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Introduction

omplexity abounds in chemically and biologically reacting
systems: concentration waves and other complicated time-
varying patterns form on the surface of a single crystal cat-
alyst under isothermal, ultra-high vacuum conditions and patterns
of concentrations and electrical potential occur in electrochemical
reactions; neurons interact through the transmission of electrical
and chemical signals; spiral waves and turbulent concentration
motion occur in cardiac tissue; and complex calcium waves includ-
ing spirals form in frog oocytes. To chemical engineers, this may
be hardly surprising: in many traditional examples, such as a fixed-
bed reactor, concentrations and temperature vary throughout the
bed and change with time. In some other fields, however, the
importance of spatiotemporal dynamics is more recent news.
Each of the above examples is a complex system made up of a
number of coupled interacting, nonlinear processes. Over a period of
years beginning in the 1950s sophisticated contributions of many
groups appeared on the nonlinear behavior obtainable in a stirred
open reactor (the CSTR) and on the bifurcation structure leading to
multiple steady states and oscillations (Aris and Amundson, 1958).
This reactor type was subsequently used to show the existence, char-
acterization, and control of chaotic behavior in chemical systems.
In chemically reacting systems the reaction rate is typically a
function of both space and time, and greater complexities set in
when spatial variations are allowed. We discuss in this perspective
the spatiotemporal patterns that occur in dissipative distributed
chemically reacting systems, how the interaction of nonlinear reac-
tion and coupling among reaction sites determines structure, and
how such structure can be controlled and engineered through exter-
nal signals (pacemakers), feedback, and patterned catalytic structure.

Spontaneous and Engineered Pattern Formation

The degree of interaction among reacting sites is influenced both
by the local reaction rate and the range and strength of the coupling.
The synchronization theories of Winfree and Kuramoto on the
emergence of coherence as coupling is imposed have played a fun-
damental role in the development of the field of nonlinear science
dealing with collective dynamics (Winfree, 1980; Kuramoto, 1984).
Even weak coupling can produce significant changes in the collec-
tive, or overall, behavior of a system. Strong interactions produce
not only spatial patterns, but also changes of the dynamics of the
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individual sites. A classic example of the change in local dynamics
through interactions is diffusion induced chemical turbulence in
which local coupling of periodic oscillators produces chaos.

In chemically reacting systems both the local and overall reac-
tion rates can be influenced by synchronization of reaction sites.
Other engineering applications of synchronization include
microwave communications, high-power laser devices, and super-
conducting electronic systems. Visual and audio interactions make
crickets chirp, fireflies flash, and audiences clap in synchrony.
Mutual synchronization has been shown to be important in inter-
preting glycolitic oscillations, alpha rhythms in the brain, and
aggregate beating of heart cells.

Considerable progress has been made in the engineering or con-
trol of spatiotemporal patterns and in the quest for improved reac-
tivity and selectivity, as well as control of biological activity. A
host of imaginative techniques have been developed that increase
the rate of transport of one reactant component relative to that of
others, for example, through the use of emulsions, immobilized
reactants, flow, or electric fields.

Heterogeneity or nonuniformity is ubiquitous in surface reaction
systems. The heterogeneity arises due to variations in local surface
and/or transport properties. Heterogeneities play the role of nucle-
ation centers and induce the collapse of long-range order in solid-
gas phase reactions. Nonuniformity increases the number of possi-
ble patterns and affects the sensitivity of patterns to changes in ini-
tial conditions or perturbations. Investigators have developed cre-
ative ways to take advantage of the effects of heterogeneities, that
is, they have designed and manufactured heterogeneous surfaces
that produce desired structure and reaction rates. Carefully
designed inert boundaries and active catalytic areas have been used
to confine reaction structure and to influence rates of reaction.

One of the most exciting developments in controlling reaction
patterns is in the use of local and global external signals, either
open-loop or closed-loop, to produce desired patterns (thythms and
spatial length scales) and rates of reaction. Examples are given in
the next section.

