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ing photo-controlled waves as analogues or models of biological processes.

Abstract: Waves of chemical concentration, created by
the interaction between reaction and diffusion, occur in
a number of chemical systems far from equilibrium. In appropriately chosen polymer gels, these waves generate
mechanical forces, which can result in locomotion. When
a component of the system is photosensitive, light can be
used to modulate and control these waves. In this Concept article, we examine various forms of photo-control of
such systems, focusing particularly on the Belousov–Zhabotinsky oscillating chemical reaction. The phenomena we
consider include image storage and image processing,
feedback-control and feedback-induced clustering of
waves, and phototropic and photophobic locomotion.
Several of these phenomena have analogues in or potential applications to biological systems.

Images and Information Stored in Chemical
Waves

Introduction
Spatially distributed chemically reacting systems under far
from equilibrium conditions can give rise to waves of chemical
concentration. Such waves play a major role in a variety of
phenomena in living systems.[1] The first observations and analyses of chemical waves were made over a century ago by
Robert Luther[2] in several inorganic reactions, including permanganate/oxalate and bromate/arsenous acid. Probably the
most well-characterized chemical waves are those found[3] in
the Belousov–Zhabotinsky (BZ) reaction,[4] the metal-ion-catalyzed bromination and oxidation of an organic substrate by
bromate in a strongly acidic medium. If one or more species in
a reaction that gives rise to chemical waves is photosensitive,
illuminating the system makes possible spatially and temporally resolved control of the properties that govern the behavior
of these reaction-diffusion waves. One can use light to suppress, induce, or direct chemical wave propagation.
The BZ reaction is an ideal medium for such studies, because
it exhibits sustained chemical waves even in a closed system, it
can be made photosensitive by an appropriate choice of catalyst,[5] it can be incorporated into structured media that induce
or enhance phenomena of interest,[6] and it is sufficiently well
characterized that models derived from a mechanistic understanding of its chemistry and photochemistry give useful insights into its behavior.[7] The fact that living organisms, including the earliest life forms, develop(ed) in an illuminated environment with periodic modulation offers inspiration for explor-

The earliest breakthrough in utilizing photo-control of waves
was made by Kuhnert et al.,[8] who employed tris(bipyridine)ruthenium(II) ([Ru(bipy)3]) as a catalyst to make the BZ reaction
photosensitive. By shining light through patterned masks—
photographic half-tone images of a face and a star—onto
a petri dish containing a thin layer of the BZ solution, they
demonstrated that the images were preserved in the oscillating reaction medium and that a crude kind of image processing—smoothing of discontinuities—could be achieved. Varying
the acidity of the solution enabled them to control the contrast and efficiency of image processing. Agladze et al.[9] subsequently proposed a mechanism for the image processing, focusing on the role of the phase shift between neighboring regions. Kaminaga et al.[10] employed a more elaborate version of
the reaction, the BZ-AOT (AOT = sodium bis-(2-ethylhexyl)sulfosuccinate) system, to generate an erasable memory composed
of chemical waves. The BZ-AOT system consists of a reverse microemulsion formed from oil (octane), water, and the surfac-
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Figure 1. Images of a patterned mask preserved in a BZ-AOT microemulsion.
A) is taken shortly after illumination, B) one hour later. Round “face” in the
mask is composed of continuous lines, which evolve to the spots characteristic of a Turing pattern. Vertical strip at the right is a continuous dark bar in
the mask. Size of snapshots A and B is 7.7 V 5.8 mm.[10]
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tant AOT containing the reactants of the BZ reactions. The
polar BZ reactants reside in the nanodroplets of water, constituting a set of oscillatory nano-reactors that interact with one
another through both collisional exchange as they undergo
Brownian motion and diffusion of nonpolar intermediates produced by the reaction. In a range of illumination intensity, the
system is stable in either of two states—a homogeneous, unpatterned state and another state that propagates waves or
supports Turing (stationary) patterns. If one first shines light
onto the microemulsion through an image at an intensity that
supports only the unpatterned state, then lowers the intensity
into the bistable range before removing the mask, the image
is preserved (Figure 1). Moreover, the image can be temporarily
erased by illuminating at the higher level for 2–7 min or permanently removed by high intensity illumination for longer periods.

