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Wavefront deformations in excitable media:
chemical lenses and ripplest

By MARIO MARKUS AND KoOSTA STAVRIDIS

Maz- Planck-Institut fiir molekulare Physiologie, Postfach 10 26 64,
44026 Dortmund, Germany
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We investigate experimentally the light sensitive Belousov—Zhabotinskii reaction
in a silica gel. We focus on two ways of deforming wavefront curvature. In the
first one, deformation is imposed by projecting a light spot on the medium ren-
dering refractive phenomena analogous to traditional glass lenses in linear optics.
Cellular automata simulations of these ‘chemical lenses’ are in agreement with
experiments. The second type of deformation is not imposed on the system but
spontaneous; it is due to an instability which is not yet completely understood and
which modulates aperiodically the curvature of the wavefronts, causing ‘ripples’.
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Manipulation of chemical waves by light and other external means is receiv-
ing growing attention. As early as 1973, Busse and Hess reported that a wave
can be initialized by ultraviolet irradiation in the ferroin-catalysed Belousov—
Zhabotinskii (BZ) reaction. Manipulations using visible light were accomplished
by Kuhnert (1983, 1986) and Kuhnert et al. (1989). These authors illuminated
the reaction catalysed by the ruthenium bipyridyl complex Ru(bpy)3*. They sug-
gested that this reagent may be used as a highly parallel computational device for
image processing. This idea even led to two patents (Agladze et al. 1987; Ilyasov
et al. 1989). Detailed reports on the computational possibilities were given by
Holden et al. (1991) and by Krinsky et al. (1991); these possibilities include:
associative memory, distinction between closed and unclosed curves, finding the
shortest path in a labyrinth, restoration of broken contours and edge detection.
' Ziilicke et al. (1989) discussed this system as a learning machine, Yamaguchi et
L, al. (1992) as an artificial retina.

In addition to be a potential computational device, the BZ reaction offers a
convenient model system for non-uniform reaction-diffusion media. This is in-
teresting because most reaction-diffusion systems in nature, such as biological
tissues or ecological systems, have in fact non-uniform control conditions. Work
in this context has been performed by Zhabotinskii et al. (1993), who used the
ferroin-catalysed BZ reaction at spatially varying oxygen concentrations.

In the present work, we investigate the light sensitive BZ reaction catalysed by
Ru(bpy); ", which permits a faster and easier implementation of non-uniformity
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than the manipulation by oxygen in the system just mentioned. In one of our
previous works, we have already used the light sensitive medium to show that a
light gradient induces a drift (‘phototaxis’) of spiral waves (Markus et al. 1992).

2. Materials and methods

(a) Ezperiments

We first prepared a waterglass solution using sodium silicate (from Riedel de
Haén), which contains 63% SiO, and 18% Na,O. 15 g of sodium silicate were
dissolved in distilled water (total volume: 100 ml). This was boiled for about
15 min until the solution was clear. After cooling down to room temperature, the
solution was filtered.

The Ru(bpy)s;SO, solution was prepared from Ru(bpy);Cl, as follows. 2.5 g
Ru(bpy)sCl, was dissolved in 40 ml H,O and then made up to 100 ml with 5 M
H,SO,. After two hours, the precipitate was filtered, dried and made up to 100 ml
with 0.025 M H,SO,.

Varying concentrations of the Ru-complex between 0.71 mM and 2.8 mM were
immobilized in a silica—gel matrix in a petri dish (diameter 6.2 cm, thickness of
the gel 0.9 mm). The gel was used to avoid convection, which can destabilize the
waves as studied by Markus et al. (1987). For the preparation of the gel, see
Yamaguchi et al. (1991).

The reaction starts after pouring the BZ solution on the top of the gel layer.
The volumes of the solution and that of the gel were equal. The initial concen-
trations in this solution were as follows: 0.18 mM NaBr, 0.33 mM malonic acid,
0.39 mM NaBrO3 and 0.63 mMm H,SO,. Due to the diffusive equilibration, these
concentrations decreased to a half of their initial value.

All chemicals were of analytical grade and used without further purification.
The petri dish was held at 25 4+ 0.5 °C. After a few minutes travelling waves ap-
peared spontaneously. As light source we used a slide projector with digital regu-
lation of light intensity (PAXIMAT Multimag 5025 AFI). The parallel beam leaving
the projector passed (in normal direction) first an interference filter (450.6 nm,
transmission: 56%), then a convergent lens and then (in normal direction) an
horizontal diffusion screen, over which the petri dish was placed. The light in-
tensities given here in the figure captions are intensities measured immediately
before light enters the reactive solution in the absence of the interference filter.
All experiments were done by letting first the waves evolve in the dark for two
hours, and then turning light on (a spot for the chemical lenses, and uniform
illumination for the ripples). Video images were recorded and digitized.

