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Reflecting its potential fluidity and fickleness, sand, as the quintessential granular
material, has become a symbol of instability and impermanence.

Michael Welland

What makes the desert beautiful is that it hides, somewhere, a well.

Antoine de Saint Exupéry
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SUMMARY

In movement on solid terrains, animals, vehicles, and robots can make use of well-
established contact dynamics for planning movement and locomotion gaits. However,
when the terrain can be deformed signi cantly, effective traversal can be inhibited by ter-
rain heterogeneities created before and/or during locomotion. Understanding the physical
behavior of such deformations such complex forcings like locomotion can inform robotic
navigation strategies and expand our physical intuition of soft matter substrates.

The objectives of this dissertation were to examine various rate-dependent phenomena
for a speci c class of owable substrates abundant in the natural world: granular media.
Granular substrates exhibit multiphase and hysteretic properties as a collective of many
small rigid bodies. Their physics is dominated by a network of frictional contacts between
simple patrticles, which nevertheless display a wealth of unexpected multiphase phenom-
ena depending on their stresses and packings. In this dissertation we present a series of
experimental studies on such media.

An anthropogenic mode of terrain traversal, wheeled locomotion, can locomote via the
reaction force generated from actively shearing a granular substrate. We show using an
automated wheel carriage testbed that this locomotion can induce rate-dependent weak-
ening via the centripetal acceleration of the media under shear. By combining experiment
and reduced-order modeling of granular resistive forces, we present a fundamental physics-
based cause for why vehicular slippage occurs at high wheel rotation rates.

Terrain deformation can also be used to improve traversal if the terrain is remodeled
in an advantageous manner. In a ‘robophysical' study, we demonstrate how a small rover
robot can effectively remodel steep granular slopes via strategic open-loop gait selection.
By selectively avalanching frictional media towards itself, the robot could traverse loosely
consolidated granular hills that otherwise would not be possible for it to climb.

Finally, we investigated how directional uidization of granular media during intrusion

XX



could modulate the resistive forces to allow a body to move ef ciently within a substrate
that constantly attempts frictionally hinder it. Our ndings were used to inform local u-
idization strategies in a soft burrowing robot built by collaborators. We further explored
local uidization by pinning aerated cavities within granular media with an automated air
probe system. Upon forced overexpansion of the cavity, we discovered a strongly periodic
grain transport structure, which we show as a creeping boundary oscillation sustained by
the input ow.

This dissertation showcases not only the strength of experimental investigation in physics
to discover new phenomena, but also how simple reduced-order models can be adapted to
explain them. We show how new insights can come from understanding the experiment

rst, then using that intuition to synthesize our observations into a general model for appli-

cation in robotics, terradynamics, and more.
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CHAPTER 1
INTRODUCTION

1.1 Stories of Desert Environments

A blistering sun beats down on a golden expanse. Under a cloudless sky, undulating dunes
stretch to every corner of the horizon. With the sun directly overhead, the scene appears
strangely at as shadows shrink to specks, offering no refuge from the heat. The air itself
thirsts for moisture. High temperatures and zero humidity quickly evaporate any exposed
liquid water. Uncountable grains of sun-baked sand rest in stiliness, each one having jour-
neyed untold distances across the planet by aeolian processes. This scene appears a land-
scape devoid of life, where no green plant takes root in the shifting sands, and no other
creature's stirring disturbs the torrid air. Standing on a dune ridge, we struggle to keep our
balance as the sands ow unpredictably beneath our feet, avalanching and collapsing under
our weight. Each grain moves as a ckle unit of an immense collective, supported only by
its fellows in an intractable cascade of motion.

