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CHAPTER 1

Introduction

Living systems display a remarkable range of dynamic behaviors, from the rhyth-
mic beating of cilia [1] to the crawling of caterpillars [2] and the coordinated motion
of flocking animals [3]. These behaviors are sustained by the continuous conversion of
energy across scales—molecular motors power ciliary beating, muscle contractions co-
ordinate peristaltic motion and collective sensing guides flocking-linking microscopic
activity to macroscopic function over time. At every level, different parts of these
systems engage in energy-consuming interactions, exchanging forces and signals that
drive coordinated, adaptive, and robust motion.

Robots are engineered to emulate some of these behaviors, often surpassing bio-
logical systems in speed or precision. Yet, their design principles differ significantly
from those preferred by nature. Optimized for centralized control and algorithmic
execution, robots depend on pre-programmed commands and top-down coordination,
which comes at the expense of robustness and adaptability. Biological systems, on
the other hand, rely heavily on local sensing and feedback: the reflexes of a limb,
the snap of a Venus flytrap, or the collective behavior of insect swarms all emerge
from distributed architectures.

This contrast raises a key question: can synthetic matter be made to exhibit
lifelike functionality by integrating feedback mechanisms directly within its struc-
ture? Both life and robotics are made from materials, which we often characterize
by their mechanical response—how they deform when squeezed. This response de-
pends on the composition and structure: iron is strong due to its crystalline lattice,
while chainmail gains flexibility from its interlinked design. The field of metamateri-
als exploits this structural tunability to create materials with programmable, often
surprising, properties. In this thesis, we push this idea further, incorporating not
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only geometric design but also local actuation and feedback to create active meta-
materials—materials that do work, respond to stimuli, and even display motion. By
introducing asymmetric, non-reciprocal interactions into elastic materials, they can
host dynamical phenomena like limit cycles, traveling waves, and self-organized pat-
terns. We will explore how these interactions reshape the dynamics of mechanical
systems and ask how they can be harnessed to turn materials into distributed robots,
capable of adaptive, sustained, and directed behavior. To set the stage, we begin
with a review of active mechanical metamaterials.

1.1 Active metamaterials

Mechanical metamaterials demonstrate a wide range of exotic material responses
such as auxeticity [4], programmability [5] (Fig. 1.1a) and even dynamical responses
in dissipative viscoelastic metamaterials [6,7] (Fig. 1.1b). Such dynamical responses
only emerge when the metamaterial attempts to dissipate back to equilibrium, after
it has been perturbed away from it. In these examples, a material is forced out of
equilibrium by stresses from the boundary.

One can also inject energy via an external driving field that activates the ma-
terial throughout. Consider for example an external magnetic field that couples to
the mechanical degrees of freedom of an elastic material and thus deforms it [8, 9]
(Fig. 1.1c). This approach enables global and continuous actuation, with the po-
tential for both spatial and temporal modulation [10, 11]. However, it presents two
key challenges: first, the external field must permeate the entire material, making
it inherently difficult to scale, especially in three dimensions where embedding the
driving field poses technical challenges. Second, the way the field interacts with
the material depends on the material‘s own evolving state, leading to intricate and
often unpredictable interactions that complicate the design and control of desired
behaviors.

To directly control these interactions, sensors can be installed to provide exter-
nal feedback, enabling full spatiotemporal control and facilitating complex tasks
like backpropagation (Fig. 1.1d). Active matter refers to collections of energy-
consuming entities—from polymer networks driven by molecular motors [12] to bac-
terial colonies [13] and active colloids [14]—that can form unique phases not found
in passive matter. In fluid and granular form, where steric and hydrodynamic in-
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teractions dominate and no reference state exists, active systems have been under
intense investigation in recent decades [15] (Fig. 1.1e).

Active solids consisting of elastically coupled active units and a well-defined ref-
erence state have more recently gained attention as a new phase of matter with new
dynamical phases [16–18]. In these solids, active motors work to generate momen-
tum that is sourced from a substrate (Fig. 1.1f). This leads to a feedback between
the direction of the active forces and the deformations that they cause. However,
this reliance on a background substrate makes them less suitable to employ as free
standing solids.