Some Examples

We choose a few examples of experimental studies to illustrate
a broad spectrum of investigations on pattern formation in chemi-
cal systems. Only a very small fraction of the large number of sig-
nificant contributions has been included. Some entire fields had to
be omitted, and in others only a few key articles are cited. Pattern
formation can best be seen through figures. We show patterns
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obtained in fluid (gas and liquid) phase reactions and on gas/solid
and electrochemical surfaces. Solid-phase and polymerization
reactions are discussed briefly, however, due to space limitations,
no patterns are shown. We do treat biological examples because of
their importance and because chemical systems can often serve as
model systems; however, the sampling rate here is even lower.
Similarities and differences in pattern formation in the diverse
areas will be evident from the figures. We hope that the examples
give the general reader an idea of the status of the field.

Liquid and gas-phase reaction systems

The combination of chemical reaction and transport yields a
wide variety of concentration patterns. Flames exhibit both sta-
tionary and moving patterns, some examples of which are shown
in Figure la. The configurations of patterns of concentric rings of
stationary or rotating cells depend on system parameters, e.g., fuel
composition, pressure, and total flow. The propagation velocity
and maximum temperature are determined by the mode of propa-
gation of the combustion wave.

A liquid-phase system, the Belousov-Zhabotinsky (BZ) reaction
(catalytic oxidation of malonic acid), exhibits target and spiral pat-
terns in a thin layer of solution. In Figure 1b it is shown that the tip
of a spiral follows a meandering, rather than a circular, path; mean-
dering has been extensively studied, as it could provide a clue to the

cause of cardiac arrhythmias which lead to ventricular fibrillation
(Winfree, 1998). Methods have been developed to control the
motion of the spiral patterns because of the potential biological
applications. Under constant illumination of a light sensitive BZ
reaction, the shape of the trajectory of a spiral wave core depends on
the applied light intensity (Braune and Engel, 1993). With a period-
ic variation of illumination, a wide range of open and closed
hypocycloidal trajectories of the spiral tip has been observed; one
example is shown in Figure lc. Stronger forcing or feedback (Fig-
ure 1d) destroys the spiral structures, and standing-wave oscillations
are obtained. Control of wave propagation by feedback-regulated
excitability gradients has also been achieved (Figure 1e). The wave
of activity is guided with light to propagate in controlled directions.

In a classical article Turing showed that stationary structures are
possible in reaction-diffusion systems if key species have very dif-
ferent rates of diffusion (Turing, 1952). A wide range of diffusion
coefficients is common in biological systems where molecular
weights span several orders of magnitudes, and transport may be
facilitated by membranes, filaments, or other structural elements.
However, the similar values of diffusion coefficients of simple
molecules inhibit the formation of Turing patterns. Turing patterns
have been seen using a large molecule (starch) to bind tri-iodide
ion in the chlorite-iodide-malonic acid system (Castets et al.,
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Figure 1. Liquid- and gas-phase reactions.
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(@) Cellular flames on a circular porous plug burner (isobutene-air combustion). (Left) snapshots of two rotating cells. (Right)
counter-rotating cells. (Shading shows emitted chemiluminescence) (Palacios et al., 1998). (b) Spiral formation in quasi 2-D
BZ reaction. Top: fully developed spiral (Petrov et al., 1997). Bottom: Meandering spiral with outward petals. The white lines
in the images show the trajectories of spiral tip (Ge et al., 1996). (c) Control of spiral wave dynamics by periodic modulation of
light intensity and, thus, excitability. Sequence of tip trajectories (Steinbock et al., 1993). (d) Pattern formation with periodic
forcing (top) and global feedback (bottom) of spirals of BZ reaction shown in 1b. (Top) Resonant labyrinthine standing wave
oscillatory pattern with light pulsed at twice the natural frequency of the reaction (Petrov et al., 1997). (Bottom) Oscillatory
cluster pattern with global feedback (Vanag et al., 2001). (e) Design and control of wave propagation patterns in the excitable
BZ system. Circular (top) and three lobed hypotrochoid (bottom) trajectories resulting from wave propagation control (Saku-
rai et al., 2002). (f) Differential flow induced chemical instabilities in the BZ reaction. Downward propagating blue oxidation
waves are seen on a cation exchange column on which the catalyst (ferriin) was immobilized (T6th et al., 2001). (g) Pattern for-
mation in a tunable medium: the BZ reaction in a microemulsion. (Left) labyrinthine (left) and hexagonal (right) Turing patterns
(Vanag and Epstein, 2001). (h) Wave propagation in patterned excitable BZ media. Propagating waves with cellular inhomo-
geneities (catalyst patterns appear as the background) (Steinbock et al., 1995). (i) Rotating waves around a circular obstacle
which is surrounded by two homogeneous wave conducting regions with different wave velocities (Volford et al., 1999).
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1990). Structures have also been obtained with immobilized cata-
lysts on ion-exchange resins (Rovinsky and Menzinger, 1993); a
propagating reaction zone in a packed tubular reactor can be seen
in Figure 1f. Water in oil microemulsions have been used to gen-
erate a wide range of structures including Turing patterns (Figure
1g), inwardly moving spirals, and waves (anti-pacemakers);
bromine diffuses rapidly through the oil and inhibits the BZ reac-
tion by generating Br- ions. The modification of patterns through
the influence of motion of charged species can be obtained with the
use of electric fields (Sevcikova et al., 1992).

