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Terramechanics plays an important role in the design and control of robots
moving on granular surfaces. Traction capabilities, slippage, and sinkage of a robot
are governed by the interaction of a robot’s appendage (such as wheel, track or leg)
with the operating terrain and how the terrain motion happens with respect to the
appendage during such an interaction. In this dissertation work, dynamics of robot
appendages interaction with granular media is explored through numerical and ex-
perimental studies. A two dimensional (2D) numerical model, constructed using the
Discrete Element Method (DEM), is adapted to simulate lugged wheel interaction
with granular media. Parametric studies on wheel performance are conducted for
two different control schemes, namely, a slip-based control scheme and an angular
velocity-based wheel control scheme. Furthermore, the soil flow pattern under the
wheel is studied by examining the force distribution and evolution of force networks
during the course of wheel travel.

An experimental setup is designed to study the particle motion and force net-



works inside the media during dynamic forcing. Two different designs of robot
appendages, a lugged and a single actuator pendulum are investigated. High speed
imaging of photo-elastic particles under polarized light is used to visualize the force
distributions inside the media. Qualitative behavior of force chains/networks evo-
lution during interaction with the lugged wheel and pendulum is presented. In
addition, quantitative measures of the interaction between appendage and granular
media, such as, the driving torque values, appendage velocity, and particle motion
are inferred from the experimental findings.

Based on this work, insights can be gained into the design influences of robot
appendages on performance and further understanding can be obtained on the be-
havior of granular media across different length scales. Furthermore, the numerical
and experimental techniques developed and outcomes of this dissertation can serve
as an important foundation for optimal design and control of different robot ap-

pendages interacting with deformable surfaces.
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Chapter 1: Introduction

In this chapter, the author covers the problem of interest for the present study,
providing background information on its relevance and the state of the art of the
numerical and experimental methods for granular mechanics. Here, the goal and

the general approach followed to achieve the specific objectives are introduced.

1.1 Problem of Interest

Granular materials are complex and not as well understood as solids, fluids, or
gases with several remaining open problems. The problems of interest for this work
are problems where robots are designed for travel on deformable and loose surfaces.
Most natural surfaces are comprised of granular materials, such as sand, soil, snow,
mud, gravel, debris and these surfaces can deform or flow during solid intrusions.
Compared to a rigid (or nearly rigid) ground, robots required to traverse deformable
surfaces can experience locomotion challenges such as sinking, slipping, and loss of
traction. The locomotion challenges have been mainly attributed to the granular
materials transitioning between various physical states ranging from fluid to solid
or even gaseous states [Daerr and Douady, 1999]. For example, a dense and/or

cohesion-less material can flow, thereby exhibiting a fluid-like behavior. On the



other hand, under certain conditions, the surfaces compact due to internal friction
and can act as a solid and support shear loads. This behavior is distinctive from
that of the individual behavior of Newtonian fluids or elastic materials, which can
be described by using existing constitutive equations of motion (for example, the use
of Navier Stokes equations to describe flow of incompressible fluids). However, to
describe the collective behavior of granular media, no universal equation exists and
so, there is still a lack of comprehensive physical understanding of granular media.

While traversing granular surfaces, the locomotion performance of robots is
critically dependant on the transmission of forces between the appendage (such as
wheel, track or leg) of the robot and the terrain. Understanding the behavior of
granular media and the interaction of this media with the robot/robot appendages
can lead to better design and control of robots. An aim of this dissertation work
is to advance such an understanding. As a part of the effort, a combination of nu-
merical and experimental studies are undertaken to investigate the physics of inter-
actions between deformable surfaces and solid intruders such as robot appendages.
Here, the focus is on locomotion performance of the chosen robot appendage on dry
granular media and developing an understanding of the parameters influencing the

performance of robot and the granular media.



Figure 1.1: Granular materials have a wide range of shapes, sizes and micro-
mechanical properties. Examples include a) Yellow sand on a beach b) Snow surface
¢) A close-up view of Apollo 11 commander Neil Armstrong’s boot and boot print in
the lunar soil, showing the makeup of regolith on the moon d) Rocks e¢) Marbles f)
Coffee Beans. Images Courtesy of a) b), d), e) and f) 123RF.com, and ¢) NASA.gov



1.2 Literature Review

Granular materials commonly occur in nature, as well as industrial applica-
tions (Figure 1.1). Owing to the significance of granular materials, a large number
of experimental and numerical studies have been devoted to understanding granular
media behavior. In the past few decades, granular materials have been studied in the
literature in the context of powder-based additive manufacturing [Haeri et al., 2017,
Fayazfar et al., 2018], pharmaceutical processes [Shah et al., 2008, Osorio et al.,
2014], asteroid dynamics DeMartini et al. [2019], earthquake engineering [Johnson
and Jia, 2005, Dorostkar et al., 2018] and terramechanics [Li et al., 2009, Juarez
et al., 2010, Li et al., 2013].

