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SUMMARY

This dissertation investigates the emergence of collective behaviors in active, shape-

changing robotic particles that interact via collisional impacts on a Coulomb friction sub-

strate. These robots, inspired by the granular materials (GM) paradigm, belong to a broader

class of systems characterized by macroscopic, discrete, athermal, and dissipative particles.

While granular materials have traditionally been composed of passive convex particles, in-

corporating internal actuation and concave geometries—such as in staple-inspired three-

link robots—opens new avenues for exploring how shape and gait coordination enable

dynamic self-organization and emergent material properties.

An initial study demonstrated the selection of low-rattling states in a pinned collec-

tive of three planar shape-changing robots. Synchronized and repeatable motion patterns

were observed, resulting from the coupled in�uence of internal actuation and environ-

mental constraints. This interplay between drive and environment was crucial in guiding

the system toward dynamically stable con�gurations—a feature common to many high-

dimensional dynamical systems with effectively random components, where some regions

in the huge parameter space causally give rise to self-organized, low-rattling behavior on

the macroscale, while surrounding regimes remain chaotic and unpredictable. This study

laid the groundwork for the investigations that form the core of this dissertation.

The next project explores the binding mechanism of the minimal interaction unit: a

pair of shape-changing robots. Through experiments and simulations, we demonstrate a

nontrivial binding mechanism in which dynamically coordinated, yet locally repulsive,

collisions produce long-lived, mobile gliders. These gliders spontaneously emerge from

uncon�ned ensembles, exhibit two distinct asymmetric con�gurations, and persist for hun-

dreds of actuation cycles. We identify a novel dynamical attraction mechanism resulting

from appropriately timed and oriented repulsive contacts. Notably, shape-induced concav-

ity plays a critical role in stabilizing these bound structures, with tactile feedback enabling

xx



real-time modulation of inter-robot coordination.

Building upon this, the subsequent project investigates the transport properties and

symmetry-breaking dynamics of these gliding dyads. We analyze how shape oscillations

and internal gait symmetries control collective motion. In particular, we show that non-

reciprocal square gaits, which break time-reversal symmetry, generate robust translation

through non-commutative displacements in con�guration space. By systematically increas-

ing gait area, we map transitions between bound states, showing how locomotion onset and

mode stability depend on the symmetry of internal dynamics. Remarkably, dyad trajecto-

ries acquire chirality under time-irreversible actuation, enabling steerable motion with min-

imal feedback via gait inversion. These results shed light on the design of self-organizing

robotic collectives capable of persistent and programmable locomotion.

The �nal part of this thesis expands to the many-body regime, where dense robot ensem-

bles self-organize into spatially extended structures such as chains and loops. Simulations

reveal that the same principles of concavity-mediated entanglement observed in dyads un-

derpin the formation of these structures with long-range order. The diversity of emergent

patterns—from aligned �laments to dynamic, loopy assemblies—is governed by the gait

templates executed by individual robots. Further, experiments with a variant of the robot

design, limited to asymmetric reciprocal actuation, demonstrate similar clustering behav-

ior. In this case, a passive adhesion mechanism, akin to a velcro strip, reinforces contact

and promotes long-range order through mechanically stabilized chains.

These studies demonstrate how active shape change, collisional interactions, and min-

imal feedback enable self-assembly and transport in robotic granular systems, advancing

the design of programmable collectives with emergent, decentralized behavior.
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CHAPTER 1

INTRODUCTION

Overview

Granular materials (GM), composed of athermal, dissipative, and macroscopic particles,

have long served as a model system for studying emergent behavior in non-equilibrium

physics. Through contact interactions alone, passive grains can exhibit clustering, jam-

ming, and transitions between �uid- and solid-like states [1, 2, 3]. Active granular systems

extend this landscape by incorporating internal drive, giving rise to richer dynamical phases

including motility-induced clustering and spontaneous collective motion—even in the ab-

sence of attractive forces [4, 5, 6, 7, 8].

This dissertation advances a third frontier:shape-changing active granular matter,

where individual agents deform cyclically using internal actuation. Unlike traditional ac-

tive systems, these particles possess additional internal degrees of freedom, enabling novel

interaction modes—particularly when shape and motion are coupled through frictional and

collisional dynamics [9, 10, 11]. A key advantage of this framework is that complex emer-

gent behavior can arise even with small numbers of agents, due to the richness of their

internal state space and their non-linear, geometry-mediated interactions [12, 13, 14].

