and\@ (filled square). Corresponding snapshots shows the velocity of wave propagation on a circular ring
are indicated (top view) above the figurAd, rou, fin, and v, are depending omou{Tin (fin = inner radiusyou = outer radius of
schematically defined at the right side of the figure. the circular route). In this experiment, was varied under

constantro, (=6 mm). The velocity of the chemical wave at

the reaction medium showed no spontaneous excitation and nathe inner boundary of the circlesf) was almost independent
change in behavior for approximately 30 min. of rin. On the other hand, that at the outer boundagy)was

The medium was illuminated from below, as schematically linearly increased with i, which indicates that the angular
shown in Figure 1. The high-pressure mercury bulb of a liquid- velocity of the chemical wavex) was determined by the wave
crystal projector (MITSUBISHI, LVP-XL8) was used as a light propagation near the inner radius, i®@.= (vin/27)/rin andvout
source and the spatial intensity distribution was controlled by a = 2ar.,w. The phase difference\@), which is schematically
personal computer. A black and white picture on the liquid- defined in Figure 2, increased with./fin; i.€., the deformation
crystal projector served as an illumination mask to create the of the chemical wave increased with the width of the circular
appropriate boundary, and the light intensities were>4.00? ring.
Ix for black and 1.7x 10* Ix for white. The experiments were b. Collision of Two Chemical Waves on Two Equivalent
monitored from above with a digital video camera (SONY, Circular Rings. Next, we examined the interaction between
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Figure 3. Interactive wave propagation between two chemical waves in two equivalent circular rings that (1) were slightly in contact and (2)
completely overlapped one another. (a) Top view of the snapshots of the wave propagation with the time intervals of (1) 300 s and (2) 250 s. (b)
6r (filled circle) and6. (empty circle) when the two waves collided for (b-1) slightly connecting rings and (b-2) completely overlappingrings.

and 6r were the polar coordinates on the inside of the rings and were schematically defined on the right side. The numbers of cellision (1
correspond to those in (a). (e) (solid line) andvo,: (dotted line) versu® for the left and right rings in (1).
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two chemical waves on a reaction field composed of two (€)
equivalent circular rings at, = 2.1 mm andgudrin = 2.0. In
this experiment, one chemical wave was initially generated in
each ring in the same direction (clockwise), and the chemical
wave in the right ring reached the intersection before that in
the left ring.

When the distance between the centers of the two rings was
nearly equal to &, i.e., the two rings were just slightly in
contact with one another, the location of the collision of the
two waves was determined to be in the left ring near the
intersection, as shown in Figures 3a-1 and b-1. Héreand
Or are the angles corresponding to the positions of chemical /2
waves on the left and right inner rings, and they are plotted at
the moment two pulses collide in Figure 3b. The location of
the collision converged from 1.&2rad at the initial collision
to 1.937 rad with time, and this convergent value did not change
even when the difference in the initial phases was smaller than
1.937 rad (data not shown).

vin and voyt for two rings were measured to clarify why the
location of collision was apart from the intersection. For the o 2 3 3
left ring, uin was almost equal to that in the right ring (0.05 oo
mm/s) except for around the intersection (see “Left Ring” in _ _ ourn _
Figure 3¢).vouWas nearly equal to, when the chemical wave Flgu_re '4. Comparison _of the expenn_*nental results and the a}‘r_lalytlcaln

. : . prediction. (a) Schematic representation on the shape of the “involute

propagated without cont.actlng the Inngr boundarﬂ,a{ 0 to, of a circle. (b) (Solid squares) experimental results and (solid curve)
/6 rad. When the chemical wave was in contact with the inner anajytical prediction based on eq 6.
boundary oyt was accelerated and then reached a constant value
(0.10 mm/s) at arouné = /2 rad (see “Left Ring” in Figure ~ We calculate the location of the intersection between the
3c). For the right ringyin and vy Were almost constant except  chemical wave and the outer circle with a radiug &f (point
for around the intersection (see “Right Ring” in Figure 3c).  y). Here, the phase of the intersection is setas From

When the distance between the centers of the two rings was
equal tori, + rou i-€., the two rings completely overlapped rout2 = rinz(l + 6 — 0)?) (2)
one another, the location of the collision of the two waves
changed alternatively, as shown in Figures 3a-2 and b-2. Theand
location of the collision location changed alternatively to either
the right ring or the left ring; i.e., the chemical wave from the tanf,, =

chemical wave

right ring reached the intersection ahead of that from the left ri, sin@ + r;,(6;, — 0) cos®  tanf + (6;, — 0) 3)
ring, as seen in snapshatsand 3, or vice versa, as seen in ‘ . (h _ e
snapshot€ and4. ri, cosé —r,(6,, — 6)sinf 1—(6;,, — 0) tanb
Discussion we can get

a. Nature of Chemical Wave Propagation in a Single tand,, = tan@,, + o) (4)