In particular, terramechanics has received considerable attention in the past
few years due to a wide range of applications of terrain robots. Known applications
of small-scale robots and terrain vehicles are in space exploration, search and rescue
operations, construction, mining, agriculture and so on (Figure 1.2). Researchers
have explored many locomotion mechanisms designed to traverse granular surfaces
including multi-legged robots, such as the RHex robot discussed by Saranli et al.
[2001], the Sandbot robot in the work of Li et al. [2009], or the Basiliskbot robot dis-
cussed by Bagheri et al. [2017], wheel-leg hybrids considered by Besseron et al. [2005]
and Heverly [2008], and side-winding robots, such as the snake robots explored by
Marvi et al. [2014]. Planetary rovers built with lugged wheels are used for explo-
ration on Martian surface and lunar surface, see Ding et al. [2011], Jiang et al. [2018],

Hopkins et al. [2008], Nakashima et al. [2007], Nakashima et al. [2010], and John-



son et al. [2015]. In the past, planetary rovers, namely Curiosity, Opportunity, and
Spirit rovers have been successfully launched on Mars and they have provided and
been providing valuable information about the Martian surface. Recently, NASA
has successfully launched Perseverance rover on Mars, the rover carries several in-
struments that can provide advanced imaging, chemical composition analysis and
mineralogy of the Martian surface. Moreover, several new missions for exploring
the planetary surfaces are still underway. Based on the type of application, the
robots are often required to carry heavy loads and/or travel for long distances on
complex and unfamiliar terrains. Developing an understanding of the performance
of a robot under different driving conditions before deployment has become essential
to keep the mission costs and risks at minimum. For further advancements in the
design and control of robots suitable for traversing deformable surfaces, research in
terramechanics is underway. Prior research in this field has been based on numerical

and experimental approaches.



()

Figure 1.2: Different types of terrain robots: a) Mars exploration rover Spirit be-
came stuck in a sand trap in 2009, b) Field trials on SherpaTT rover, an agile
walking/driving robot, ¢) artist’s illustration of Perseverance rover is successfully
launched on Mars in 2021, d) Sandflea robot designed for reconnaissance can jump
across the terrain, and e) beach cleaning robot. (Image credit: a) 'I&’ b) NASA.gov,
c) dfki.de, d) bostondynamics.com, and e) yellRobot.com)



1.2.1 Legged Locomotion: Numerical Methods

Within the research and engineering communities, a variety of numerical meth-

ods have been proposed to study the robot locomotion of granular media.

1.2.1.1 Empirical methods

Earlier terramechanics models developed for studying robot-terrain interac-
tions include Bekker’s classical terramechanics wheel model [Bekker, 1962, Smith
et al., 2014]. Bekker’s model, which is based on the pressure-sinkage relationship, is
used by many researchers to study locomotion of off-road vehicles. While Bekker’s
theory is effective in modelling conventional vehicles, small-scale robots such as,
planetary rovers present new challenges because of their traction loads, smaller size,
terrain deformation caused by the wheels, and various other factors. Li et al. [2013]
studied the dependence of forces applied by the granular media on the depth and
orientation of the robot legs, and showed that hydrostatic interactions play an im-
portant role in the soil reaction forces. In addition, Slonaker et al. [2017] derived
scaling relations for locomotion parameters (e.g., leg size) for robots moving on gran-
ular surfaces. Furthermore, Qian et al. [2015] studied leg penetration for various
appendage designs through experiments on fluidized granular beds and numerical
simulations with a resistive force based approach. However, the main disadvantage
of such empirical /semi-empirical models is the inability to accurately model different
types and configurations of granular materials.

Computational models that can describe the dynamics of granular material in



more detail have been developed following two main approaches:

e Continuum-based approach: This approach relies on the continuum and free-
flow nature of granular media and is used to develop a macroscopic view of
the granular media behavior. Continuum models are derived based on the
fundamental equations of physics including conservation of mass, momentum
and energy, and material constitutive equations. One of the relevant advan-
tages of the continuum based models is the ability to deal with multi-physics
problems. However, in a continuum approach, it is assumed that the gran-
ular material is continuously distributed over its volume and so the contacts

between individual particles are not modelled explicitly.

e Discrete approach: On the other hand, in the discrete approach, the granular
material is modelled at a grain scale wherein the particles of the granular
material are represented as a set of discrete rigid elements. The methods
based on the discrete approach that can be used to accurately capture different
physical states as well as the transitions between the states of the granular

matter.