The cellular nature of living systems gives rise to inhomo-
geneities and anisotropy, and these may play an important role in
the behavior of biological media such as the heart muscle. The cel-
lular structure of cardiac tissue can cause local variations in wave
velocity and also gives rise to propagation failure. BZ membranes
with fabricated inhomogeneities provide a convenient way to
explore and control wave propagation. Cellular inhomogeneities of
BZ catalyst have been printed on a membrane; anisotropies occur
in wave propagation (Figure 1h) and spiral waves, not seen on
homogeneous membranes, can develop spontaneously. An experi-
mental model system of attrial flutter arrhythmia has been imple-
mented: a central hole cut into the membrane plays the role of an
obstacle and a “chemical pinwheel” system of wavefronts rotating
around the hole can be created (Figure 1i).

Solid phase reactions
In self-propagating high-temperature synthesis (SHS) a high-
temperature front propagates through a solid mixture to produce

desired products. The technology has been developed such that
slowly moving, high-temperature fronts produce a variety of
advanced materials including ceramics, intermetallics, and com-
posites (Merzhanov, 1992). The behavior of the propagating front
has been investigated with the use of high-speed video recordings
(Varma et al., 1998; Nersesyan et al., 2002).

Polymerization

Polymerization reactions are often highly exothermic such that
nonlinear effects become important and produce temporal and/or spa-
tial structure. A recent review discusses steady-state multiplicity, sus-
tained oscillations, and traveling waves and their occurrence in indus-
trial reactors including stirred tanks, loop reactors, and fluidized beds
(Ray and Villa, 2000). Several interesting examples are discussed: a
loop reactor at high circulation rates normally operates stably. How-
ever, if the recirculation rate should drop, wall heat transfer is reduced
and oscillations set in; if the recirculation rate drops further, heat-
transfer area is poorly utilized and traveling waves can arise.

Frontal polymerization is a well-known example of propagating
reaction waves; patterns (functionally gradient materials) can be
produced by programming the concentration of the monomer feed-
stream (Chekanov and Pojman, 2000).

Heterogeneous gas/solid reactions

Patterns have been studied in heterogeneous systems on scales
from industrial reactors to supported catalysts to small single crys-
tal catalyst surfaces. On the reactor scale, hot zones, where tem-
peratures are much higher than that of adjacent regions, form in
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Figure 2. Heterogeneous (gas-solid) reactions.
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(@) Hot zones with single front and dual front motions during CO oxidation in a radial flow reactor (Marwaha and Luss, 2002).
(b) Autonomous target patterns of traveling waves (PEEM) (Jakubith et al., 1990). (c) Autonomous spiral (top, LEEM) and cel-
lular (bottom, MEM) structures (Rose et al., 1998). (d) Spatiotemporal patterns during hydrogen oxidation on a Ni ring. Effect
of global coupling (Graham et al., 1993). (e) Control of spatiotemporal patterns with global delayed feedback: suppression
of spiral-wave turbulence (Kim et al., 2001). (Top) snapshot before control; (bottom) space-time plot with control. (f) Pattern
formation during CO oxidation on Pt(110) in microdesigned catalytic domains (Wolff et al., 2001). (g) Improved surface activ-
ity with spatio-temporally variable operation (Papathanasiou et al., 2002). CO oxidation on Pt(110).
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packed-bed reactors and on catalyst gauzes. The dynamics of the
oxidation of carbon monoxide have been studied with the use of an
infrared camera arranged to observe hot zones normal to the flow
direction in a radial flow reactor. With this novel apparatus, a vari-
ety of motions of the hot zones could be studied, two of which can
be seen in Figure 2a.