We are currently in one of the many ergs of the Sahara, the hyperarid hot deggpefK
classi cation BWh) that dominates the northern half of Africa. This spectacle is not unique
to the Sahara, as such hot deserts cover approximately 14 percent of Earth's land area
[1]. The Sahara, the Kalahari, the Mojave, the Arabian, the Danakil, the Great Victoria,
all of these deserts' climates are dominated by high atmospheric pressure zones and sta-
ble descending air masses that create hot, calm, and arid conditions with intense sunshine
(Figure 1.1). These conditions result from global convection cells where the planet's equa-
torial regions are heated by the sun, and hot air rises and diverges toward the northerly
and southerly directions. As the air nally nears tB@ north and south parallels, the air

once again sinks, completing a convection cycle known as a Hadley cell. The geographical



bands along which this occurs are colloquially known as the “horse latitudes”, and are the

sites of the world's largest hot deserts [2].

Figure 1.1: Distribution of Arid Regions on Earth Geographical distribution of drylands, delimited
based on the aridity indeXA( ). The classi cation ofAl is: Humid Al > 0:65, Dry sub-humid0:50 <

Al 0:65, Semi-arid0:20 < Al 0:50, Arid 0:05 < Al 0:20, Hyper-aridAl < 0:05. Data:
TerraClimate precipitation and potential evapotranspiration (1980-2015). Adapted from Abatzoglou et al.
[3] and Mirzabaev et al. [4].

These conditions turn out to be ideal for the natural generation of sand. The large vari-
ation in temperatures between day and night in the arid air puts heat stress on exposed
rock, which slowly break into smaller and smaller chunks. Whenever rainfall occasion-
ally occurs, the raindrops striking hot rocks further stresses them and can break them into
fragments, eventually grinding them down to granular sand [5]. Here the lack of consistent
precipitation is a burden, as without a minimum of moisture, no plant species can thrive.
The lack of abundant plants that typically anchor and x the soil exposes granular particles
to the desert winds. Aeolian processes are free to transport these unconsolidated sediments
over time into dunes, creating the classical image of the barren, lifeless desert [6].

However, many hot deserts exist on Earth outside of this hyper-arid extreme (Fig-
ure 1.1). In semi-arid drylands, plant life adapted to low levels of moisture can take root
and xate the top layers of soil, preventing it from being blown away by wind. While
smaller dust particles on the order of a few microns may still travel, the majority of sand

particles are xed in place. Now a thriving desert ecosystem can begin with photosynthetic,



aridity-adapted plants forming its basis. Stable soils can also lead to desert biocrust, a web
of minuscule fungi, lichens, and cyanobacteria living within the upper few millimeters of
sandy soil [7] which further stabilize the solil, bene t plants, and x carbon, nitrogen, and
moisture. Various desert-dwelling animals now have food sources and the ability to nd

shelter in stabilized soil, and the desert may thrive with life despite its arid conditions.

Figure 1.2:Varieties of Desert Environments(A) Great Sand Dunes National Park and Preserve, United
States. Photo credit: Lionello DelPiccolo (B) Barchan dunes [6] on Mars' Hellespontus region as seen by
HiRISE on the Mars Reconnaissance Orbiter. These dunes are formed into a saif, a linear formation parallel
to the direction of the wind. Photo credit: NASA/JPL/UArizona (C) Aerial oblique view of a gapped bush
plateau in W National Park, Niger. The mean distance between two consecutive gaps is 50 meters. Vegetation
is dominated byCombretum micranthurandGuiera senegalensiPhoto credit: Nicolas Barbier (D) View

of the Sonora Desert in Arizona. Photo credit: Felix Gottwald

Deserts can thus take on a multitude of forms, from great dunes of granular sand (Fig-
ure 1.2A, B) driven purely by physical climate processes of the planet, to thriving ecosys-

tems where countless biological systems interact (Figure 1.2C, D). Both deserts and dry-



lands collectively cover 41 percent of Earth's land area (Figure 1.1) and are home to more
than 38 percent of the global population. Human existence within drylands is a coupled,
dynamic, and co-adapting balance, with no singular equilibrium point, being the co-evolved
product of complex interactions between biophysical (e.g., climate, soil, biota) and human
(e.g., demographic, economic, institutional) subsystems [8]. Both thriving and desolate
drylands can be created or changed due to anthropogenic intervention. Some form of se-
vere land degradation is present on between 10 to 20 percent of these lands: a threat which
may grow in the face of human population growth and climate change.