Central to this work is the role ofnon-reciprocityin the deformation patterns. Non-

reciprocal gaits that trace closed loops in shape space break time-reversal symmetry due

to the �xed direction of gait traversal, resulting in non-commutative displacements and en-

abling directed transport over each cycle [15, 16, 17, 18]. When agents actuated via such

templates [19] collide, they exchange time-ordered impulses that can lead to effective at-

traction and stable, mobile bound states. These collisional and friction mediated dynamics,

offer a new route to self-organization via local, antagonistic interactions [20, 21].
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Through experiments and simulations of three-link robots on frictional substrates, this

thesis explores howshape-changing templates & collisionstogether produce coordinated

behaviors: from low-rattling states and glider formation, to symmetry-controlled transport

and large-scale chaining. The results illuminate how programmable collective dynamics

can emerge from minimal feedback and local rules, with implications for both active matter

and robotic material design [22, 23, 24, 25].

Granular Media and Emergent Phenomena

Collisional dynamics form a unifying principle across physics—governing emergent be-

havior in systems ranging from macroscopic granular assemblies [1, 2] and ultracold quan-

tum gases [26, 27] to particle interactions in the early universe [28]. In classical sys-

tems, collisions underlie inelastic collapse, clustering, and jamming transitions [29, 30, 3];

in quantum systems, they dictate scattering cross sections, decoherence, and thermaliza-

tion [31, 32, 33]; and at cosmological scales, collisional processes in the early universe

shape structure formation and relic particle abundances [28]. Across these regimes, col-

lisions not only mediate interactions but also serve as mechanisms for the emergence of

collective order in far-from-equilibrium systems.

Granular media (GM)refer to collections of discrete, macroscopic particles interacting

primarily via contact forces. These systems are inherently athermal: thermal �uctuations

are negligible compared to gravitational or inertial effects, and energy is lost through in-

elastic collisions and friction. Despite this dissipative character, granular systems exhibit

a striking range of collective phenomena: clustering in vibrated layers [1, 2], spontaneous

crystallization and compaction [34], convection and segregation under shear [35, 36, 37],

and inelastic collapse in driven gases [29, 38, 30].

A hallmark of granular systems is theirability to transition between �uid-like and solid-

like statesdepending on density, forcing, and boundary conditions [39, 3]. These tran-

sitions—jamming, shear-thickening, dilatancy—are inherently non-equilibrium and often
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Figure 1.1: Emergent phenomena in granular materials captured from experiments and
simulations: (a) Inelastic collapse in a simulation of 100,000 colliding particles [Video].
(b) Jamming of granular �ow through a hopper, resulting in intermittent clogging [Video].
(c) Coexistence of solid-like and �uid-like phases in vibrated granular disks [Video]. (d)
Large-scale granular mixing of 200,000 rigid bodies in a rotating drum [Video]. (e) Emer-
gence of force chains as grains are slowly poured into a pile [Video]. (f) Directed rotation
of a granular ratchet driven by thermal �uctuations [Video].

hysteretic [40, 41]. The jamming transition, in particular, exempli�es how local constraints

and dissipation can lead to emergent rigidity in the absence of thermal equilibration [42,

43]. Unlike in molecular �uids, granular �ow is governed not by equilibrium statistical

ensembles but by the interplay of geometric constraints, contact mechanics, and driving

protocols. The force distributions supporting granular solids have been elegantly visual-

ized via photo-elastic force chains [44].

In vibrated granular layers, particles gain mobility from an external energy source (such

as a shaking table or vertical tapping), which induces momentum transfer via interparti-

cle collisions. However, a new class of systems—active granular media—emerges when

particles possess their own source of energy for propulsion or deformation. These active
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agents include motorized grains, colloidal particles, self-deforming particles, and internally

driven robotic elements. The transition from passively agitated to internally actuated parti-

cles mirrors developments in colloidal systems, where externally driven particles—such as

those manipulated via optical or magnetic �elds—contrast with truly self-propelled ones

like Janus colloids, which exhibit autonomous motility due to built-in chemical or physical

asymmetries [45].

Biological active matter spans a wide range of systems across length scales. At the

microscopic level, examples include motile bacteria, sperm cells, and cytoskeletal �la-

ments propelled by molecular motors [46]. At mesoscopic to macroscopic scales, �ocking

birds [47, 48], swarming insects, and herds of cattle [49] exhibit emergent collective mo-

tion governed by local interactions and alignment rules. These organisms often combine

self-propulsion with sensing, memory, and adaptive feedback, allowing them to respond

dynamically to their environments.