Feedback Control of Photosensitive Chemical
Waves
A powerful approach to photo-control of chemical waves is to
introduce a feedback, so that the intensity of illumination is
modified in response to changes in the chemical composition.
Showalter and collaborators[11] exploited the fact that the excitability of a BZ reaction mixture depends inversely on the light
intensity. They constructed an apparatus that allowed them to
design and control wave patterns by regulating excitability
through a feedback mechanism that adjusts the local intensity
so as to stabilize the wave and make the local excitability approach a target value. By varying the parameters of the feedback function, they were able to generate an impressive variety of complex wave trajectories. They later introduced a feedback that depends on the distance between the centroids of
wave pairs, generating collective wave motion,[12] examples of
which are shown in Figure 2.
An alternative method of photo-control involves global feedback, in which the intensity of illumination is constant across
the medium but depends on some time-varying property of
the entire system, such as an average concentration. Vanag
et al.[13] generated a variety of patterns, including clusters, that
is, sets of domains in which nearly all elements in a domain oscillate with the same amplitude and phase, by employing
a global feedback, in which the intensity of illumination of
a BZ gel was modified based on the total concentration of oxidized catalyst in the system according to Equation (1) in which
I is the global illumination intensity, which has maximum value
Imax ; g is the feedback coefficient; Zav is the average concentration of [Ru(bpy)3]3 + , taken over the working area of the gel;
and Zt is a target concentration. Figure 3 shows examples of
some clusters found in a series of simulations.
I ¼ Imax sin2 ½gðZ av @Z t ÞA
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Figure 2. Collective motion of waves in a BZ solution subject to illumination
with local feedback. a) Simulations and b) experiments showing parallel
motion of four waves. c) Simulations and d) experiments showing rotational
motion of three waves. Scale bars are 3.75 mm in simulations and 2.5 mm in
experiments.[12]

Figure 3. Oscillatory cluster patterns in a BZ reaction–diffusion model with
global negative feedback. a) Standing clusters: g = 2 V 104 m@1. b) Irregular
clusters: g = 5 V 104 m@1. c) Localized clusters: g = 1.1 V 105 m@1. Top frames
display snapshots of patterns; bottom frames show spatiotemporal behavior
along bottom left-top right diagonal of corresponding squares during 380 s.
System size is 1 V 1 cm2.[13]

Waves in a Photosensitive, Mechanosensitive
Gel
A major development in the study of photo-controlled waves
was the discovery by Yoshida and colleagues[6a, 14] that the photosensitive BZ catalyst [Ru(bipy)3] could be covalently bound
to a poly-(N-isopropylacrylamide) gel, which, when placed in
a solution containing the BZ reactants, shrinks and swells as
the redox state of the BZ catalyst oscillates, owing to differences in the tendency of the polymer to absorb water when the
catalyst is in the reduced or the oxidized state. Since illumina-
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tion generates a bromide ion, which pushes the catalyst
toward the reduced state, light can be used to control the behavior of these gels. Balazs and collaborators[15] developed the
gel lattice spring model (gLSM), which incorporates the BZ
chemistry with the mechanical properties of the Yoshida gel.
They used the gLSM to predict a number of fascinating behaviors, notably negative phototaxis (photophobia) when a piece
of gel is exposed to inhomogeneous illumination.[16] Their studies with the original gLSM employ a relatively simple description of the BZ photochemistry. Amemiya[7b] has proposed
a more detailed model of that photochemistry, which includes
the possibility not only of photoinhibition of oscillations, but
also of photoactivation. We have adapted that model for use
with the gLSM and have thus been able to simulate the experimentally observed nonmonotonic dependence of the BZ oscillatory frequency on light intensity in a model gel,[17] which is illustrated in Figure 4.

Figure 4. Simulated oscillatory frequency and extreme values of v (concentration of oxidized catalyst) vs. homogeneous light intensity in a BZ gel.
a) Relationship between oscillation frequency and illumination intensity.
Dashed arrows denote the direction of the chemical wave. b) Relationship
between vextreme (vmax and vmin) and illumination intensity. Marked points correspond to those in a). All parameters are in dimensionless units.