(b) Numerical methods

Simulations were performed using a cellular automaton with a semi-random
discretization (one point placed randomly within each element of a square grid).
This discretization, in connection with a circular neighbourhood N and local
averaging within NV, has proven to yield quantitative agreement with experiments
involving excitable media (Markus 1990, 1991; Markus & Hess 1990 a, b; Markus
et al. 1991). Our approach guarantees isotropic propagation, i.e. independence of
the wave velocity on spatial orientation. In contrast, other automata approaches
(e.g. those by Gerhardt & Schuster (1989), or Gerhardt et al. (1990)) do not

Phil. Trans. R. Soc. Lond. A (1994)
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Wavefront deformations in excitable media 603

always render isotropy. Lacking isotropy, the normal velocity of a wavefront does
not depend only on the curvature, as given by the eikonal relationship (Keener
& Tyson 1986) but also on the direction of propagation. The latter dependence
is a numerical artifact leading to unrealistic distortions in anisotropic automata;
formulated in a simple way: waves that should be ‘round’ often appear as squares
with rounded corners.

The states of our automaton are: S = 0 (resting), S = 1,2,...,n (refractory)
and S = n+1 (excited). We define » = R/d, where R is the radius of the circular
neighbourhood N and d is the side length of the square elements. If v is the
number of elements in N having S = n+1, an intermediate state o is determined
by the following rules:

(1) if 0 < S < Shax and v > mg + pS, then 0 = n + 1;

(2) if S =0 and v < myg, then o = 0;

(3) 0 =S — 1 in any case not yet considered.

The parameters are: Spay, Mo, p, 7 and n. After determining o, the new S
is calculated by taking the average of ¢ within N (unless at the centre of N is
o =20,1o0r n+ 1, for which we simply set S = o). For the determination of
the wavefront curvature, both from simulations and from experiments, we used a
simple but efficient method. The procedure consisted in setting up a large stock
of circles cut out of paper having different radii. We simply held these circles by
hand on the graphical output and chose the optimum by trial and error.

3. Chemical lenses

We investigate here the possibility of deforming wavefronts, or more precisely:
to change their curvatures using refractive effects with light spots. In analogy to
the processes occurring in conservative media (Born 1970), we call these light
spots ‘chemical lenses’.

The concept of refraction of excitable media is not new. In fact, Mornev (1984)
studied theoretically the passage of waves from one medium into another one,
the media having different diffusion coefficients but identical chemical kinetics.
Zhabotinskii et al. (1993) showed that Snell’s law is obeyed for two media consist-
ing of gels with the ferroin-catalysed BZ reaction, one covered and one uncovered
with a glass plate, thus differing in their inhibition by oxygen.

In the present work we used the slide projector to set a circular zone of larger
light intensity than in the rest of the petri dish. Figure 1 shows typical behaviours
of wave refraction by such a light spot. In particular, figure la,b shows convex
wavefronts entering the lenses and leaving it also as convex waves, but of lower
curvature (almost equal to zero in figure 1b). In traditional optics, say with a
biconvex lens, this is analogous to the situation in which a point object lies
within the focal length and leads to a virtual point image on the same side as
the object, but farther away from the lens (‘magnifying glass’). Figure 1c shows
a convex wavefront entering the lens and leaving it on the other side as a planar
wave. This is analogous to a parallel beam resulting from a point object lying on
the focal point on the other side of a traditional lens. Figure 1d—f shows convex
wavefronts entering the lens and leaving it on the other side as a concave wave
(slightly concave figure 1d and highly concave in figure le, f).