1.2.1.2 Continuum-based approach

In one of the earlier applications of continuum based simulation methods, the
Finite Element method (FEM) was used to simulate the flow of the granular mate-
rial. FEM is based on mesh-based representation of granular media. As such only

the averaged behavior of the granular media can be determined which renders FEM



not suitable to capture the detailed geometry or grain level interactions. Moreover,
due to the mesh-based Lagrangian representation, when large deformations in the
granular media occur resulting in severe grid distortions, the method suffers from
numerical difficulties. While in some cases, FEM has been effective to simulate
granular flows and deal with multi-physics, for example, granular media with fluid
flow, there are many limitations and drawbacks [Crosta et al., 2009, Butterworth-
Heineman, 2005]. Some of the existing FEM models are limited to 2D scenarios and
not directly applicable to complex 3D systems. Furthermore, assumptions made
regarding the dynamics of the granular media flow such as incompressibility, com-
paction, domain size, and so on limit the application of existing FEM models to
different types of granular materials. To overcome some of these drawbacks, in
the last decade, different mesh-less methods have been developed. Among them,
the most commonly used approaches for modeling granular materials include the
multi-particle method (MPM) and Smoothed Particle Hydrodynamics (SPH).
SPH is a fully mesh-less numerical method, particularly suitable for modeling
free surface flows of fluids. Earlier models based on the SPH method has been
developed by Lucy [1977] and Gingold and Monaghan [1977] for applications in
Astronomy. In the use of SPH, the granular media is treated as an equivalent
fluid moving with the flow field governed by different constitutive equations. The
simulation volume of the fluid is divided into a discrete set of fuzzy particles. These
particles effect or interact with the neighbouring particles through a kernel function.
The main idea behind the SPH method is that the dynamics/properties of the

particles are determined based on the properties of the particles in the range of



the kernel function. Specifically, a set of particle evolution equations are used to
represent the fluid dynamics. The kernel function has a corresponding weighing
function and a smoothing length, and the physical field of the flow is determined by
using the weighing function, smoothing length and the volume of each fluid particle.
The governing equations of motion for in-compressible viscous flows include the
Navier-Stokes (N-S) equation, the continuity equation, and the advection equation

as shown below:

d 1
d%‘ = ——0p+ ~(6p.0)u+g (1.1)
dp
i —pou (1.2)
dr
ar _ 1.

Here, p is used for density, u for velocity, t for time, p for pressure, u for dynamic
viscosity and g for acceleration due to gravity, and r for position of the fluid element.

Based on the type of flow, different types of approximations are used to express
the governing equations in the SPH formalism. Kernel approximation is used to
express the field functions into the integral functions, which are then approximated
by using particles. Along with the conservation of mass, momentum, and energy
equations, a constitutive model is implemented to relate stress and strain. One
of the popular model is a Drucker-Prager constitutive model in which one follows
the p(I) rheology and relies upon a pressure-dependent yield criterion. Over the

years, various constitutive models for use with SPH have been developed including,

10



visco-plastic model, elasto-plastic model, improvements and simplifications to the
Drucker-Prager model and so on [Bui et al., 2008, Ulrich et al., 2013, Tkari and Gotoh,
2016]. Wang et al. [2019] developed the SPH model for simulating interactions of
wet granular media and presented studies on granular column collapse. Despite
many improvements, there are still a number of drawbacks and limitations with the
use of SPH method notably, treatment of boundary conditions, tensile instability,
inconsistency in interpolation approximations, zero-energy models, and assumption
of homogeneous and smooth particle distribution.

While SPH can be used in applications with larger deformations without suf-
fering numerical difficulties that are inherent to mesh-based methods, the cost of
computation is significantly greater compared to the grid-based counter part. This
brings a compelling argument for hybrid models with a background mesh. Material
Point Method (MPM) is one such method developed by Sulsky et al. [1994]. Unlike
SPH, wherein no direct connectivity between particles exist, in MPM the particles
are connected. In this approach, the motion of granular media is determined us-
ing a hybrid Lagrangian-Eulerian description. There have been some studies where
MPM has been successfully used to simulate granular column collapse, computer
graphics, impact problems, wave propagation, silo discharge, and manufacturing
problems [Dunatunga and Kamrin, 2015, Wieckowski and Kowalska-Kubsik, 1999,
Mast et al., 2014]. However, there are some drawbacks to the method, with one
notable disadvantage being due to the consideration of assigning a fixed mass for

each particle.
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1.2.1.3 Discrete Approach

In contrast to continuum based approaches wherein the granular matter is
represented as a continuum, in discrete approaches, the interaction between the
particles is resolved at a particle length scale. Discrete element method (DEM)
is one of the most established discrete approach. Cundall and Strack [1979] first
introduced the Discrete Element Method (DEM), a computational technique based
on particle-particle interactions for simulating granular media behavior. Ever since
then, DEM has been extensively used for granular media related studies and to study
robot-soil interactions, see Knuth et al. [2012], Johnson et al. [2017], Smith and Peng
[2013], Nakashima and T.Kobayashi [2014], Hopkins et al. [2008], Nakashima et al.
[2007], Nakashima et al. [2010], Johnson et al. [2015], Ding et al. [2009], Wong [2012],
and Zhou et al. [2014].