A famous example of such ecological degradation was the Dust Bowl of the 1930s,
where failure to apply dryland farming methods combined with drought led to unprece-
dented wind erosion and dust storms in the Oklahoma Panhandle [9]. The intense storms
and deserti cation of the region led to mass emigration and left hundreds of thousands
homeless and destitute. Further ecological intervention was needed, as President Franklin
D. Roosevelt initiated the Great Plains Shelterbelt project to plant over 220 million trees
along the 98th meridian west to x the soil and reduce wind velocity [10]. This signi -
cantly reduced solil erosion and allowed the plains ecosystem to slowly recover once the
drought ended.

Deserti cation can be indeed reversed by humans, but requires a concentrated effort in
sustainable land management [4]. However, there is some cause for optimism. Evolving
technologies and increased understanding of drylands conservation methods can avoid, re-
duce, and reverse deserti cation, simultaneously contributing to climate change mitigation
and adaptation while providing long-term economic bene ts [4, 3]. Recent examples of
checkerboard barriers stabilizing sand dunes [11] and sand “soilization” via sodium car-
boxymethyl cellulose mixtures that modulate sand rheologies [12] showcase the variety of
methods that can cause drylands to thrive.

These stories of the desert and humanity's coexistence with it serve as context and

motivation for the rest of this thesis. Deserti cation poses an existential threat to large parts



of the planet's ecology, and without the proper understanding and perspective, we can not
develop the tools to combat it in the coming years. In the public cognizance, arguably the
most famous science- ction story written is intertwined with this concept: Frank Herbert's
famous 1965 science ction worRunewas inspired by his 1959 visit to Florence, Oregon,
where the USDA was planting European grasses to halt migrating sand dunes [13]. This
planted the seed of a science ction story where the desert planet Arrakis is caught between
the external factions that wish to exploit it and its inhabitants that work to transform it into
a thriving paradise. Herbert drew many ecological, political, and moral parallels between
his ctional universe and our own, much of which are still just as relevant today.

Given this motivation, let us examine the unit, the grain which constitutes our oceans
of sand. Let us investigate the world of granular frictional materials which form the basis
of our drylands. Every plant that grows in the desert is worth treasuring, but we must also

understand the basic unit of the barren desert: granular matter.

1.2 Granular Matter and its Properties

The natural world holds a vast array of environments of great complexity. Much of the
abiotic solid phase of matter on Earth is rock, all types of which can constitute sand when
broken to small sizes by natural processes [14], creating granular material. A granular ma-
terial is most often de ned as any collection of discrete rigid bodies between 100 microns
and 3 mm in size [15]. For smaller particles, other interactions such as van der Waals forces,
humidity, and air drag begin to play important roles, falling within the domain of powders
[16]. When a collection of grains form a natural terrain, they function as a frictional and
owable volume, with inter-grain interactions dominated by elastic contact and dry friction
(often Coulomb friction). While deserts are the most evocative and commonly associated
environment of owable terrain, many other environments contain owable materials like
leaf litter, snow, gravel, and silt. For scienti ¢ understanding of such environments, a quan-

titative understanding of their properties and interactions is necessary. To accomplish this,



descriptions of granular phenomena often involve solid, liquid, and gaseous-like behav-
iors, with support from physical arguments of elasticity, plasticity, statistical physics, uid

mechanics, and geomorphology [16].

Figure 1.3:Examples of Granular Media (GM) (A) Grains of “Ottawa Silica Sand” under a scanning
electron microscope. “Ottawa Sand” is a by-product of hydraulic mining of Ordovician orthoquartzites.
Image credit: NASA. (B) Seeds of the opium popfapaver somniferujn Image Credit: United States
Geological Survey. (C) Microscopic image of 300 micron glass beads. Image credit: Li et al. 2013 [17]. (D)
Roasted coffee bean€¢ffea arabicd. Image credit: Popo le Chien.