Figure 2a shows the curvature K, of the outgoing wavefront (as it passes the

Phil. Trans. R. Soc. Lond. A (1994)
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Figure 1. Experiments showing refraction of chemical waves by light spots (‘chemical lenses’).
The arrows indicate the direction of wave propagation. Spot diameter: 14 mm. Light intensity
in the spot: 30000 lx, outside the spot: 20 000 1x. Ru-concentration: 2.8 mm.
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Figure 2. (a) Curvature of the outgoing wavefront (Kout) as a function of the curvature of the
ingoing wavefront (Ki) for the experimental chemical lenses, such as those shown in figure 1
(units: cm™"). (b) The same as on the left, but for sumulations, such as those shown in figure 3
(arbitrary units).

border of the spot) as a function of the curvature Kj, of the ingoing wavefront
(also as it passes the border of the spot, but on the other side). We define a
curvature to have positive (resp. negative) sign if it is convex (resp. concave).
Thus, the upper right quadrant of the coordinate system of figure 2a describes
ingoing convex waves yielding outgoing concave waves. The lower right quadrant
describes both ingoing and outgoing convex waves. In each quadrant, we can
approximate the function by a straight line given by

aKin '_Kout = 1/f7 (31)

with an effective focal length f. Note that f is the distance (from the lens edge) of
the centre of curvature of an outgoing wave resulting from ingoing planar waves
(Kin = 0), af is the distance (from the lens edge) of the centre of curvature of
an ingoing wave leading to an outgoing planar wave (K,,, = 0).

In traditional conservative optics with thin lenses, (3.1) is valid with o = 1

Phil. Trans. R. Soc. Lond. A (1994)
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Wavefront deformations in excitable media 605

Figure 3. Automaton simulations of chemical lenses. Progapation is from left to right. Inner
circle: border of simulated light spot. Outer circle: approximation for the ‘limit’ of Br™ produced
in the spot and diffusing outwards. (a)—(c) correspond qualitatively to the experiments shown
in figure 1.

if the lens is inmersed in a single medium, and with « # 1 if the lens is at the
interface between different refractive media. The assymetry o # 1 in our case is
easy to explain: the eikonal relationship Vx = Vx(K), where Vy is the normal
velocity and K the curvature, is a monotonously decreasing function (see Tyson
& Keener 1988); thus convex waves (K > 0) are slower than concave ones (K < 0)
for the same absolute value of K.

For the automaton simulations of the chemical lenses we used, outside the
light spot, the parameters of a previous work (Markus et al. 1992): r =5, n = 5,
Smax = 3, p = 2, my = b. In that work we had assumed that an increase in
light intensity corresponds to an increase in the refractory time n. However,
we were not successful with this assumption in the course of the present work:
planar waves became discontinuous at the light-dark border but remained planar
as they passed through the lens. Instead, we did obtain an approximation of the
experimentally observed changes in curvature by assuming that my is larger inside
the light spot (mg = 8 within a radius of 45d). Agreement with experiments could
be improved by assuming that outside the spot there is a second circle (radius is
70d) so that mo = 6 in the resulting annulus. The two circles are shown in figure
3. The assumption of a transition annulus describes experiments better because
of the following reasons. Light in the spot causes an enhanced production of
Br~ (Kuhnert 1986) and Br~ diffuses outwards, where it is degraded; the result
is some decreasing Br~ concentration profile. Such a profile can certainly be
better approximated by a two-step function (two circles) than by a one-step
function (one circle). Figure 3a—e shows typical simulations corresponding to
experiments (compare with figure 1). Figure 3d, e predicts situations which we
have not yet observed experimentally; these situations, which involve planar or
concave ingoing waves may be accomplished in future experiments by using the

Phil. Trans. R. Soc. Lond. A (1994)
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o,

Figure 4. Wavefront instabilities (‘ripples’) in the same zone of the dish but at different times:
(a) 0 min; (b) 3 min; (¢) 6 min (30000 1x, Ru-concentration: 1.0 mM).

Figure 5. Unstable spiral at the following times: (a) 0 min; (b) 0.68 min; (¢) 0.91 min; (d)
1.67 min (10 000 1x, Ru-concentration: 0.71 mM).

outgoing wave of one lens as the ingoing wave of another one. Note that in the
particular simulations shown in figure 3 the parameters p and Sy.x play no role
because the wavefronts are so isolated from each other that only cells with S =0
may be excited; thus, we have reduced here the automaton to a three parameter
model, while one must keep in mind that in future simulations of waves following
close enough to each other one should consider the interaction of wavefronts with
the refractory tails ahead of them, as described by p and Sp,.y.

The right side of figure 2 shows the relationship between curvatures of ingoing
and outgoing waves as it results from the automaton simulations. The curvatures
were determined when the wavefront of the ingoing or of the outgoing wave
touched the inner circle (see figure 3). Comparison of right side (theoretical)
and left side (experimental) of figure 2 reveals satisfactory qualitative agreement
concerning a nearly linear relationship in each quadrant, as well as the asymmetry

o # 1.