A more scalable route to activating a solid is to implement local feedback by
coupling sensing and actuation. Analogous to how the stiffness of a passive material
is determined by how forces translate into displacements, local feedback in an active
solid can generate active forces in response to sensed deformations. By constructing
a solid out of springs that respond asymmetrically to adjacent deformations, energy
can be injected locally without requiring an external field or substrate. In this thesis,
we will take this route towards active metamaterials and ask what material behavior
emerges from breaking the symmetry of interactions. To lay the groundwork for our
exploration, we will take a look at various manifestations of this type of feedback
called non-reciprocity.

1.2 Non-reciprocity

Newton’s third law states that action equals reaction: the force that an object
A exerts on an object B is exactly opposite to the force exerted on object A by
object B. Although this principle holds for closed systems that conserve energy, it
typically breaks down in descriptions of non-conservative systems. In such cases,
the interactions between parts of the non-conservative system are not symmetric:
they are non-reciprocal. The effects of non-reciprocity have been studied in fields as
diverse as spin systems [20–22], optomechanics [23–26], optics [27], acoustics [28,29],
hydrodynamics [30–32], reaction-diffusion chemistry and colloidal physics [33–38].

Non-reciprocal interactions induce forces that do not derive from a potential
(Fig. 1.2a) but rather are mediated by some non-equilibrium field that falls outside
of the non-reciprocal system’s description. Conceptually, a simple example of non-
reciprocal interaction is the relationship between a predator and its prey [39], where
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Figure 1.1: Active metamaterials. (a) Using combinatorial design of building blocks, me-
chanical metamaterial responds with a smiley-face upon compression [5]. (b) A viscoelastic
beam buckles in different ways depending on the compression strain rate [6]. (c) Mechanical
metamaterials embedded with magnetic material deform in response to an externally applied
magnetic field [9]. (d) A mechanical neural network consisting of voice coil actuators [19]. (e)
Active granular particle robots are able to execute locomotion as a collective [16] (f) An elastic
lattice embedded with active particles drives dynamical behavior. [17].

the actions of a predator influence its prey differently to how a prey’s actions influence
its predator (Fig. 1.2b). In this case, it is the non-equilibrium environment the prey
and predator live in that mediates the non-reciprocal behavior.

A more insightful example that highlights the role of the hidden degrees of
freedom is the case of a passive elastic material with two terminals that are connected
through a series of asymmetrically buckled beams (Fig. 1.2c). Upon pulling outward
from the left, a large deformation occurs on the right, while pulling outward from
the right does not induce a noticeable deformation. The asymmetric potential of the
buckled beams is able to store energy and effectively acts as an out-of-equilibrium
bath that mediates the non-reciprocal interactions. Although this example is suitably
engineered to generate this unusual behavior, non-reciprocity occurs generically in
systems that are externally driven.

Consider a stream of oil pumped through a channel into which water droplets are
injected at a constant rate (Fig. 1.2d). As the droplets are advected downstream, the
surrounding velocity field becomes asymmetric, causing each droplet to experience a
different influence from the droplet ahead than from the one behind (Fig. 1.2e). As
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Figure 1.2: Systems with non-reciprocal interactions. (a) Non-reciprocal forces are not
proportional to the gradient of a potential but instead curl around it [40]. (b) A fox intimidates
a hare, but a hare does not intimidate a fox. (c) A lattice of coupled prebuckled beams (top).
When a force is applied from the left, motion is seen on the right (middle). When a force is
applied from the right, no motion is seen [41]. (d) Water droplets form a crystalline lattice
while traveling in channel through which oil is pumped [30]. (e) Droplets that deviate from the
crystalline order experience a transverse force proportional to the difference in vertical position
with respect to their neighbors [30]. (f) A non-reciprocal spring with active transverse forces
that depend on the spring configuration (left) that drive it through a work cycle of deformations
(right) [42]. (g) A robotic metamaterial consisting of motorized vertices that are elastically
coupled and programmed with a non-reciprocal coupling between motor angles and torques [43].

a result of these non-reciprocal interactions that are mediated by the oil flow field,
small fluctuations in the droplet’s vertical position induce transverse forces which
deviations to grow in amplitude. This amplification continues until the droplet lattice
destabilizes into a disordered state where droplets are no longer traveling in single
file and non-reciprocal interactions break down.