Quantitative understanding of Granular Media (GM) is dif cult due to many factors,
such as the large number of particles, lack of thermal uctuations creating equilibrium,
complex inter-grain interactions, multiphase phenomena [18], and energy dissipation [16].
Indeed, unlike the Navier-Stokes equations for uid mechanics, there are no fundamental
equations of state for granular systems. Describing GM is further complicated by the large

amount of its potential properties, such as cohesion, particle size(s), particle shape(s), com-



paction, and stress/strain history. As detailed later in this chapter, we may approach this
challenge to modeling GM behavior by applying various techniques.

Throughout this dissertation, we will be focusing on owable, frictional GM as our
primary substrate of physical interest. Natural granular materials such as sand, glass beads,
biological grains like poppy seeds (Figure 1.3) serve as a representative model for owable
terrains. These substances ful Il the simple requirements of elastic contact and Coulomb
friction being the primary mechanisms of interaction between particles [16]. In a GM
volume under external stress, this dissipative repulsive contact is inhomogenously carried
by force chains along only a small fraction of the total grains [19]. In studies of dry GM,
the lack of moisture between grains eliminates cohesion, meaning dry GM cannot support
any tensile loads.

GM at rest without external perturbation can primarily be considered a solid, as the
material can support external loads without owing [16]. In other words, a sand pile can
stand up against gravity without avalanching, since each sand grain's contact and frictional
forces hold its neighbors in place. This is again in contrast to simple Newtonian model of

viscous uids, which follow the well-known equation:

= g_;+ %J; (1)

wherey; is thej th spatial coordinatey; is the uid's velocity in the direction, j is thejth
component of the stress tensor perpendicular toiadad is the uid's shear viscosity.
This tensor equation is not applicable to GM, which we will see later may behave as a
frictional uid rather than a viscous one. However, GM will begin to ow if an applied
stress overcomes the material's critical yield stress, as detailed in Section 1.4.

Two more important properties generic to granular matter are the coef cient of resti-
tution and volume fraction. As a simple example, when grain A in GM collides with the

stationary grain B at some nonzero veloaifythey undergo an inelastic collision, as some



kinetic energy is always lost to various mechanisms (plastic deformation, viscoelasticity

loss, local heating, etc.) and grain A now has velocity after the collision:
Vo= ev (1.2)

where0 e < 1is the (normal) coef cient of restitution. For dry GM and low grain
speedse approaches close to 1 as dissipative effects vanish in this limit (e.g. for steel balls
e 0:9). However, ass increases, more energy goes into the plastic deformation of the

GM volume, and energy balance and experiments nd that:
e/ v ¥ (1.3)

showing that GM becomes more dissipative especially at high impact speeds [20]. We will
see in later chapters how this increased dissipation can also manifest as additional resistive
forces on an intruding body.

The volume fraction of a granular volume characterizes the density of a granular pack-
ing, de ned as the ratio of the volume occupied by the grains to the total volume occupied

by the packing:

- Vgrains (1.4)

Vtotal

which cannot exceed the value= 1. Stable packings of frictional GM exist in a nite
range of , with random loose packing of spheres corresponding to0:55, and random
close packing to 0:64. Applied stresses that induce ow, vibrations, and other dis-
turbances can causeto change as the grains rearrange into a new packing, which in turn
affects the effective yield stress (among other properties) of the granular volume [16].
Much of the later chapters of this dissertation deal with how rate-dependent effects

emerge in various locomotion and intrusion scenarios in GM. If we are to understand ef-



fective means of traversal in GM, we must understand both the mechanisms of both the
substrate and the locomoting body. After a discussion on various locomotion methods, we

will examine various approaches available to understanding complex granular terrains.