In the use of DEM, the granular material is comprised of discrete particles that
are allowed to displace independently from one another and interact only at contact
points. It is assumed the deformations of individual particles are small in compar-
ison with the deformation of the granular assembly as a whole. In other words,
the deformation of granular assembly is described as primarily due to movements
of individual granular as rigid bodies. As such, it can said that a good approxima-
tion of the mechanical behavior of granular assembly can still be possible in spite
of the lesser precision in modeling particle deformations. Taking advantage of this
argument, several simplifications are made when it comes to particle shapes, reso-

lution, interaction models to achieve accuracy and computational efficiency based
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on the type of application. Nakashima et al. [2007] employed a two-dimensional
(2D) DEM model to simulate the lugged wheel interactions with soft soil. In this
prior work, the numerical model with a reasonable precision was validated by com-
paring with experimental results. DEM results on parametric influence of lugged
wheel performance for a slip-based wheel control were presented. Knuth et al. [2012]
and Johnson et al. [2015] employed three-dimensional (3D) discrete element method
(DEM) for simulations of Mars exploration rover (MER) wheel using poly-ellipsoid
and polyhedral particles, respectively. In this dissertation work, a 2D DEM model
is used to simulate the interactions of granular media with different types of robot
appendages. The performance of the robot appendages is critically dependent on
the force transmission between the granular media and the robot appendage. As
such, it has been essential to investigate the granular media at a particle scale. As
detailed in Chapters 3 and 4, DEM and experimental methods have been employed
to study and compare the force distributions for different configurations of robot

appendages and the granular media performance.

1.2.2  Experimental Methods

In addition to numerical studies, experiments [Brzinski III et al., 2013, Birch
et al., 2014, Li et al., 2018, Guerrero et al., 2018, Liu et al., 2018] have been employed
in the previous studies to augment an understanding of the behavior of granular
materials. Experimental studies have utilized various types of granular materials

with different particle sizes [Umbanhowar et al., 1996, Losert et al., 2000, Jia et al.,
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1999], and material properties, including photoelasticity [Gallagher Jr et al., 1974,
Van Hecke, 2005]. Photoelastic property of translucent materials have been used to
understand the stress distribution in granular media, for example, Geng et al. [2003];
Wood and Le$niewska [2011]; and Lesniewska and Wood [2011]. In photoelastic
materials, local changes in refractive index due to deformation make it possible to
observe stress distribution and force chains inside the media in the form of bright and
dark fringes (Silva and Rajchenbach [2000]). Since the number of bright and dark
fringes increase with the applied force, Howell et al. [1999] developed an approach
for which one counts the number of fringes in order to extract the force networks
from images of photoelastic disks. In addition, Yoneyama et al. [2012] used an
FEM-photoelasticity hybrid to study stress separation. Furthermore, Lim and Ravi-
Chandar [2009] studied the evolution of stress distribution in dynamically loaded
specimens by analyzing temporal light intensity changes.

Studies with photoelastic media include those for wave propagation [Shukla
and Damania, 1987], stress fluctuations [Howell et al., 1999], and stress induced
anisotropy in granular materials [Majmudar and Behringer, 2005]. Experiments
with photoelastic granular media have been used in a variety of efforts, ranging
from geotechnical studies [Dijkstra and Broere, 2010, Daniels and Hayman, 2008] to
investigations on plant root growth in granular substrates [Wendell et al., 2012] and
contact stresses in a ball bearing [Mose et al., 2018]. Furthermore, in the literature
on the performance of planetary rovers, experimental studies can be found in which
single wheel test beds have been used, see Ding et al. [2011], Jiang et al. [2018],

and Sutoh et al. [2012]. Conditions similar to those expected to be encountered
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by planetary rovers have been developed and the rovers have been equipped with
various sensors for measuring wheel performance.

Although, experiments are needed to obtain accurate results, it is difficult to
emulate certain complex and unfamiliar terrains in an experimental setup. More-
over, it is easier to adjust system parameters in numerical simulations, and to sim-
ulate conditions such as, the effects of a planet’s gravity. In the current effort,
the author uses a combination of numerical and experimental studies to investigate
dynamics of a robot appendage (lugged wheel/leg) interaction with soft soil. Nu-
merical model employing DEM is used to evaluate wheel performance for different
wheel configurations. As a part of the current study, the author has presented soil
performance analysis and force chain visualization to demonstrate quasi-static and
dynamic behavior of the granular media. To evaluate the relationship between the
soil flow pattern and the wheel performance, the author has conducted DEM stud-
ies and experiments on force distribution and evolution of force chains during the

course of the wheel travel.