Unlike fluids, solids have a well-defined reference state that resists such destabi-
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lization and instead of relying on an external field, local energy injection can generate
non-reciprocity directly. This can be realized by embedding the solid with internal
energy sources such as motorized springs that actively inject energy. One such de-
sign is shown in Fig. 1.2f, where two propellors are attached to rotating gears that
are coupled by a spring. The propellers can exert transverse forces on the spring by
exchanging momentum with the air that surrounds it in a direction that depends on
the extension of the spring. As a result, a cycle through compression and extension
does not conserve energy: instead energy must be injected or is released depending
on the direction of the cycle.

The non-reciprocal springs of the previous example have been realized in robotic
metamaterials where the propeller is replaced by a torque motor (Fig. 1.2g). Sev-
eral motors are coupled through elastic links, where each motor applies a torque
that depends on the angular positions of its neighboring motors. The coupling is
asymmetric, meaning that the influence of the left neighbor on a motor’s torque is
not equal in magnitude that of its right neighbor. Elastic solids built from these
springs acquire odd elastic moduli that are prohibited in equilibrium, which couple
the solid’s shear modes antisymmetrically: they shear when compressed, but extend
when sheared [42]. The magnitude at which these moduli appear depends fully on
the microscopic layout of non-conservative springs. Through coarse-graining proce-
dures, one can establish a connection between the non-reciprocal interaction strength
at the small scale and the odd moduli at the large scale.

Another consequence is that these non-reciprocal structures inherit a particu-
lar kind of band structure [44] where waves amplify in one direction and attenuate
in another. This effect is called the non-Hermitian skin effect and it is universally
found in lattices with non-reciprocity where it is characterized by a spectrum that
dramatically depends on boundary conditions [44–54]. In an open system, waves
amplify towards the edge and attenuate when they reflect, which leads to an am-
plitude that is exponentially distributed in space but constant in time (Fig. 1.3a).
However, when the chain is closed, and periodic boundary conditions apply, no reflec-
tion occurs and waves amplify indefinitely. The eigenfrequencies of harmonic waves
∝ A exp i(ωt−kx) are purely real in an open chain but they become imaginary when
the chain is closed, indicating exponential amplification in time (Fig. 1.3b).

The linear description in terms of new elastic moduli and band structure are
striking, but their exponentially localized nature also signals the limitation of this
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Figure 1.3: The non-Hermitian skin effect (a) When the robotic metamaterial of Fig 1.2g
is excited in the middle, an exponentially localized excitation follows as waves amplify towards
the boundary and attenuate in reflection [43]. (b) A comparison between the energy spectrum
of a non-Hermitian system with periodic (blue) and open (orange) boundary conditions [55].

description because nonlinearities are an inevitable consequence of the system’s linear
dynamics that must be taken into account. What is the nature of the nonlinear
waves that emerge in this regime? How do nonlinear phenomena such as solitons
and patterns that also occur in passive settings behave under the influence of non-
reciprocity? In this thesis, we investigate this interplay between non-reciprocity
and nonlinearity and ask how dynamical but stable and directed behavior can be
generated in active metamaterials. Before we do so, we first offer a brief overview
of some well-known nonlinear phenomena and consider how non-reciprocity might
modify them.

1.3 Non-reciprocity in the nonlinear regime

Linear response is useful for characterizing a material’s behavior under small
perturbations, but its applicability is limited in scenarios involving large-amplitude
excitations. This limitation becomes especially evident in active systems with feed-
back mechanisms that are continuously driven out of equilibrium. In this regime,
a variety of phenomena may occur—a material may fracture, exhibit self-sustained
oscillations and display spatiotemporal patterns. In this section, we explore these
three examples and consider how non-reciprocity might influence them, drawing on
recent studies of where non-reciprocity interplays with non-linearity.
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Figure 1.4: Topological solitons (a) A paradigmatic example of a system that supports topo-
logical solitons. The Frenkel-Kontorova model describes masses M connected by springs of
stiffness k, subjected to a multistable potential [56]. (b) In the commensurate case where
spring rest lengths correspond exactly to distance between minima, all springs prefer to sit in
their own minimum. However, stable states also exist if certain minima feature two or zero
masses. These are topological solitons and can be visualized as a field φ(x) that describes
the relative position of each mass. (c) A soliton-antisoliton pair is driven apart by a constant
force. (d) In the Cahn-Hilliard model of phase separation, non-reciprocity drives domain walls
unidirectionally and coarsening is interrupted [34].