Considerable progress in investigating autonomous patterns in
gas-solid systems has come with the use of single crystals of pure
metals as catalysts under low-pressure conditions where thermal
effects of the reactions are minimized. Since the reactants and
products adsorb on the single crystal catalyst surface, microscopy
methods can be used to observe pattern formation. Photoemission
electron microscopy (PEEM) has been used to observe structure on
scales from several micrometers to hundreds of micrometers; these
length scales arise through the interaction of reaction and diffusion
on the catalyst surface. Spatiotemporal patterns including waves,
both standing and traveling, spirals, and chaos have been observed.
An example of a target pattern formed during the oxidation of car-
bon monoxide on a Pt(110) surface is given in Figure 2b. Other
microscopy methods, with high resolution and rich contrast, have
been used to study CO oxidation; examples of a spiral obtained
with low energy electron microscopy (LEEM) and of a cellular
structure obtained with mirror electron microscopy (MEM) can be
seen in Figure 2c, top and bottom, respectively.

Global coupling through the gas phase can also play an impor-
tant role in the development of structure. The effects of this global
coupling have been demonstrated in a study of the oxidation of
hydrogen on a polycrystalline nickel ring under atmospheric con-
ditions in a well-stirred reactor. A traveling pulse and a more com-
plicated pattern are shown in Figure 2d. The stirring in the gas
phase produces a global coupling since reaction at any location on
the ring influences conditions in the stirred gas phase and this gas
phase feeds back to all locations on the reaction surface.

Several techniques have been used to control the spatiotemporal
structure on catalytic surfaces. One of these is a global delayed
feedback that has been used to suppress spiral wave turbulence
(Figure 2e). The model reaction, carbon monoxide oxidation on Pt
(110), was used under ultra-high vacuum conditions; a PEEM sig-
nal was integrated over the observational area to obtain a global sig-
nal that was fed back to the dosing rate of carbon monoxide. Thus,
a delayed global feedback was used to control the surface patterns
and to stabilize uniform oscillations on the catalyst surface.

Control of pattern formation can be accomplished in gas-solid
reacting systems by the appropriate design of a heterogeneous sur-
face in which the scale of the autonomous patterns is the same
order as that of the heterogeneities. An example of the reaction on
such a heterogeneous surface is seen in Figure 2f. The reactive sur-
face domain is the portion exhibiting waves. The surrounding sur-
face is covered with inert titanium; the height of the shield pattern
is 350 micrometers. A target pattern from the CO oxidation is thus
restricted to the complex, reacting surface. By varying the size of
the reactive domains, the spontaneous spatial scales of the patterns
are controlled. Similar experiments were also carried out with two
catalytically active materials, Pt and Rh; thus, the geometries of the
two regions can influence both local and overall reactivity.

Control of spatial structure via spatiotemporally varying opera-
tion can also lead to enhanced overall reactivity. A result of a novel
experiment in which a focused laser beam was used to control the
reaction rate is shown in Figure 2g. Conditions were chosen for the
CO oxidation reaction near the boundary between a CO-poisoned
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state and an excitable region where reaction pulses travel on the
catalyst surface. By moving the laser spot across the surface, local
activity is enhanced and overall reaction is increased.

Electrochemical

Nonlinearities are ubiquitous in electrochemical systems. In most
electrochemical systems that exhibit oscillations and pattern forma-
tion the electrode potential is an essential variable, that is, the poten-
tial is part of a required feedback loop. It is rare in electrochemistry,
in contrast to gas-liquid or gas-solid reaction systems, for instabili-
ties to arise solely through nonlinear kinetic factors; the potential
drop in the electrolyte is necessary for the instabilities and spatial
structure to occur. (The reaction rate, proportional to the current,
depends exponentially on the potential, but can be inhibited at large
overpotentials by oxide and salt layers on the electrode surface.)
Coupling among reacting sites is dominated by migration currents
and the geometry of the reactor plays a major role in observed
behavior; both short- and long-range coupling can be obtained.