The simulations require gLSM gel parameters (c*, c0, v0, z(f),
l k , l ? ) and kinetic parameters (f, q, e, P1, P2), all of which affect
the performance of the oscillating gel.[15, 17] The coupling constant c* couples the chemical reaction to the gel dynamics, c0
is the cross-link density of the gel, and v0 denotes the volume
of a monomeric unit within the polymer chains. The friction associated with the polymer-solvent interdiffusion in the gel is
3/2
described by the friction coefficient z(f) = L@1
0 (1@f)(f/f0) /
(1@f0), in which L0 is a dimensionless kinetic coefficient and
f0 is the un-deformed polymer volume fraction. l k denotes
the degree of swelling along the parallel direction of the tube.
In the two transverse directions, the degree of swelling, l ? , is
fixed in these one-dimensional simulations. f, q and e are Oregonator parameters, while P1 and P2 characterize the rates of
the two key photoinhibition and photoactivation steps, respectively. Our default parameters are c* = 1.0, L0 = 100.0, c0v0 =
1.3 V 10@3, f0 = 0.139, l k = 1.26, and l ? = 1.06, f = 1.013, q = 1 V
10@4, e = 0.3, P1 = 0.124, P2 = 0.77. The parameters that describe
the gel dynamics, that is, c*, c0, z(f), are critically important for
the relative swelling/deswelling of the BZ gel. A large c* indicates that the oxidized catalyst (RuIII) in the gel has a high efficiency of hydration, which drives a larger swelling of the gel. A
higher cross-link density c0 hinders the swelling of the gel. Its
value can be controlled by the dosage of cross linker (N,N’Chem. Eur. J. 2017, 23, 11181 – 11188
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methylenebisacrylamide) in experiments. z(f) is determined by
both the characteristics of the gel and the viscosity of the solution through parameters L0 and f0. A higher friction coefficient will minimize the swelling of the oscillating gel. Both l k
and l ? affect the swelling of the gel. Although l ? is fixed (in
the two transverse directions of our 1D gel), its value affects
the swelling of gel in the parallel direction (l k ) indirectly
through the function rs = r(@[f+ ln(1@f) + c(f)f2] +
@1
c*fv@c0v0[(f/f0)@1l@4
? @f(2f0) ]), in which s is the 1D stress
within the gel. The kinetic parameters (f, q, e, P1, P2) affect the
chemical waves and gel swelling/deswelling dynamics: f denotes the generation rate of the oscillation inhibitor Br@ , e =
k5 V [total amount of organic matter]/(k3 V [acidity] V [bromate]);
both f and e affect the oscillation frequency.
We have explored, both experimentally and computationally,
the behavior of a thin 0.5 cm-long cylinder of a BZ gel in a capillary tube under inhomogeneous illumination structured so
that one half of the tube is subject to a low level of illumination and the other half to brighter light. The arrangement is
shown in Figure 5.

Figure 5. Schematic of a BZ gel in capillary tube under heterogeneous illumination. The left and right parts of the capillary tube lie in darker and
brighter illuminated regions, respectively. The light intensities in the two regions are denoted Ileft and Iright. l k characterizes the degree of swelling in the
unrestricted direction of the gel along the tube (x axis), the other two (restricted) dimensions are characterized by l ? .