1.3.1 Solitons

When elastic materials are driven beyond the linear regime of bending and
stretching, they may undergo plastic deformations. This process is often mediated by
dislocations, which are topological defects in the crystal lattice of a material. Topo-
logical defects are non-removable distortions in ordered media, arising from strongly
nonlinear potentials which prevent the system’s configuration from being continu-
ously transformed into a uniform state. This often results in domain formation that
is observable across scales from molecules [57] to black holes [58]. Defects can be
modeled as topological solitons which are stable localized solutions to a large class of
nonlinear equations, describing for example the strain field in the case of a material
(Fig. 1.4a). In practice, defects typically occur in dissipative media which means that
they do not move unless driven by an external force. Constant driving moves solitons
and antisolitons apart, akin to pressing down on two zippers, where the applied force
gradually pulls the teeth apart, creating a gap between them (Fig. 1.4b). The effect
of non-reciprocity has been studied in the context of liquid phase separation where
domains were found to travel and the typical coarsening dynamics are arrested [34]
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Figure 1.5: Non-reciprocal limit cycles (a) The non-reciprocal toy model of Eq. (1.3.2):
two bistable oscillators φ1 and φ2 are coupled non-reciprocally. (b) The potential landscape of
Eq. (1.3.2) features four fixed point corresponding to the four different configurations of the two
masses. When non-reciprocal interactions are turned on, forces curl around the landscape, and
a limit cycle emerges. The data in shades of red indicate are numerical results from integrating
Eq. (1.3.2) with ka = 1 and initial conditions corresponding to one of the fixed points. (c)
Stable limit cycles [32] in the dynamics of massive human crowds.

(Fig. 1.4c) and in odd elastic systems, where they self-propel and proliferate at an
enhanced rate [59]. In this thesis, we observe the effect of non-reciprocity on soli-
tons experimentally in an active metamaterial which we model with a sine-Gordon
equation whose integrability allows us to reduce the dynamics to a simple dynamical
system.

1.3.2 Limit cycles

While topological defects are excitations that exist in passive settings and are
merely moved by driving, some nonlinear phenomena require a continuous input of
energy. In these systems, a balance between energy input and dissipation can give
rise to stable oscillations, known as limit cycles, which trace out a closed trajectory
in the system’s phase space. A hallmark example of a limit cycles are solutions to
the van der Pol equation [60], which was originally formulated to describe electronic
relaxation oscillators. While this equation features a nonlinear damping term that
pumps energy into the system, there is no spatially asymmetric coupling as we saw
in Fig. 1.2fg.

Instead, we now consider a non-reciprocal toy model with limit cycle dynamics
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that consists of a minimal version of the Frenkel-Kontorova model, as pictured in
Fig 1.4a. With only two masses, each subject to a bistable potential and in the
overdamped limit, there are four fixed points, corresponding to the four possible
combinations of left and right. Let us now couple the forces on both masses asym-
metrically to their respective positions with coupling strength ka (Fig 1.5a) and
forego the usual Hookean spring. This yields the following equation of motion in
non-dimensional form:

φ̇1 = φ1 − φ31 + kaφ2

φ̇2 = φ2 − φ32 − kaφ1
(1.1)

A plot of the scalar potential indeed reveals the existence of four minima. How-
ever, the non-reciprocal forces, which do not derive from a potential but instead curl
around the phase space spanned by x1 and x2, remove the fixed points. Instead of
converging towards a minimum, the dynamics now follow a limit cycle solution that
cycles between the 4 fixed points with a chirality set by the sign of ka (Fig 1.5b).

This is in contrast to the limit cycles found in the active metamaterial of Fig. 1.1f,
where this symmetry is spontaneously broken. The toy model of Eq. (1.3.2) high-
lights how non-reciprocal interactions combined with non-linearities generically lead
to limit cycles. Translated to an active material, these two degrees of freedom could
represent the non-reciprocal springs discussed in the previous section but they could
also emerge at a more coarse-grained level, representing the different deformation
modes of a solid. Such limit cycles oscillations that emerge from non-reciprocal in-
teraction have been observed in crowd dynamics [32] (Fig. 1.5c), but also photonic
metamaterials [61], and non-reciprocal versions of the Ising model [21]. In this thesis,
we investigate how non-reciprocal limit cycles are generated in an active metama-
terial and how they give rise to large scale strain deformations that power robotic
functionalities such as locomotion.