An example of the effects of the range of coupling can be seen
in Figure 3a. A front (top) moves at a constant velocity across the
electrode surface; this is obtained by placing the counter electrode
close to the surface of the working electrode so that coupling is
short-range. By changing the geometry so that the reference elec-
trode is far from the working electrode, accelerating fronts (Flitgen
and Krischer, 1995; Otterstedt et al., 1996) are obtained as seen in
the lower portion of the figure.

In Figure 3b the effect of geometry is shown in the electrocat-
alytic oxidation of hydrogen carried out on a platinum ring elec-
trode in the presence of Cu”* and CI” ions that block surface sites.
The simple uniform pulses seen in the top panel were obtained
under conditions where the coupling is largely diffusive. As the
effects of global coupling are added through changes in cell geom-
etry, target and complex patterns are produced.

A feature of electrochemical reactions is the occurrence of neg-
ative coupling, that is, an effect at one location produces a counter
effect at another location. The reference electrode is brought close
to the surface of the working electrode; this is commonly done in
electrochemical experiments in order to minimize the effects of a
potential drop in the electrolyte on the measured potential. As seen
in recent experiments, this can also produce a negative coupling,
qualitatively similar to a teeter-totter, in which, when one side goes
up, the other goes down. The rotating wave of Figure 3c was
obtained with a disk cobalt electrode with a reference electrode
placed close to the center of the disk. A second example, standing
wave oscillations obtained during formic acid oxidation on a plat-
inum ring, is shown in Figure 3d.

Images obtained with surface plasmon microscopy applied to
patterns obtained in the periodate reduction reaction on Au(111) in
the presence of camphor adsorbate can be seen in Figure 3e. The
work showed that, in agreement with the theory on Turing struc-
tures, the wavelength of the pattern depended on the parameters of
the experiment, but not on the size of the electrode.

Electrode arrays have been used to study patterns on spatially
distributed electrochemical reactions. The current can be measured
at each of the elements of the array and, thus, reaction rate obtained
as a function of both time and space. An example of emerging
coherence with the addition of weak global coupling to a set of elec-
trochemical oscillators is shown in Figure 3f. In weak coupling only
the frequencies, but not the amplitudes of the oscillations, are
changed with coupling. At low coupling strength, the order is inde-
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pendent of coupling; the non-zero values seen at low K in Figure 3f
are due to finite size effects. At a critical value of coupling strength,
a second-order phase transition occurs at which some of the oscil-
lators synchronize. As the coupling strength is further increased,
more of the oscillators join the synchronized group. The data shown
in the figure were obtained for smooth oscillators; similar results
have also been seen with relaxation and chaotic oscillators.

An example of the effects of stronger coupling on an array of
chaotic electrochemical oscillators is shown in Figure 3g. Strong
global coupling leads to identical synchronization of the oscilla-
tors. At intermediate coupling strength, dynamical condensation or
clustering occurs in which groups of elements synchronize. The
results of two experiments carried out under identical conditions
are shown in the top row of the figure. Depending on initial condi-
tions, both the arrangements and the numbers of elements in the
stable clusters can change. The system is complex and the number
of possible states is very large; even for a modest number of, say,
100 reacting sites, the number of possible states would be larger
than Avogadro’s number. For both weaker and stronger coupling,
intermittent clustering occurs in which nonstable clusters form and
break up. Clustering can also be obtained with global forcing and

feedback. An example of stable clustering in each of these cases is
shown in the bottom left (four stable clusters) and right (three sta-
ble clusters), respectively.

Selected biological examples

Self-organized spatiotemporal patterns form commonly in bio-
logical systems and play a fundamental role at a variety of scales.
Heterogeneities are widespread and important.

A well-known example of pattern formation in biological sys-
tems is that produced by colonies of the slime mold Dictyostelium
discoideum bacteria, as seen in Figure 4a. When deprived of heat
or moisture, the microorganisms aggregate into multicellular bod-
ies that are more fit to survive hardship. Some of the cells release
an attractant that nearby cells follow to its source. The slime mold
colony undergoing chemotaxis behaves as an excitable medium
and can exhibit target and spiral patterns as in chemical systems.