1.3  Objectives

The overall goal of this work is to investigate the physics of interaction be-
tween granular media and robot appendages. To realize this goal, as a part of this

dissertation work, the following specific objectives are pursued:

1. Study the locomotion performance of a robot with appendages like an actuated

leg, a lugged wheel among others, and examine how the parameters such as,
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size, control mode, load, speed, and design of an appendage influence the

performance of the robot

2. Investigate the micro-scale and meso-scale behavior of granular media under
dynamic loading using a visualization of inter-particle force distributions and
force networks constructed by using DEM simulations; compare evolution of
force chains within the granular media during interactions with different robot

appendages

3. Conduct experiments with use of a laboratory scale test-bed setup and high-
speed imaging to capture qualitative and quantitative behavior of force distri-
bution in the granular media during interaction with different types of robot

appendages

4. Experimentally complement the numerical findings on particle motion and
force chains and reveal a quantifiable relation between the force networks in

granular media and robot performance

1.4 Organization of Dissertation

The rest of the dissertation is organized as follows. Journal articles and con-
ference presentations have followed during the course of this dissertation work.

In Chapter 2, an overview of the DEM model used for this dissertation work
is presented. Computation algorithm along with performance details of the DEM

model are also discussed. In addition to this, the author present a comparison of
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DEM and experimental results to validate the DEM model.

In Chapter 3, the details of the DEM simulations undertaken along with the
wheel performance metrics is described. Subsequently, the results obtained with
angular velocity-based wheel control are presented and discussed. The effect of the
control mode (i.e., angular velocity-based control and slip-based control) is examined
and conclusions are presented [Ravula et al., 2021].

In Chapter 4, the details of the experimental procedure and image processing
techniques used to analyze the data obtained are discussed. Subsequently, a dis-
cussion of the results including particle displacements and force chains is presented
and concluding remarks are collected together and presented at the end. The ex-
perimental work is discussed along with the results obtained, and comparisons are
made with observations made in numerical simulations [Acar et al., 2021, Ravula
and Balachandran, 2021].

In Chapter 5, the dissertation contributions are highlighted and future direc-
tions are discussed. Appendices related to the simulations and experiments are also

included.
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Chapter 2: Discrete Element Method

In this dissertation work, a two-dimensional DEM model is used to simulate
granular media interactions. DEM, which is a computational technique based on
particle-particle interactions, was first introduced by Cundall and Strack [1979].
For many applications, DEM is known to be suitable for simulating dynamics of
an assembly of particles. Some of the material presented in this chapter has been
published by the author Ravula et al. [2021].

In this chapter, the author reports on the following:

e Different computational modeling aspects of the DEM including contact mod-

els, algorithm stability, integration schemes, and parallel processing.

e Validation of the model with experimental results from literature. For a spher-
ical projectile, simulation results from DEM on particle interactions are com-

pared with experimental results.

In the use of DEM, the granular media is represented as a finite number
of particles/discrete elements that are subject to Newton’s laws of motion. The
particles have a defined shape, size, and position. Furthermore, each of the particles
have a translational velocity and a rotational velocity and can move independently
relative to each other. The computational modelling framework, as shown in Figure
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Table 2.1: Nomenclature
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Normal Stiffness

Tangential Stiffness

Rolling Stiffness

Normal damping constant

Tangential damping constant

Rolling damping constant

Friction coefficient for particle-particle interaction
Rolling Friction coefficient

Overlap in normal direction

Overlap in tangential direction

Relative rolling rotational angle

Young’s modulus

Shear modulus

Poisson’s ratio

Coefficient of restitution

Angular velocity

Acceleration due to gravity

Time step

Radius of particle i’

Position vector of particle i’

Displacement of particle 'i” in X direction
Displacement of particle 'y’ in X direction

mass of particle i’

Force on particle i’ due to contact with particle ’j’
Rolling resistance moment on particle ’i’ due to particle ’j’
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Figure 2.1: Computational framework for DEM modeling of granular media.

2.1 of the DEM follows an iterative process to update the velocity and position of
each of the particles in time, which will be discussed in detail later in the chapter. To
start with, a system geometry including shape, positions, velocities of the particles,
and boundary conditions are specified. There have been research studies, wherein
the particles have been modelled with complex shapes such as circular, polygonal,
ellipsoid, poly-ellipsoid, or clustering of multiple particles [Latham et al., 2008].
Some of the methods of representations of particle geometry is shown in Figure 2.2.