Circular Ring. On the basis of the experimental results and

those in a related pap&t;3! we now discuss the characteristics \yhere tana = A/r 2—r,2Irin = 6in — 0. From eq 4,
of the BZ wave propagation in a reaction field that is o

geometrically illuminated. First, we analyze the shape of wave _ oy [ 2_ 2
propagation depending ondrin of the circular ring. If we Oou = O + @ = 0y, Fout ~ Fin TMin +

suppose that the wave propagates on the reaction field without arctan{/r,,2 —r.2r.) (5)
any effects from the boundary, and that the wave cannot move out TinTin
into the brighter area, the distance from a point on the inner Therefore, we can derive
circle (pointa) to another point (poing), which is one of the
locations at which the chemical wave propagates along the inner, , _ , _ _ \/72_ _ (/72_
circle, is the same as that to the intersection (pg)rbetween A0 =0, — 0oy =y (Foudtin)” — 1 — arctan{/ (ro,{ri))” — 1)
the chemical wave and the tangent line at the noted point (point (6)
o), as schematically indicated in Figure 4a, because the chemical
wave propagates in a direction perpendicular to the chemical
wave with a uniform velocity. Therefore, the shape of the
chemical wave may be regarded as the involute of a cifcfg.
From a geometrical perspective, when the location of the
chemical wave on the inner circle of the ring (poj is
expressed ag = ri, cos i, andy = ri, Sin 6i,, that on the
chemical wave is expressed using paraméter

x\_ [cos6 [ —sing
(y) - rin(sm 2] ) + rin(ein 9)( cos6

Figure 4b shows the theoretical results obtained on the basis of
eq 6. These theoretical results suggest that the experimental
results regarding the nature of the chemical wave propagation
shown in Figure 4 can be quantitatively fitted by a theoretical
consideration based on the geometrical discussion. In a previous
study, several researchers reported that the shape of the chemical
wave is the involute of a circle and that it can be regarded as
an Archimedes spiral far enough from the tip of the waté!

In this study, the chemical wave is well fit to the involute of a
) (1) circle but not a spiral, because the core of the spiral is much
larger than that of the spiral pattern formed spontaneously.
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Figure 5. Phase map of the synchronization of chemical wave
propagation in a reaction field composed of two equivalent circular
rings depending oR = rq.rin andD = d/ri,. Region | corresponds to

collision at one point, and region Il corresponds to alternative collisions.
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Figure 6. Results of the numerical simulation for a reaction field in
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b. Nature of Chemical Wave Propagation on Two Equiva-
lent Circular Rings. Following the above discussion, we
calculated the nature of chemical wave propagation in a reaction
field composed of two equivalent circular rings. We derived a
characteristic phase differene, that depended on the shape
of the reaction field. First, it should be noted that there are two
types of interaction between the chemical waves on the two
rings: in one type, the chemical wave on one ring (ring A)
propagates and touches the inner radius of the other ring (ring
B), and in the other type, the chemical wave does not touch it.
In the former case, the phase of the chemical wave on the ring
A affects the phase of the chemical wave on ring B. Therefore,
the phase difference between the chemical waves on the two
rings is determined only by the shape of the reaction field. This
difference in phase on the two circular rings is set\#. In
the latter case, in contrast, the chemical wave on the ring A
does not affect the chemical wave propagation on ring B. These
two cases are selected by the initial phase difference between
6. and 6r when they reach a stationary propagation without
collision. This characteristic phase differene, is analytically
derived in the Appendix.

When the initial phase difference is smaller tha®,|, the
phase difference is maintained. In this paper, we do not show
the experimental data corresponding to this case. On the other
hand, when the initial phase difference is larger thafy|, the
chemical waves on the two rings affect each otherA@ < 0
(region 1), the phase difference is fixed a%o. If AGy > 0
(region 11), the phase difference changes alternatively. Thus,
the location of the collision of the two waves changes
alternatively. Figure 5 shows a phase map that depend® on
(the ratio between the inner and outer radjigri,) andD (the

the shape of a circular ring based on the modified Oregonator model ratio between the overlap and the inner radids;,). The

shown in egs 7 and 8. (a) Snapshots for the various values/of.

(b) Wave velocity along the inner boundary (empty circle) and the
phase difference between the locations of the chemical wave along the
inner and outer boundari@® (filled square) depending an./rin. The

characteristics of the chemical wave propagation shown in 1
and 2 in Figure 3 in the experiments correspond to regions |
and I, respectively. The properties of chemical wave propaga-

curve derived from the analytical discussion is also described as a solidtion on two equivalent circular rings can be understood

curve.
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Figure 7. Results of a numerical simulation for a reaction field in the shape of a figure “8” composed of two equivalent circular rings based on

the modified Oregonator model shown in egs 7 and 8. (a) Snapshots of a typical nature of wave propagation for (a-1) slightly connected rings and