Cardiac fibrillation, studied extensively because of the impor-
tance to life-threatening rhythm disturbances, can be understood
based on the theory of excitable media; self-organized three-
dimensional (3-D) rotor yield scroll waves that move through the
heart. A rotating spiral wave in the cardiac muscle of a dog can be
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Figure 3. Electrochemical reactions.
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(@) (Top) constant speed potential front profile on a gold wire in a concentrated HCl/NaCl solution (Franck, 1958). (Bottom)
accelerating potential front during the reduction of 52082' on a silver ring electrode (Flatgen and Krischer, 1995). (b) Pattern
formation during the oscillatory oxidation of H, on Pt ring-electrodes in the presence of electrosorbing ions (Cu* and CD).
(Top panel) uniform pulses. (Middle panel) target pattern waves; (Bottom) Complex pattern (Grauel et al., 2001). (c) Rotating
wave of active region on a passivated Co electrode (Otterstedt et al., 1996). (d) Standing wave potential oscillations in the
electrocatalytic oxidation of formic acid on Pt ring electrode (Strasser et al., 2000). (e) Stationary potential (and adsorbate)
patterns during the periodate reduction on Au(111) electrodes in the presence of camphor adsorbate. ((Blue) camphor free
area; (orange and yellow) high camphor coverage) (Li et al., 2001). (f) Emerging coherence of an array of 64 periodic oscilla-
tors with heterogeneity. Order function vs. global coupling (K). Insets show snapshots of individual oscillators in state space.
Ni dissolution in sulfuric acid (Kiss et al., 2002). (g) Cluster formation of globally coupled array of chaotic oscillators. (Top)
two cluster configurations with global coupling (Wang et al., 2000). (Bottom) cluster configurations with forcing (left) and
feedback (right) of the potential (Wang et al., 2001).
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seen in Figure 4b. Wave patterns in the heart can be influenced by
the imposition of external electrical signals; a standing wave
induced by alternating electric fields is shown in Figure 4c.

Both inter- and intracellular calcium signaling are important in
biological systems. An example of a spiral in a frog oocyte,
obtained with a confocal microscope, is shown in Figure 4d. Ener-
gization of mitochondria alters the pattern of wave activity; the
number of pulsatile foci is reduced and spiral waves are no longer
observed, but target patterns predominate.

Microfabricated slime mold structures are shown in Figure 4e. A
living coupled oscillator system was made by a patterning method,
and parameters, such as distance between the cells and, thus, coupling
strength, varied. At a given distance, anti-phase oscillations are seen.

Neurons can interact via electrical coupling. The mechanism of
the interaction is complicated because of the different time scales
involved in the process, i.e., slow variations and fast spikes or
bursts. An experimental study of the coupling of two neurons from
the California spiny lobster has shown that the natural coupling
synchronizes the slow oscillations, but not the fast spikes of the
membrane potential. Time series of synchronous, unsynchronized,
and anti-phase synchronized behavior are seen in Figure 4f.

Outlook

The rate of development in the area of nonlinear dynamics
applied to chemically reacting systems has been, not surprisingly,
highly nonlinear. The field has seen spurts of activity, such as the

early studies of stability and oscillations, in developments on wave
propagation and pattern formation, in the studies of chaotic behav-
ior, both temporal and spatiotemporal, interspersed with resting
periods not unlike the refractory period of a firing neuron or the
excitable behavior of a chemical reaction. So, predictions on devel-
opments in the field should be made with caution.

Advancements in chemical structure formation will occur in par-
allel and in cooperation with developments on spatiotemporal-tem-
poral dynamics in other fields. For example, new techniques are
being explored for structural health monitoring of complex
mechanical structures with vibration-based damage detection using
chaotic forcing signals (Todd et al., 2001). Injection-locking tech-
niques with mutually synchronized microwave oscillators have
been used to achieve synchronous operation of a number of inte-
grated antenna oscillatory circuits (York and Compton, 1991).
Pressure oscillations in a rat kidney are attributed to the interaction
of nephrons (Sosnovtseva et al., 2003). The growth and spread of
viral diseases within a human population are also influenced by the
interactions among individuals.

The understanding and the ability to manipulate the behavior of
large numbers of interacting nonlinear chemically reacting sites are
still at their beginnings. As progress is made on the unraveling of
the mechanisms of both the local dynamics and the coupling
amonyg sites, the ability to design and operate chemical systems in
an optimal fashion will grow. It is reasonably certain that the
progress will encompass activity in the following areas, as well, of
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Figure 4. Selected biological examples.