1.3.3 Coarsening patterns

When multiple limit-cycle oscillators are coupled, they can exhibit a rich variety
of collective behaviors—including partial synchronization, spatiotemporal pattern
formation and chaos [62]. A classic example is a group of metronomes, each following
its own limit cycle, that become synchronized through coupling. The phases θi of
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Figure 1.6: Coarsening patterns. (a) Phase dynamics of the Kuramoto model over time.
(b) Simulations of a coarse-grained model of the non-reciprocal Kuramoto model described by
two vector order parameter fields, plotted left and right. Depending on the interaction and
noise strength chiral, aligning, anti-aligning and swapping phases can be observed. [40] (c)
Coarsening dynamics in the Cahn-Hilliard equation of binary mixtures shows unimodal domains
growing in size over time. (d) Colloidal rollers driven by the Quincke effect organize into a
flocking collective with topological defects that steadily annihilate until a fully ordered state
remains [14].

such a system of limit cycle oscillators coupled together are famously described by
the Kuramoto model [63]:

dθi
dt

= ωi +
1

N

N∑

j=1

Aij sin(θj − θi) (1.2)

where ωi describe the oscillator frequencies and Aij represents the coupling between
the N metronomes. When the frequency is constant ωi = ω and the coupling
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local and reciprocal such that Aij = Aji, the Kuramoto model is guaranteed to
synchronize after a long transient during which the phase field coarsens and domains
grow in size (Fig. 1.6a). In this regime, the synchronization can be understood as
gradient descent down the potential energy landscape given by the coupling term
in Eq. (1.3.3). This reasoning breaks down in the absence of reciprocity when not
all forces derive from a potential and Aij #= Aji. In that case, synchronization
is all but certain and new non-reciprocal phase transition occur [40] (Fig. 1.6b).
While the Kuramoto model displays gradual coarsening leading eventually to global
synchronization, the intermediate patterns show a high variability in domain size—at
late times, both small and large features can be seen.

The situation is different in another quintessential example of a coarsening pat-
tern which occurs in phase separating systems such as oil-water-surfactant mixtures
[64]. Domain coarsening is also driven by gradient descent: in this case it is the
interfacial tension of the domain walls that gradually decreases. The dynamics of
this process are typically modeled with the Cahn-Hilliard equation which describes
the evolution of the concentration field c(r, t) over time.

∂c(r, t)
∂t

= ∇2
(
−c(r, t) + c3(r, t)−∇2φ(r, t)

)
(1.3)

In contrast to phase coarsening in the Kuramoto model, the domains in in the
Cahn-Hilliard model grow in a more ordered fashion as the feature size is narrowly
distributed at all times (Fig. 1.6c). Moreover, domain coarsening occurs at a pow-
erlaw rate ∝ t1/3, that be found by a scaling argument that relies crucially on the
mass conservation law of the model [65], as reflected by the Laplacian governing the
right hand side of Eq. (1.3.3). Even in the absence of energy conservation, coars-
ening can be observed in driven colloids [14] (Fig. 1.6d). but hydrodynamic effects
that mediates non-reciprocal interactions does not dominate the defect annihilation,
which leads to a diffusive scaling law, similar to the Kuramoto and Cahn-Hilliard
models.

These examples highlight the ubiquity of patterns and their transient behavior
both passive and active settings. Non-reciprocity can have a strong effect on the
types of patterns and the phase transitions between them.

Having reviewed how non-reciprocal interactions can destabilize passive states
and how nonlinear dynamics govern the resulting behavior, we are now equipped to
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move forward. We have discussed systems that are intrinsically out of equilibrium
due to non-reciprocal interactions giving rise to instabilities that require nonlinear
treatment. While the linear response of non-reciprocal systems generates striking
wave phenomena, it is the interplay with nonlinearity that holds potential for a
rich variety of responses such as solitons, limit cycles and patterns. This prompts
the question of how non-reciprocity and non-linearity can be combined to generate
robust dynamical behavior in solid materials?

1.4 Thesis outlook

In this thesis, we study how non-reciprocal interactions in mechanical meta-
materials affect both their linear response and the nonlinear phenomena that they
generate. In Chapters 2 and 3, we study how topological and non-topological soli-
tons, respectively, are affected by non-reciprocal interactions in a chain of coupled
oscillators. In Chapter 4, we study the linear and nonlinear response of odd elastic
metamaterials. In Chapter 5, we demonstrate how non-reciprocal lattices below the
percolation threshold have a vanishing odd elastic response at the large scale in the
limit of strong non-reciprocity. Finally, in Chapter 6, we describe wave coarsening, a
mechanism whereby the strain patterns in a nonlinear odd elastic solid progressively
grow in size. The following is a detailed overview of these thesis chapters.