For the studies herein after, the particle shape is considered as being circular
to reduce the complexity and cost of computations. The particle dynamics is gov-
erned by inter-particle forces arising from collision with neighbouring particles or

external bodies. The inter-particle forces exist only if there is contact between the
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Figure 2.2: Different methods of representation of particles for DEM modeling.

particles. The contact forces can be resolved into a normal force component and a
tangential force component. The contact forces are calculated based on the contact
model chosen for the granular media; this will be explained in detail later in the
chapter. Apart from the contact forces, the particles have external forces such as
a gravitational force. Two representative particles in contact are shown in Figure
2.3. The translation and rotation of the particle ¢ are governed by the following

equations of motion:

d2x7/ — N — N
m dt? - Z (Fle + th]xz) + Fx,eazt (21)
J
dzyi on ot o~
mi dt2 = Z (F;]yl + F;jyl) + Fy,ext (22)
J
dwl-
Limr =2 Mij + Tews (2.3)
J
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Figure 2.3: Schematic diagram of two circular particles in contact.

where m; is the mass of particle i, x;, y; are,respectively, the X and Y co-ordinates
of particle ¢, w; is the angular velocity of particle i, t is the time variable, F} .,; and
F, .21 are respectively, the external forces on particle 2 in X and Y directions, M;;
is the torque exerted by particle j on particle 4, and T,,; is the external torque on
particle 1.

At each computational time step, the particles in contact are determined. The

overlap between particles 7 and j can be determined based on the following equation:

5n:ri+rj_|ﬁi_ﬁj| (24)

The particles 7 and j are said to be in contact if the corresponding overlap o,
is greater than zero. Accordingly, for the particles in contact, inter-particle forces

can be determined based on the contact model.
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2.1 Contact Model

As mentioned before, the inter-particle forces arise from collision with neigh-
bouring particles or external bodies. If the collision between the particles is in-
stantaneous, the particles are modelled as hard particles, wherein the coefficient of
restitution is used to determine the particle dynamics. Here, a soft particle method
is used, in which the collision time is non-zero allowing for an overlap between the
particles. In soft particle DEM, the deformation of a particle is small compared
to the size of the particle. The surface of the particle undergoes deformation due
to these inter-particle contacts. Consideration of asymmetrical shape for particles
may result in more than one contact between particles that may be accurate for
some real-world granular particles. In this dissertation work, as earlier mentioned,
to reduce the complexity and computational cost, all the particles are considered
to have a circular shape. The particles are packed in a hexagonal close packing
(HCP) structure to resemble dense granular media. Dynamics of robot locomotion
on heterogeneous media; that is, different particle size distributions (PSD) and/or

different particle shapes will be the subject of future studies.

2.1.1 Linear Contact Model

Based on the type of granular media, different types of contacts such as, lin-
ear or non-linear elastic, visco-elastic or plastic contacts are possible. In a linear
elastic model, the normal contact force on the particles is directly proportional to

the overlap. In a visco-elastic model, viscous effects along with the elastic forces
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Figure 2.4: DEM contact model.

are included for the contact between the particles. In this work, a visco-elastic
model with a linear force-displacement relationship is considered for the granular
media. For the visco-elastic model, the contact is represented by fictitious springs
and dampers between the particles. In Figure 2.4, the author has shown the con-
tact model used for determining contact forces. The particles i and j are connected
by a spring, damper in a normal direction and; a spring, a damper, and a slider
in the tangential direction. In the Cartesian coordinate system, for particle 7 with
co-ordinates x; and y;, the force Fj; due to contact with particle j is determined
by using equations (2.1)-(2.3). The contact force Fj; is non-zero only if there is a
non-zero overlap d,, between the corresponding particles. The force Fj; on particle 4
due to contact with the particle j is resolved into normal and tangential components
with respect to the plane of contact. The normal force component consists of the
elastic and viscous forces. The tangential component includes an additional force

due to friction modeled based on Coulomb’s law.
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For 9,

Fy=Fy+F 2

Here, F}; is the contact force on particle ¢ due to contact with particle j, and Fj,
Ffj are the normal and tangential components of the force Fj;, respectively. The

overlap in tangential direction ¢; can be calculated as follows:
t
5(t) = / Wt d = ol At (2.8)
to

The DEM parameters K,,, Cy,, K;, Cy, and p used for determining the forces F7}, Ffj
are dependent on material properties of both the particles ¢ and j. Moreover, the

stiffness coefficients K,, and K; can be related to the damping coefficients C,, and

C; respectively as follows:

Cn == 2§umeffKn; (29)

m;my;
off = ———— 2.10
Meft m; +m; ( )
l
f— ¢ (2.11)

Vine + w2

Here, the coefficient of restitution e, the average mass of both the particles ¢ and j

mess, the damping factor £ are used to relate the DEM parameters K,, and C,,.
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For realistic particles with non-circular shape, the line of action of the normal
contact force may not pass through the center of mass of the particles. As such, the
normal force would generate a rotational moment on the particles. To account for
these shape effects, rolling resistance is incorporated into the contact model. Many
researchers have addressed the importance of introducing rolling resistance into the
contact model, see Belheine et al. [2009], Iwashita and Oda [1998], and Li et al.
[2005]. The elastic rolling moment is proportional to the relative rolling angular dis-
placement. Including the damping effect, the visco-elastic rolling resistance moment
can be defined as:

MY = —(K,09, + C\.05,) (2.12)

Here, K, is the rolling stiffness, dy, is the relative rotational angle, and C, is the
rolling viscous damping coefficient. Applying Coulomb’s law of friction, the maxi-

mum rolling resistance moment can be determined by:

M} < prRegsl FJj)) (2.13)

Here, p, is the static rolling friction coefficient and R.ss is the average radius of
particle. Apart from the moment, rolling resistance can also be incorporated in the

tangential force components [Li et al., 2005].

2.1.2 Hertz Mindlin Contact Model

In a Hertz contact model, force and displacement are related non-linearly

through the stiffness coefficient. The stiffness coefficient is a function of geometry
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of the particles and the properties of contact components. For an elastic Hertzian

contact, the equations for the normal and tangential forces are determined as shown

next:
For 6, >0,
4
F = =022 = =g\ RegsBegs(52)° /2 (2.14)
FtSh _ _(Kth(;t); (2.15)
L (2.16)
nTdg, IV T '
K} = 8Get s/ Retf0n (2.17)
R,R;
R.tp = ') 2.18
77 R, + R, (215)
1 1— V,L'Q 1-— l/j2
_ (2.19)
Eecys E; E;

Here, F" and F?" are the normal and tangential spring forces for the Hertz contact
model, respectively. Average quantities of both the particles 7 and j such as, the
Young’s modulus E.sy, shear modulus Gy, radius R.f¢, and the Poisson’s ratio v

are used to determine the DEM parameters K" and K.

2.2 Integration schemes

Based on the contact model chosen for the granular material, the inter-particle/contact

forces are calculated and summed up for each of the particles. Along with the con-
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tact forces, external forces such as gravity are also added to determine the total
force on each of the particles of the granular assembly. At each time step of the
simulation, velocities and positions are determined and updated for each particle
by numerically integrating the equations of motion. Based on the computational
cost and algorithm stability and truncation errors acceptable for the model, various
integration schemes are possible. In general, integration schemes can be divided into
the one-step method, multi-step method, and predictor-corrector methods. One of
the simplest one-step method is the Fuler scheme which is an explicit method used
for numerically integrating ordinary differential equations. At each time step, to
determine velocities and positions from accelerations, the Forward Euler method
follows the equations:

it—l—At - jft + IZAt (220)

TNt = Tt + l’zAt <221)

First, the equations of motion (2.1-2.3) are used to calculate the translational and
rotational accelerations of particles. At time step ¢, velocity of the particles is
determined from the acceleration by using the equation (2.20). Next, displacements
and rotations of particles for the next time step are determined from the velocity
by using the equation (2.21). Similar to the displacement and velocity calculations
in the X direction as shown here, the displacement and velocity in the Y direction
and; angular velocity and orientation for the time step can be calculated. The new
position and orientation of particles are then established based on the calculated

displacements and rotations. In the next time step, the particles in contact are
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calculated, contact forces are calculated and the calculations for new positions and
orientations are repeated.

Another popular one-step algorithm used for integrating equations of motion
in DEM is a central difference or Verlet algorithm. In contrast to the Euler scheme,
with the Verlet algorithm, the velocities and positions of the particles are calculated

for time steps that are t/2 apart. The Verlet algorithm can be written as:
Teparj2 = Te_ae/2 + AL (2.22)

T At — T + it’t+At/2At (223)

In multi-step algorithms, the results from previous time steps are stored and used to
calculate values of future velocities and positions. In this work, Gear’s fourth order
Predictor-corrector method, which is based on a multi-step process is explored for
DEM. Typically, the predictor-corrector method proceeds in two steps, a prediction
step in which a rough approximation of the target value is calculated and in the
corrector step, the predicted value is refined by using another method. Typically,

the two steps of the predictor-corrector algorithm can be expressed in the form:
ﬁlf,;,_l =2 + f[['t, tAt (224)

1
Tir1 = T + 51}, tAt + fﬂ?m tAt (225)

Specifically, the predictions for the Gear’s fourth order predictor-corrector algorithm
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follows the following equations:

Teparj2 = Te_ae/2 + AL

1 1
— & At =

x?+At:xt+;i:tAt+2 5

1
CIAP + ﬁCEA#
: . - 1 1 2 1 2 A 43
ZL'pt_;,_At =T+ I'tAt + 5015 At + 6Ct At
" - 1 1 2 A 42
Z’pt+At =T+ Ct At + 5075 At

2p _ 2
Ciiar = G

(2.26)