1.3 Locomotion in Frictional Substrates

A speci ¢ type of body interaction with granular materials is locomotion, whether legged,
wheeled, undulatory, or otherwise. Locomotion occurs when an object uses some kind
of motion to actively propel itself across/through a granular environment. Discovering
principles of locomotion for organisms in natural environments requires integrating sev-
eral approaches to generate and test hypotheses of interaction between a locomotor and its
surroundings [21]. For terrestrial locomotors, substrate properties and responses greatly
in uence locomotor performance and strategy [22]. Examples include the how a sand-
sh (Scincus scincysnodulates its undulatory wave as it swims under sand (Figure 1.4A)
[21], the hopping of a Lesser Egyptian jerbdadulus jaculusacross a sandy surface (Fig-
ure 1.4B) [23, 24], and even why running across sand feels easier than walking for humans
(Figure 1.4C) [25, 26].

For tracked and wheeled vehicles locomoting through granular substrates (Figure 1.4D-
F), the engineering eld of terramechanics was developed to model soil vs. track/wheel in-
teractions [28, 29, 30]. In terramechanics, quasi-static loading and theories of soil mechan-
ics are used to generate empirical models that can predict vehicular performance off-road.
Thisa priori knowledge of the terrain's characteristics and interaction with the locomoting
surfaces allows vehicles to maintain appropriate speed and traction through proper control
algorithms [31]. The eld of terramechanics has seen success in predicting vehicular per-
formance, especially for large, heavy vehicles moving at slow speeds [32]. However, it is
not fully established whether these models can be scaled and applied to modeling the loco-
motion scenarios of faster, smaller vehicles. At high speeds, the granular terrain's inertial

mechanics could affect locomotion through emergent rate-dependent effects [26, 17]. The



Figure 1.4:Natural and Arti cial Locomotion Methods in GM  (A) A sand sh (Scincus scincysesting

on glass beads, which can bury itself and use body undulation to propel itself through dry GM (Photo from
Ding et al. [27]). (B) A lesser Egyptian jerbodaculus jaculus Photo credit: Cliff (C) HumanHomo
sapien$ running down a dune in Great Sand Dunes National Park, Colorado. Photo credit: Daniel Schwen
(D) A tracked M-60A1 battle tank driving over a sand berm. Photo Credit: Staff Sgt. M.D. Masters. (E) Car
stuck in the midst of a sand dune en route to Sinai, ca. 1920. Photo credit: Matson Collection, Library of
Congress. (Fpcarecrowa copy of the National Aeronautics and Space Administration (NASéjosity

rover's locomotion systems, performs a test drive at the Dumont Dunes in California's Mojave Desert. Photo
Credit: NASA/JPL-Caltech

empirical methods and measurements used to predict performance of large, heavy vehicles
may not be applicable to small, lightweight ones, such as interplanetary rovers [33].

Our lab has done studies of snakes [34], legged robots [17], and sand-swimming lizards
[35] (see Figure 1.4A) in the past. For my dissertation, wheeled locomotion in GM stood
out as an interesting problem open to physics-based approaches, in the same vein as those
previous studies. We will show in Chapter 2 and Chapter 3 how both constitutive models

for GM can be applied to great effect, and how reduced-order models can be effective
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in understanding such complex locomotion scenarios under conditions that properly re-
homogenize GM. We will now introduce the some of the tools used to understand and

characterize GM behavior.

1.4 Models of Granular Media Interaction

Granular substrates' macroscopic properties like yield stress, local density, and coef cient
of friction are dependent on the microscopic shape, hardness, packing, and moisture con-
tent of the various grains comprising the substrate [36]. Different moisture and grain sizes
give rise to materials commonly known as sands, clays, soils, silts, and other terrain clas-
si cations. When a rigid body intrudes into terrain comprised of granular material, many
thousands of contact interactions occur among the grains themselves and the time-varying
intruding surfaces. To successfully predict the role that granular terrain plays in these kinds
of intrusions, it is necessary to simplify the behavior of the granular media into tractable
models for intrusion forces. This is needed since there are no fundamental physical equa-
tions that describe these interactions, unlike stresses and ows in uids, which are described
by the Navier-Stokes equations solving various constitutive uid models. Some possible
approaches to this problem include simulating the motion of individual grains (via Discrete
Element Method (DEM)), applying reduced-order empirical models (like Resistive Force
Theory (RFT)), applying continuum mechanics treating GM as a deformable body with a
yield stress to obtain analytical solutions of stress and strain, or applying these yield criteria

via various numerical methods (like Material Point Method (MPM)).