The oscillatory reaction generates waves of oxidation along
the length of the pseudo-one-dimensional gel. These chemical
waves are accompanied by mechanical waves of shrinking and
swelling, which generate a net force on the gel that overcomes
the local friction between the gel and the capillary As a result,
the gel can move along the length of the tube. Simulations
with the gLSM allow us both to quantify and to understand
these effects.
Since when two chemical waves collide, they annihilate each
other, a higher frequency wave source will ultimately dominate
a lower frequency source. Thus, chemical waves in the gel will
always travel from the region of higher frequency to the segment with lower frequency.[18] The motion of the gel along the
tube can occur in the same direction as that of the chemical
waves along the gel, or in the opposite direction. A similar
phenomenon is seen in living organisms with respect to their
direction of locomotion relative to the direction of the waves
of muscular activity that propel them. Snails, for example, exhibit direct wave locomotion, moving in the same direction as
their muscular contractions. Earthworms, in contrast, display
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retrograde wave locomotion, traveling antiparallel to their muscular waves, whereas the mollusk Polyplacophora is capable of
both modes of locomotion.
Our gLSM simulations reveal that during each BZ chemical
wave the gel is locally pushed forward as the wave front
passes and then pulled back by the passage of the wave back.
Whether the gel displays direct or retrograde motion depends
on which of these forces, the push or the pull, has larger magnitude. This balance of forces depends upon the kinetic parameters of the BZ reaction, the performance parameters of the
gel and environmental factors such as patterns of illumination.[19]
Figures 6 and 7 show a set of experiments under conditions
for which our BZ gel displays retrograde motion. By choosing
the applied light intensities to correspond to points A, B, C,
and D in Figure 4, we are able to impart photophobic, phototropic or photoneutral behavior to the gel. Figure 6 corresponds to the A–B combination. The brighter region has
a higher frequency, so the chemical waves move toward the
darker region, and the retrograde motion carries the gel
toward the brighter half of the capillary, that is, the motion is
phototropic. Figure 7 corresponds to the C–D combination, in
which more intense illumination produces a lower frequency.
The chemical waves thus move from the darker to the brighter
region, the gel moves in the opposite direction, and we have
photophobic behavior. Note in the insets how the net motion
results from an alternating push and pull as each wave-front/
wave-back pair passes through the gel.

Figure 7. Photophobic motion of a photosensitive BZ gel (yellow) in a capillary under spatially inhomogeneous illumination. a) Distribution of illumination and local dynamics (grey level proportional to [Ru(bpy)33 + ]) at the central points of the two illuminated regions.; b) Snapshots of the locomotion.
c) Position of the left edge of the gel vs. time. Inset shows a space-time plot
of the motion of the gel. Colors represent concentration of oxidized catalyst.
Deep blue region is gel-free.[17]

For other choices of the applied intensities of illumination, it
is possible to generate direct wave motion, or even to balance
the push and pull forces so that the illuminated gel supports
chemical waves, but undergoes no net motion with respect to
the capillary. Figure 8 shows how the velocity of the gel varies
with the illumination intensities applied to the left and right
halves of the gel. There are two regions of retrograde wave

Figure 6. Phototropic motion of a photosensitive BZ gel (yellow) in a capillary
under spatially inhomogeneous illumination. a) Distribution of illumination
and local dynamics (grey level proportional to [Ru(bpy)33 + ]) at the central
points of the two illuminated regions. b) Snapshots of the locomotion. c) Position of the left edge of the gel vs. time. Inset shows a space-time plot of
the motion of the gel. Colors represent concentration of oxidized catalyst.
Deep blue region is gel-free.[17]
Chem. Eur. J. 2017, 23, 11181 – 11188
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Figure 8. Effect of illumination strength on Vgel/Vwave. Vgel and Vwave denote
the velocity of gel locomotion and wave propagation, respectively. I, II and
III denote regions of retrograde, direct, and retrograde wave locomotion, respectively.[19]
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Figure 9. Spatiotemporal plots of v and motion of gel center under non-uniform illumination. Three columns from left to right display retrograde wave locomotion (positive phototaxis), motionless state, and direct wave locomotion (negative phototaxis) of gel with Iright = IB, IC, and ID, respectively. a–c) Spatiotemporal plots of v. d)–f) Expanded views of a–c. g) and h) Position of gel center with time. Ileft = IA in all plots.[19]

motion in the Ileft–Iright parameter plane separated by a region
of direct wave motion and a small (yellow) region in which the
gel remains motionless. These three modes of locomotion are
shown in more detail in Figure 9.
A number of biological organisms, such as birds and fish, exhibit periodic migration from one habitat to another and then
back again in response to seasonal or geographic variation of
environmental resources.[20] We have recently found that the
BZ gel described above can also undergo periodic migration[21]
when placed in a temporally stationary, spatially inhomogeneous illumination field. The pattern of illumination, shown in
Figure 10 a, resembles the bright–dark configuration illustrated
in Figure 5, but with a linear ramp rather than a discontinuous
jump connecting the bright and dark segments of the capillary.
As the gel passes through the central transition region, the
character of the motion switches between direct and retrograde, as seen in Figure 10 b, leading to a periodic reversal of
the direction of travel. An example of this motion is shown in
Figure 11 a in a three-dimensional space, the axes of which are
the position of the gel center (Xgel center), the mean chemical
wave velocity (Vw), and the mean squared error of the local
curvature of the wave structure (b).
Chem. Eur. J. 2017, 23, 11181 – 11188

