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Questions to ask

How do we describe and classify active matter based on
symmetries and conservation laws?

What features of active matter are universal and independent of
microscopic detail?

How can we design active materials with mechanical properties
which are unusual or do not occur naturally?
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Roux lab (2024)

Biological systems: Hydra development
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Hawkes et al. PNAS (2010)

Active origami




Why active elasticity?

Does not refer to only the solids in which active particles are
embedded, “elastic interactions.”

Describes large-lengthscale, slow-timescale phenomena associated
with coherent collections of active particles.

Well-developed applications across both biological systems and
synthetic materials, but most questions are unexpoled.



Applications: deployable structures




Rubenstein, Alejandro, Nagpal.

. . . Science (2014)
Applications: Robotic swarms
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Wen, Pan, Ding. Science Robotics (2020)

Applications: Soft robotics
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Applications: animate matter
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Coulais, Huang,
Mahadevan
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Vitelli. "Odd viscosity and odd
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Condensed Matter Physics 14,
471 (2023)
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Veenstra, ..., AS, Vitelli, Coulais. Nature (2025)

Non-reciprocal interactions lead to locomotion
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Functionality: Robust locomotion

The active solid
autonomously adapts its
locomotion pattern.
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Veenstra, ..., AS, Vitelli, Coulais. Nature (2025)



Odd elasticity: experiment

Robotic metamaterials Rotating colloids Starfish embryos

Coulais lab, University of Amsterdam Bililign et al. Nature Physics (2022) Tan et al. Nature (2022)

Non-reciprocal interactions in active crystals lead to
anomalous mechanical response



Veenstra, ..., AS, Vitelli, Coulais. Nature (2025)
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Scheibner, AS, et al. Nature Physics (2020)
Shankar et al. Nat Rev Phys (2022)

Passive elasticity: theory
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Scheibner, AS, et al. Nature Physics (2020)
Shankar et al. Nat Rev Phys (2022)

Odd elasticity: theory o
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Anti-symmetric components of the stress-strain relation
arise in materials with active springs



Scheibner, AS, et al. Nature Physics (2020)
Shankar et al. Nat Rev Phys (2022)

Cycles of active springs

Path-dependent extraction of energy
without introducing extra degrees of freedom



Abstraction: Elastic engine cycle
Shear 2
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ath-dependent extraction of energy

Scheibner, AS, et al. Nature Physics (2020)
Shankar et al. Nat Rev Phys (2022)
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Only odd part of the elastic tensor contributes to active work

Scheibner, AS, et al. Nature Physics (2020)




Cycles can self-sustain
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Scheibner, AS, et al. Nature Physics (2020)



iy = 0;04; Wave dispersion

Power injected (per unit area): K°q* Shear 2

Stress
| C OStrain

Dispersion from balancing energy in and out

Scheibner, AS, et al. Nature Physics (2020)



Scheibner, AS, et al. Nature Physics (2020) Tan et al. Nature (2022)
Shankar et al. Nat Rev Phys (2022)
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Part 2.3: Current topics: Active percolation, pattern formation

Active Plaquettes

@ Active
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10x Real Time
Directly measure odd modulus from normal force:

K°=o/e

Binysh et al arXiv:2504.18362



Non-reciprocal Active Solids

@ Active

Coulais lab, University of Amsterdam
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Binysh et al arXiv:2504.18362



Anomalous odd response in non-reciprocal materials
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Binysh, Baardink, Veenstra, Coulais, Souslov
arXiv:2504.18362

More is less in unpercolated active solids



Generalised Le Chatelier’s principle

Short definition: A system at (thermodynamic or mechanical) equilibrium shifts to counteract an external stimulus.
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Broad consequence of equilibrium at potential minimum



Example: Elastic micro-macro relations
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Young’s modulus: Rubber, Foams etc... Structures: truss bridges, etc...

Consequence: Increasing one spring constant increases overall stiffness



Example: Elastic micro-macro relations

Consequence: Increasing one spring constant increases overall stiffness

Potential energy: V= —el K;;

ky, - 0
Kij=|: = spring constants, k; > 0
0 - ky
€; particle displacements
B Simple proof
Binysh et al arXiv:2504.18362




Example: Elastic micro-macro relations

Consequence: Increasing one spring constant increases overall stiffness IzI E IZI E

: 1 .
Potential energy: V== el Ki; € EuaCabub + non-affine
(minimize energy over non-affine displacements to obtain C,},)
ki - 0 Ci1 = Ce1
Kij=|: = spring constants, k; > 0 Cop =1 : : elastic tensor
0 - ky Cie -+ Ces
€; particle displacements U, strains

Simple proof: Eigenvalues of C,;, increase monotonically in k;
Binysh et al arXiv:2504.18362



How can Le Chatelier’s principle be broken?

Out of equilibrium: no longer a thermodynamic potential to minimize



Dense active lattices
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Dilute lattices lose odd response Active hexagons

do not shear
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Non-monotonic micro-macro in dilute lattices
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Active percolation
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Active percolation
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Dilute lattices lose odd response
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In disordered lattices, change the fraction p of active plaquettes
to tune through an active percolation transition

Binysh et al arXiv:2504.18362



Dilute lattices lose odd response
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In disordered lattices, change the fraction p of active plaquettes
to tune through an active percolation transition
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Anatomy of vanishing response
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Binysh et al arXiv:2504.18362

Are unpercolated lattices passive?
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Signatures of activity remain in the high-frequency spectrum:
Localized oscillations despite overdamped dynamics



Binysh et al arXiv:2504.18362

Are unpercolated lattices passive?
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More is less in unpercolated active solids arXiv:2504.18362
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About these lectures

Lecture 1. Topological active matter
Part 1.1:

Overview; Definition of active matter
Part 1.2:

Classification of active fluids

Part 1.3:

Topological active matter

Lecture 2. Non-reciprocal active solids

Part 2.1:

Introduction to active solids

Part 2.2:

Non-reciprocal mechanics and odd elasticity

Part 2.3:

Current topics: active percolation, pattern formation

Review articles on active matter:
Shankar et al Topological active matter
Nature Reviews Physics (2022)

Fruchart, Scheibner, Vitelli. Odd viscosity and odd elasticity.
Annual Review of Condensed Matter Physics 14, 471 (2023)
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David Mermin Rev Mod Phys (1979)
The topological theory of defects in ordered media

This lecture:
Introduction to active solids and recent work
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