1.4.1 DiscreteElementModeling

Discrete numerical simulations where the motion of each grain is computed are powerful
tools with which to study GM [16]. Variables that are dif cult to access experimentally,
such as the forces between grains pairs and the contact distributions can be easily measured

in simulation. DEM also help calibrate other approaches and descriptions by averaging
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contact forces to compute stress and strain tensors [37]. However, these methods remain
computationally expensive, as one to one simulations of common real-world scenarios,
involving billions of grains of sand, have just begun to be feasible on large computing

clusters [38].

Figure 1.5:Discrete Element Methods for Simulating Intrusions in GM (A) A schematic representation

of two spherical particlegj contacting. DEM modeling approaches use various contact models to de ne
generated forces and torques to solve equations of motion for each particle. Sub gure adapted from Yan
et al. [39]. (B) Groups of particles are often assigned additional spatial constraints or properties to model
rigid intruding bodies in GM. Sub gure adapted from Xia et al. [40] (C) Oblique view of a large-scale DEM
simulation of plate drag in GM. Sub gure adapted from Kobayakawa et al. [38], based on a study by Gravish
et al. [41]. (D) A DEM simulation of grousered wheel locomotion in GM. Sub gure adapted from Suzuki et
al. [42].

DEM approaches are nevertheless well-established and useful for understanding GM
phenomena on the grain scale [43]. The most popular DEM approach, the soft-particle
method, computes the motion of each grain from Newton's laws and from the contact
forces between grains, where the grains are non-deformable but are allowed to slightly
interpenetrate. The grains mutually apply forces based on their degree of interpenetration,

often via Hertzian contact models for spheres [44]. In simulation these grains are often

softened from their real-world Young's moduli to lengthen typical collision times, allowing
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for longer simulation timesteps and computational feasibility. For such methods, the DEM
grain parameters tuned to match the experimental bulk response of the tested material [39].
Another approach is the contact-dynamics method, where particles cannot interpenetrate
and tangential forces are strictly set by the sliding and/or rolling coef cients of friction:
Fr = F n (Figure 1.5A). These must be solved implicitly to calculate the grains' equations
of motion, where simulations iterate to nd an appropriate contact force network for all
contacting grains, and only then updating the grain velocities [16].

For testing GM response to an intruding rigid body, particles may be constrained into
a collective shape (Figure 1.5B) and intruded into a loose GM substrate. Resistive forces
on the intruder can then be obtained by properly summing the contact forces on the rigid
collective from its loose GM neighbors. In addition to extracting force response, knowl-
edge of the GM state in simulation is for the corresponding experiment, as in the plate drag
simulations of Kobayakawa et al. [38] (Figure 1.5C). Granular DEM can also be effective
at capturing more complex intrusion scenarios like wheeled locomotion (Suzuki et al. [42]
Figure 1.5D), which will be relevant in Chapter 2. However, all DEM methods are neces-
sarily computationally expensive despite their power and ability to give physical insight.
For a rapid iterative and possible real-time onboard calculation for locomotors like robots,

a reduced-order model for GM force response will be useful.

1.4.2 GranularResistiveForceTheory

When a rigid body intrudes into terrain comprised of granular material, many thousands
of contact interactions occur among the grains themselves and the time-varying intruding
surfaces. To successfully predict the role that GM plays in these kinds of intrusions, it is
necessary to simplify the behavior of the GM into a tractable model for intrusion forces.
There is evidence that calculations of quasi-static interactions between deformable, hetero-
geneous granular materials and the bodies intruding or submerged in them can be made

tractable through an empirical theory called Resistive Force Theory (RFT). RFT was orig-
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