www.chemeurj.org

Figure 10. Schematic of the self-oscillating gel in a tube and its periodic locomotion. a) The 1D BZ gel in a capillary tube with three different illumination regions. The left and right parts of the capillary tube lie in the darker
and brighter illumination regions, respectively. The central part is a transition
region with a linear change of light intensity. The light intensities in the two
end regions are denoted Ileft and Iright. The length of the transition region is
Ltransiton, and the angle between the horizontal Ileft line and the diagonal
Ltransiton line is a. b) Schematic diagram showing one cycle of periodic locomotion of the gel.
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either the cis (no effect) or trans (suppression of oscillations)
isomers of azobenzene. In a recent work, Dai et al.[30] built an
artificial phototactic microswimmer that can be programmed
to respond either photophobically or phototropically to light,
much as the BZ gel in the capillary. Their system consists of
a Janus nanotree[31] containing a nanostructured photocathode
and photoanode at opposite ends. These photoelements release ions that produce an electrophoretic effect that propels
the rod through the solution.

Future Directions

Figure 11. Dynamic attractor of the autonomous periodic locomotion. a) Vw–
b-Xgel center space at model stoichiometric factor f = 1.006. b) b-Xgel center plane
at different values of f with color-indicated Vw values. f = 1.002 (Curve 1);
f = 1.006 (Curve 2); and f = 1.0076 (Curve 3). Top row in b) shows illumination distribution. a = 0.055.

Acknowledgements

Other Systems
We have focused on the BZ reaction, because it is the most
thoroughly studied chemical oscillator and allows for a variety
of experimental and theoretical manipulations. There have
been a number of relevant investigations on other systems.
The chlorine dioxide/iodine/malonic acid (CDIMA) reaction, another chemical oscillator, has been studied in considerable
detail, mainly because it exhibits Turing patterns.[22] Because
molecular iodine is a key species, the CDIMA reaction is quite
photosensitive, and there exist good models for the reaction[23]
and for the effect of light on it[24] at various levels of sophistication. The effects of both temporally and spatially patterned
light on Turing patterns have been carefully studied.[25] More
relevant for this article are experiments and simulations in
which the light source moves relative to the pattern, and in
which propagating waves are modulated by light.[26] Gentili
et al. have studied the behavior of reaction–diffusion–convection waves when a solution containing a thermoreversible
photochromic spiro-oxazine is illuminated.[27] They subsequently used the data to test a variety of methods for predicting
time series.[28] In a more directly biological context, Magome
et al.[29] introduced azobenzene into a preparation of cultured
cardiomyocytes and were able to control the excitability of the
tissue by selective illumination at wavelengths that favored
Chem. Eur. J. 2017, 23, 11181 – 11188

The most exciting directions for future research in this area are
likely to be those that have applications to biology or materials. Photo-controlled gels offer attractive possibilities for manipulating and directing soft robots,[32] but most of the work
on BZ gels to date involves either pseudo-one-dimensional systems or computer simulations. Experimental realization in twoand perhaps three-dimensional systems and in more complex
environments is essential if these materials are to realize their
potential. While one can imagine applications to biomedical
tasks like drug delivery[33] or to investigating adaptive animal
behavior,[34] it will be necessary to find other reactions and/or
polymers[35] that are more biocompatible than the BZ gels that
we have explored. The BZ reaction typically runs at a pH of 0–
2! Nonetheless, the ability of these systems not only to move
but also to change shape[16b, 36] suggests that the effort is
worthwhile. Light is a powerful, versatile, and relatively noninvasive tool, and we are just at the beginning of learning how
to exploit it to control chemically driven locomotion.
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