In contrast to synthetic active matter, which often relies on programmed or physical

actuation without intrinsic feedback, biological systems operate with distributed control

architectures and energy conversion mechanisms evolved for robustness and adaptability.

This distinction not only highlights differences in complexity but also inspires the devel-

opment of robotic collectives that aim to replicate the rich, lifelike behaviors observed in

natural systems [50].

In colloidal active matter, self-organization into non-equilibrium structures such as liv-

ing crystals [51], active molecules [52, 53], and self-assembly via chemical signaling [54]

illustrates how local activity can be harnessed for emergent order. Similar behaviors are

observed in macroscopic robotic systems, from Bobbots inspired by living crystals, where

magnetic attraction competes with Brownian-driven repulsion [55], and the membrane en-

closed robotic swarms comprised of bristlebots [56, 57].

These systems, often described under the umbrella of active matter [46, 6, 58], break

time-reversal symmetry at the single-particle level and violate momentum conservation due
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Figure 1.2: Emergent collective phenomena across different scales and systems of active
matter, illustrated through experiments and simulations: (a) Large-scale biological �ows:
�ocking in a murmuration of starlings (Top) alongside a simulation of hard inelastic disks
to mimic �ocking with granular matter (inset) [Starlings Video], and herding dynamics in
a group of sheep (Bottom), [Sheep Video]. (b) Synchronized swimming in a school of
�sh exhibiting coordinated turning and spacing [Fish Video]. (c) Emergence of turbulent
swirling and defect dynamics in an active nematic formed by microtubules and motor pro-
teins [Turbulence Video]. (d) Milling behavior in vibrated polar rods interacting via a dis-
sipative granular medium [Milling Video]. (e) Motility-induced phase separation (MIPS)
observed in a simulation of self-propelled particles [MIPS Video]. (f) Light-activated col-
loidal aggregation into dynamic clusters [Living Crystals Video], with a robotic analog in
the form of BobBots [BobBots Video].

to substrate interactions and frictional forces. As a result, they exhibit behaviors far from

the reach of classical thermodynamics.

One striking consequence of activity is theemergence of collective motion from purely

repulsive interactions. Systems of vibrated rods [59], self-propelled disks [4], and syn-

thetic swimmers [60, 61] all exhibit pattern formation, swarming, and spontaneous align-

ment. These systems do not require cohesive forces; alignment and clustering arise from

geometry and steric interactions, often mediated by dissipative collisions. A particularly
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dramatic example ismotility-induced phase separation (MIPS), where self-propelled parti-

cles spontaneously separate into dense and dilute phases purely due to their activity [8].

Granular analogs of these phenomena have been observed in shaken layers of polar

rods [5], where local actuation leads to the formation of dynamic clusters and persistent cur-

rents. In these systems, boundaries and substrates play a central role in shaping collective

behavior. For example, bacteria and granular robots tend to accumulate near walls [62, 63],

a behavior that emerges from persistent motion and frequent reorientation upon contact.

Similarly, “�ocking at a distance” has been observed in vibrated granular monolayers [7],

where alignment emerges even when particles are not in direct contact—mediated instead

by the medium or substrate. These observations underscore the crucial role that boundary

enclosures and environmental interactions play in determining emergent dynamics.

Most passive granular materials studied to date consist of convex particles—spheres,

rods, and disks—that interact through well-de�ned contact forces. However, systems com-

posed ofconcave or topologically complexparticles offer a rich, underexplored plethora of

emergent mechanics. Examples include biological aggregates such as worm blobs [14, 64,

65], bird nests composed of branched twigs [66], bent-staple particles that entangle [67]

and entangled cellular or multicellular assemblies [68, 69], where mechanical entangle-

ment, interlocking, and steric frustration generate collective rigidity and support nontriv-

ial phase transitions. These systems possess many internal degrees of freedom and allow

for the formation of dynamically stable con�gurations through geometry-mediated interac-

tions. Their behavior challenges conventional force-chain models and opens new directions

for understanding self-assembly and robustness in disordered matter.

Taken together, these studies highlight theversatility of granular systems as a platform

for exploring emergence, whether in passive, driven, or active regimes. Their minimal in-

gredients—contact, dissipation, and geometry—give rise to high-dimensional behavior that

often de�es intuition. As such, granular media serve not only as a physical playground for

non-equilibrium statistical mechanics but also as a design framework for robotic collectives
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