CHAPTER 7

Summary

Complex material responses can be achieved by engineering the interactions
between a material’s internal components and the geometry that organizes them.
Yet, even the most complex engineered materials remain fundamentally limited in
comparison to the diverse and adaptive behaviors observed in living systems. Unlike
passive materials, living matter operates far from equilibrium, sustained by continu-
ous energy consumption and localized feedback. While robotics offers one pathway
to emulate such dynamics, using powered actuators and centralized control archi-
tectures, this approach often sacrifices adaptability and robustness in favor of speed
and precision. In contrast, biological systems rely on distributed architectures, where
function emerges from local interactions and decentralized control.

This thesis explores an alternative approach rooted in materials physics: design-
ing solids that behave not as passive responders to external input, but as autonomous
dynamical systems. The key ingredient enabling this shift is non-reciprocity— inter-
actions that violate action-reaction symmetry, allowing internal forces to do net work
and drive sustained motion. By embedding non-reciprocal feedback into mechani-
cal metamaterials we reveal how such systems can host unidirectionally propagating
solitons, self-sustained oscillations, directed locomotion, and evolving strain patterns.
These behaviors emerge from structured internal asymmetries rather than central-
ized control. The result is a new class of active solids that function as distributed,
adaptive machines—capable of generating and maintaining complex behavior from
the bottom up.

In Chapter 2, we explored how topological solitons behave in the presence of
non-reciprocal interactions in a metamaterial consisting of elastically coupled oscilla-

tors. We showed how strong nonlinearities and non-reciprocal interactions combine
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to sustain soliton motion. Despite being dissipative, non-reciprocal (anti)solitons
propagate perpetually and unidirectionally and can can be generated at will allow-
ing for an endless game of dominoes without the need of resetting. By tuning the
relative speed of solitons, we suggested how active metamaterials can be leveraged
for unidirectional wave guiding and signal processing purposes.

Solitons also exist in weakly nonlinear scenario’s and in Chapter 3 we investi-
gated how non-reciprocity can extend the lifetime of dissipative breathing solitons.
This required striking a balance between non-reciprocal, dissipative and dispersive
effects, which we found to correspond to the unstable fixed point of a reduced dy-

namical model.

In Chapter 4, we created elastic materials embedded with non-pairwise, non-
reciprocal interactions and found them to exhibit odd elasticity, whereby stresses
generated are always at an angle to applied strains. As a result we found that
these materials follow robust limit cycle dynamics and spontaneously roll up com-
plex terrains. In the unstable and nonlinear regime, when strong non-reciprocity
overcomes dissipative effects we found limit cycle solutions to emerge at the unit cell
level. When faced with different terrain conditions, an adaptive form of locomotion
emerged as the metamaterial switched between the corresponding spatiotemporal

shear patterns.

In Chapter 5, we zoomed in on an unexpected material response in nonrecipro-
cal lattices with more intricate geometries. In contrast lattices where non-reciprocity
fully percolates and is always proportional to the large scale odd elastic response,
lattices with unpercolated activity exhibit a non-monotonic relationship where more
non-reciprocity translates in less odd elasticity. We explained this by the existence
of active floppy modes and active phonon gap in the vibrational spectrum within

which modes behave as if the material were passive.

In Chapter 6, we returned to the nonlinear regime and obserfved how elastic
waves coarsen in both 1D and 2D non-reciprocal metamaterials. We observed syn-
chronized strain waves at a characteristic that progressively grew until system sized
and stable waves dominated. By casting this process as a cascade of limit cycles we
uncovered a feedback mechanism between the most unstable mode’s wavenumber
and the total elastic energy of the system. Finally, we explored ways to interrupt
wave coarsening and found that substrate friction and boundary conditions represent

mechanisms to select wave patterns.



In this thesis, we have described how non-reciprocity and nonlinearities can
conspire to generate robust behavior in active solids, taking a step towards animate
materials [160]. Yet, these systems are still a far cry from the autonomy observed in
life

Many of the textbook physics of passive materials await to be revisited in the
absence of reciprocity. Nonlinear phenomena like snapping and buckling undoubtedly
inherit a dynamical phase and represent yet another setting where self-sustained
cyclic motion could be designed. A crucial step towards the deployment of material
robots will be to realize odd elasticity in three dimensions where new modes of
deformation such as twist can be coupled asymmetrically. Such 3D active solids, will
necessarily need a form of anisotropy to accommodate both load bearing properties
and soft deformations at once, analogous to how many living systems consist of
both a rigid skeleton and a deformable tissue. Understanding how curvature in
2D structures affects odd elastic waves and strain defects relates to the question
of how topological defects in active cell sheets play a roll morphogenesis [237]. To
make further progress towards animacy, embedding local learning strategies [212] and

generalizing them to non-reciprocal settings [213] represents an exciting frontier.