(a-2) completely overlapping rings. (b) Spatio-temporal patterns of chemical wave propagation for (b-1) slightly connecting rings and (et2)ycompl
overlapping rings. The parameters and the initial conditions are the same as those in Figure 6. The shape of thg/figler i8 for both (1) and
(2), dirin, = 2/9 for (1), andd/ri, = 1 for (2).
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c¢. Numerical Calculation Using the Modified Oregonator (@) (b)
Model. We performed numerical calculations based on the

modified Oregonatof13 e ‘ a @ ‘ 0
\/

M 1{u(l —u) - (fo+ A)”;q} +DYVU  (7)
at e utq Figure 8. Schematic representation of the shortest path when the
chemical wave in one ring propagates to the other ring: (a) when the
% —u—u+ DUVZU (8) Is_::grtest path is a straight line; (b) when the shortest path is a V-shaped
ine.

whereu and v are the dimensionless variable that correspond We derive the characteristic phase differedd® between the

to the concentrations of the activator (HB)@nd the oxidized ~ Phase of the chemical wave in one ring (ring A) and that of the
catalyst ([Ru(bpyj®+), respectivelyf, e, andg are the positive chemical wave on the other ring (ring B) after thg chemlgal

parameters that determine the nature of the BZ readfigand wave on the ring A affects chemical wave propagation on ring

D, are the diffusion constants for the activator and the oxidized B- The time required for a chemical wave to reach a certain
catalyst, andA is the varible that is proportional to the light ~Point can be .calculated from the shortest path.. Therefore, we
intensity. We sef = 0.03 in the brighter area and 0.005 in the have to consider the two cases as shown in Figure 8.

darker area. The parameters used in the calculation$ are In the case in Figure 8a, i.e.,

1.0,e = 0.05,q = 0.00015, and, = D, = 1.0. The chemical

wave is initiated by settingi = 0.5 at a certain point. Some \/routz — (rou— d2° > 1, 9)
time later, the two chemical waves propagate in opposite

directions. By increasing the variable for light intensidy,in a the shortest path from one ring to the other ring is a straight

certain area for some length of time, we can make one waveline, and the lengthl., is
disappear, and a one-direction chemical wave is achieved.

The results of the numerical calculation for a reaction field L=2r,,—d (10)
in the shape of a circular ring are shown in Figure 6. The i .
relationship betweend androufrin is described together with ~ If we suppose that the chemical on the ring A affects the
the analytical prediction by eq 6. This dependency is well chemical wave propagation on ring B, the phases of the chemical
described by the analytical discussion, and the experimental,Waves on rings A and B andfg, can be written as
theoretical, and numerical results are all consistent with each
other. 0, =— % + —t

Figure 7 shows the numerical results for a reaction field in
the shape of a figure “8”, which is composed of two equivalent
circular rings. When the two circular rings slightly in contact
one another, the phase difference is fixed at a constant value, T v L
as shown in Figures 7a-1 and b-1. On the other hand, when Og =§+r(t — ;)
they completely overlap, the phase difference changes alterna- in
tively; i.e., the location of the collision changes alternatively,
as shown in Figures 7a-2 and b-2. These experimental and
analytical results are well reproduced by the numerical calcula-
tions. 2, —d

AOy=0g— 0, =0 ——— (12)

Conclusion Fin

and

wheret is time. Therefore, the characteristic phase difference
A6y is derived as

The nature of wave propagation in the photosensitive BZ  On the other hand, in the case of Figure 8b, i.e.,
reaction on an excitable field in the shape of a circular ring and
a figure “8” illuminated with a liquid-crystal projector were 2 2
den?onstrated. The chemical wa?ve on):';\ realzticj)n field in the \/rom = oy = d2)" <1y, (12)
shape of a circular ring was observed and it is clarified that the
shape of the chemical wave can be described as the involute o
a circle. The velocity of the chemical wave depending on the
inner and outer radii of the circular route was modulated at the L=2y Fout = Tin
intersection of the figure “8”, and the location of collision then . .
moved away from the intersection depending on the width of T We suppose that the chemical wave on ring A affects the
the ring. The spatio-temporal nature of wave propagation was chemical wave propagation on ring & andde can be written
observed by changing the degree of the intersection and the®S
size of the route, even under different initial phase conditions

fthe shortest path is a V-shaped line, dni derived as

(13)

for the two waves. These characteristics of chemical wave 0, = —®0+£t (24)
propagation were well reproduced by a numerical simulation Fin
based on the Oregonator model for the photosensitive BZ and
reaction.
. v L
Appendix 0 = Og + r_(t - ;) (15)
n

We consider chemical wave propagation on a field composed
of two circular rings with overlag, as shown in Figure 5. Here,  where
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r; Mou — /2
0,= arcco{i') + arcco{ou—
rou Ifout

Therefore, the characteristic phase differenég is derived as

2 2
. 2\/ Fout — Tin

r

(16)

Ay = 0 — 0, = 20, 17)

in

In summary, the characteristic phase differendg is written
as

7—2R+D (R> D/4+ 1/D)
A0=0s =00 =1 g _2J/R—1 (R< D4+ 1D)
(18)
and
Q,= arcco%) + arcco{sR - %) (19)

These equations are written in nondimensional form uBiFg

Iouffin @andD = d/ri,. The phase map shown in Figure 5 is drawn

according to the sign oA6y.
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