(@) Spiral wave structure in colonies of slime mold Dictyostelium discoideum bacteria (Siegert and Weijer, 1989). Copyright:
Dr. Florian Siegert. (b) Spiral waves visualized by a voltage sensitive dye in a thin sheet of dog cardiac muscle. (Jalife et al.,
1998). (c) Space time plots of standing wave patterns in cardiac tissue of rabbit with (10 Hz) sinusoidal electric stimulation
(Gray et al., 2001). (d) Intracellular Ca®>* waves of Xenopus oocytes forming a spiral structure (Falcke et al., 1999). (e)
Antiphase oscillating thickness (indicated by black and white shadings) in plasmoidal slime mold microfabricated structures
(Takamatsu et al., 2000). (f) Synchronous (top), unsynchronized (middle), and antiphase synchronized (bottom) potential
time traces of a pair of electrically coupled neurons from the California spiney lobster (Elson et al., 1998).
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course, in others that have not yet been explored. This work will be
interdisciplinary and will involve chemical engineers, often in
cooperation with investigators from other engineering areas, chem-
istry, biology, physics, and medicine.

Some examples:

e Nanoscale self-organized reactors. The spatial scales over
which control can be obtained will continue to decrease. Reactors
with length scales down to the nanometer range can spontaneous-
ly develop in gas-solid surface reactions by means of nonequilibri-
um self-organization (Hildebrand et al., 1999). Design of chemical
reactors at the nanometer scale will allow control of reaction con-
ditions and improved selectivity. Statistical fluctuations become
significant in the formation of structure and should be included in
the description and as a means of improving conditions. Self-orga-
nized microreactors will be developed in which size is altered by
control of adsorption and reaction rates.

e The efficient operation of ultra-small-scale networked reac-
tors. Several aspects of interactions in complex network systems
have been recently reviewed (Ottino, 2003).

* Design of networks of controllable and time-varying coupling
strengths to optimize structure and reactivity. Techniques similar to
those of neural networks will be used to optimize reactor condi-
tions. In electrochemical systems both active and negative coupling
can be introduced to control patterns and optimize reaction rates.

e Optimized reaction conditions through the formation of
dynamical clustering or synchronously operating groups of ele-
ments in a population of reacting sites. Such clusters can be used
as a mechanism of partition of steps in complicated reaction sys-
tems. By appropriate manipulation of subgroups, highly efficient
hierarchically structured interactions can be developed.

e Optimization and control of reacting systems with different
time scales. Applications are to a variety of systems from bursting
neurons to industrial chlorination reactors.

o The use of heterogeneities on catalyst surfaces to influence the
local and global rates of reaction. Carefully designed microfabri-
cated heterogeneous surfaces consisting generally of a spectrum of
catalyst materials will be designed to produce an overall optimum
reaction. The development and characterization of anisotropic sur-
faces on which rates of transport are dependent on direction to con-
trol transport rates and pattern formation; such studies will also
have biological implications such as, for example, in cardiac mus-
cle and heart fibrillation.

e The development of other tunable media. Increased use will be
made of multiphase systems such as emulsions of liquid droplets to
control selected rates of transport and interaction. The microstruc-
ture of the medium is controlled by the size and concentration of
the droplets.

e The use of active motion using concepts from biological
organisms and species that move actively through media and in
response to signals from other members of the population.

e Open-loop and closed-loop (through spatiotemporal feed-
back) operation to optimize structure and reactivity. This can
include reaction wave design: the sensing and local activation to
guide reaction waves over a catalyst surface and reactivation of
inactive surfaces. Applications will be to catalytic and electrocat-
alytic systems including fuel cells.
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e Optimal synchronization of reacting sites by means of external
signals or feedback. Conversely, in some cases, carefully designed
signals such as phase resetting pulses to desynchronize elements
will be developed in order to induce breakup of undesired synchro-
nization in the brain responsible for Parkinson’s disease.

e Designing activity waves with biological applications such as
the use of electrical stimuli for cardiac defibrillation methods.

Although the above list is certainly incomplete and, perhaps, in
places incorrect, it is likely an indication of the major developments
expected in the next few years. Chemical Engineers will play a
major role in these activities since they involve concepts that are
fundamental elements of the profession: reaction kinetics, coupling
through mass and heat transfer, and control of chemical processes.
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