In Chapter 2, we demonstrate experimentally, numerically and analytically
how non-reciprocity unidirectionally drives topological solitons irrespective of their
topological charge. We construct a 1D metamaterial consisting of elastically and
non-reciprocally coupled oscillators, each subjected to a bistable potential gener-
ated by magnets. We observe both experimentally and in a discrete model robust
transition waves that travel at a steady velocity proportional to the non-reciprocal
coupling strength. Using inverse scattering theory, we reduce the coarse-grained
non-reciprocal sine-Gordon model describing the field of oscillator angles to a simple
differential equation for the soliton velocity whose stable fixed points correspond to
the observed soliton solutions. By biasing the bistable potential, we control soliton
and antisoliton velocity independently and use soliton-pair annihilation to create a
chain that acts as a low pass filter. Finally, we demonstrate the generality of our
findings and consider the fate of solitons in a non-reciprocal Kane-Lubensky chain.

In Chapter 3, we further explore solitons in the non-reciprocal chain of chap-
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ter 2, but now with a weakly nonlinear, monostable potential. We find that non-
reciprocity delays the otherwise rapidly dispersing and dissipating waves excited by
an initial perturbation of the chain. When non-reciprocity is finely tuned, a balance
between gain and loss as well as a balance between spreading and focusing can be
achieved and breathing solitons emerge which travel unidirectionally. Using a multi-
ple scales expansion and inverse scattering theory, we arrive at a simple dynamical
system describing the amplitude and velocity of the breather. We find that their
dynamics are governed by an unstable fixed point, which explains the breather’s
sensitive dependence on parameters.

In Chapter 4, we move from a chain of oscillators to 1D and 2D elastic meta-
materials embedded with non-reciprocity. We find that these non-reciprocal lattices
exhibit odd elastic moduli: when they are compressed, they shear but they extend
upon being sheared. We study the linear response of our metamaterials and find that
they rebound asymmetrically upon impact. When interacting continuously with a
substrate via gravity, these materials spontaneously roll and crawl across complex
terrains by virtue of an emergent feedback loop between strains induced by the ter-
rain and stresses generated in response by the material’s non-reciprocal interactions.
In this regime of nonlinear perturbations, we find that limit cycle solutions govern
the dynamics of the locomoting metamaterial, which explains their robustness to
variations in the terrain. For sufficiently strong non-reciprocity, we find that a Hopf
bifurcation leads to limit cycles which emerge at the unit cell level. The interaction
between the many limit cycles within the 2D lattice prompts the material to adapt
its mode of locomotion from a rolling to a gait as the terrain slope is varied.

In Chapter 5, we focus on 2D elastic lattices and ask how their spatial distri-
bution of non-reciprocal interactions at the small scale influences the linear elastic
moduli in the continuum limit. In particular, we demonstrate experimentally that
when the non-reciprocal interactions are diluted enough, the material crosses a per-
colation threshold beyond which odd elastic moduli vanish, which we verify by explic-
itly coarse-graining a variety of ordered and disordered lattice designs. In contrast
with fully percolated lattices, where non-reciprocity is always proportional to the
continuum odd response, the diluted lattices exhibit a non-monotonic relationship
and an active phonon gap in their vibrational spectrum within which modes behave
as if the material were passive.

In Chapter 6, we zoom in on the nonlinear regime of our non-reciprocal meta-
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materials beyond the Hopf bifurcation. We observe that waves synchronize and
gradually increase in wavelength and amplitude while their frequency decreases un-
til a stable cycle at the lowest wavelength accessible to the system settles. We
demonstrate this wave coarsening in 1D periodic chains and in miniaturized and
more scalable 2D metamaterials with open boundary conditions. In contrast with
known coarsening mechanisms which are driven by the minimization of some energy
functional, wave coarsening can be understood as a continually evolving pattern for-
mation whereby the most unstable mode depends on the total elastic energy of the
system. We demonstrate this using a mean field approach and recover the coarsening
exponents that we observe experimentally and numerically. Finally, we explore ways
to interrupt wave coarsening and find that substrate friction, boundary conditions
and domain geometries all offer a route to arrest the process at a desired mode.