4. Ripples

Instabilities leading to spontaneous wavefront deformations were found in an
homogeneously illuminated medium at low Ru-complex concentrations and
proper light intensities. These instabilities lead to ripples in the waves, which
are aperiodic in space and time.

An example resulting at high light intensity is shown in figure 4. Examples at

Phil. Trans. R. Soc. Lond. A (1994)
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Wavefront deformations in excitable media 607

Figure 6. Breakdown of ripples ((a), time 0) into turbulent wave pieces at the following times:
(b) 6.88 min; (c¢) 11.27 min (17000 lx, Ru-concentration: 0.71 mm).

lower intensities and lower Ru-complex concentrations are given in figures 5 and
6a. Ripples appeared at earliest about 15 min after illumination of waves which
have developed in the dark. To make sure that they did not occur due to inho-
mogeneous light intensity, we displaced the petri dish within the light beam and
observed no change. They lasted up to 2 h. However, for certain conditions (e.g.
those of figure 6) a few minutes after their appearence, ripples broke down into
wave pieces which remained for hours in aperiodic motion. We did not simulate
ripples since their mechanism is not yet clear.

5. Discussion

We have presented two ways of deforming wavefronts in an excitable medium: a
forced deformation using light spots (‘lenses’) and spontaneous self-deformations
due to instabilities (‘ripples’). None of these phenomena had been reported before.

Phil. Trans. R. Soc. Lond. A (1994)
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The agreement of measurements and simulations of chemical lenses is qualita-
tively satisfactory. However, it is not clear yet if light influences the refractory
time n, as assumed previously (Markus et al. 1992) or the excitation threshold
mgp, as assumed here. We hope this will be clarified in the course of future ki-
netic investigations following the work of Kuhnert (1986), Krug et al. (1990) and
Jinguji et al. (1992).

Also, the mechanism leading to ‘ripples’ is unclear. We can exclude instabilities
due to the interaction of the reactive solution with the gel, because these instabil-
ities have been shown not to occur at the low waterglass concentration (15%) of
the present work (Neumann et al. 1993). Also, we are not dealing with the type
of instabilities described by Horvéth et al. (1993), which involve the consumption
of a reactand in front of the wave: in our case the relevant reactands are so highly
concentrated that fluctuations should not be rate-determining.

Another model for wavefront instabilities has been proposed by Kuramoto
(1980, 1984). In that model, lateral inhibition (like in a Turing instability, but
travelling with the wave) enhances convexities and concavities. Kuramoto (1980)
formulates the condition for instability as v < 0, where v is an effective surface
tension. This condition is fulfilled if the effective transport of the activator is
slower than that of the inhibitor. In this connection, it should be kept in mind
that the effective transport of a substance not only depends on its difusion coef-
ficient but also on the kinetic constants, in particular being positively correlated
to its production rate. Since it is known that light enhances the production of
the inhibitor Br~ (Kuhnert 1986; Jinguji et al. 1992) one may expect that the
instability condition can be fulfilled in our case. A determination of v as a func-
tion of the kinetic constants and of the diffusion coefficients of the Ru-catalysed
BZ reagent is thus desirable to determine the conditions for v < 0. It is also open
and desirable to find out if the refractory tails in front of our wavefronts have a
destabilizing effect.

We thank Antonio Giaquinta for his idea of introducing two circles in lens simulations, Carsten
Schéfer for programming assistance, as well as Stefan Leute and Thomas Diitemeyer for video
image processing. Also, we thank Vicente Pérez-Mufiuzuri for pointing us to useful literature, as
well as Anatol Zhabotinsky, Volodia Zykov and Kenneth Showalter for discussions attempting
to explain the ripples. In addition, we thank the Commission of the European Communities
(DG XII) and the Engel-Stiftung, Marl, Germany, for financial support.
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‘igure 4. Wavetront instabilities (‘ripples’) in the same zone of the dish but at different times:
(a) 0 min; (b) 3 min; (¢) 6 min (30000 Ix, Ru-concentration: 1.0 mM).
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Figure 5. Unstable spiral at the following times: (a) 0 min; (b) 0.68 min; (¢) 0.91 min; (d)
1.67 min (10000 Ix, Ru-concentration: 0.71 mm).
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‘igure 6. Breakdown of ripples ((a), time 0) into turbulent wave pieces at the following times:
(b) 6.88 min; (¢) 11.27 min (17000 Ix, Ru-concentration: 0.71 mMm).
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