(2.27)

(2.28)

(2.29)

(2.30)

(2.31)

Here, C* can be calculated as the time derivative of acceleration i; and C? can be

calculated as the time derivative of C'. The predicted results calculated by using

the above equations are used to further calculate the final positions, and velocities

at the next time step by using the following equations:

19 . ..
TipAr = Tiias + 210 (2Prsnr — Eren) AL

) . 3 . .
Tipar = TPipne + §($pt+At — Zppar) At

Friar = TPipar + (XPrpar — Triat)

3 (#Ppar — Fesnc)
1 1 t+AL t+At
Ct+At = Ot—fAt + 5 t

(2Piynt — Trant)

2 o 2p
Ciinr = Ciiar + 2
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The use of higher order integration schemes results in an increase of the com-
putational costs of the simulation but can improve the accuracy of calculations. For
each of the integration methods, the integration time step plays a critical role in
determining the numerical stability of the algorithm, global errors, and truncation
errors. While, small time steps improve the accuracy of the simulations, it also
renders the simulations computationally expensive. So, there is always a trade off
between the cost and accuracy of calculations and the integration schemes are cho-
sen based on the type of applications. In DEM applications, there is an additional
constraint to follow when choosing the time step of integration. The integration
time step depends critically on the duration of contact between the particles. which

in turn is affected by particle mass, stiffness, and damping constants.

At = min(y/m;/ky) (2.37)

In this dissertation work, the radius of the granular material considered for DEM
studies are of the order of 1073 to 10, which warrants the use of very small sizes of
time steps for the integration scheme. As such, for the chosen time steps for DEM
simulations, no significant difference was observed in the accuracy with the use of

either a one-step or a Predictor-Corrector integration scheme. par

2.3  Computational Cost

In addition to the size time step, integration scheme, the number of parti-

cles also effect the computational cost of the DEM simulations. Contact detection
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Figure 2.5: Each of the particles is assigned to a bin with unique bin numbers. To
detect contacts for particle 7, only the neighboring 8 bins are searched for contacts,
here, N, is total number of columns in the computational grid.

between the particles and numerical integration are some of the computationally ex-
pensive processes in DEM. To search for contacts between particles, a basic approach
is to search the entire domain of particles for contacts, which results in complexity
of O(N?). A linear sorting algorithm with a computational complexity of O(N)
is employed to detect the contacts between the particles. In this algorithm, the
simulation area/test bed is uniformly discretized into rectilinear bins/boxes. Each
box has a length approximately equal to the diameter of the particles and each of
the particles has a unique box number. The box number for each of the particles
is determined based on their position in the grid. As shown in Figure 2.5, each
box is surrounded by 8 boxes and only the neighboring cells need to be searched
for detecting contact for the particle in the box j. The improvement in the com-
putational speed with the use of a linear sorting algorithm as opposed to searching
entire domain of particles for contact is shown in Figure 2.6.

The algorithm can also be extended to the three dimensional DEM model
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Figure 2.6: Performance of an exhaustive search and neighbor search algorithm used
for contact detection and resolution are plotted.

wherein only neighboring 12 cells need to be searched for contacts thus improving
the complexity. Taking advantage of the availability of large number of GPUs and
multi-core CPUs, computational efficiency of the DEM simulations can be further
improved. In the DEM framework, the task of determining contacts as well as
forces for all the particles can be distributed among multiple processors to further
improve the computational efficiency. A parallel computing framework that enables
the author to run the simulations on high performance computing (HPC) clusters is
employed. In Figure 2.7, architecture for the parallel processing is shown. As shown,
the tasks for all the particles can be distributed among the workers. The workers
can be different cores in a CPU or different CPUs in the cluster. Similar to the
CPU parallel processing, the framework can be implemented on GPUs as well. Due
to the availability of the larger number of GPU nodes compared to CPU cores, the

efficiency with GPU implementation is higher than that with CPU implementation.
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Figure 2.7: Parallel Processing framework used for DEM. Each worker is used to
compute the tasks for a fraction of the total number of particles.

In Figure 2.8, the performance improvement with the number of workers used is

shown.

2.4  Validation

2.4.1 Spherical Projectile

The DEM model used herein for this dissertation work follows the scientific
principles where ever applicable. Further, the DEM model has also been validated
by comparisons with experimental results as shown in this section. To validate the

granular media interactions modelled by using DEM, the author shows the compar-
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Figure 2.8: Performance of the parallel processing framework versus the number of
workers used to implement the framework.

ison with experimental results reported by Tanaka et al. [2002]. The experiment is
conducted with 329 nylon spheres in closely packed rectangular arrangement and a
steel projectile. The top surface of the granular matter is impacted with the spher-
ical steel projectile by using a small pneumatic gun. The motion of particles and
the projectile is recorded with a high-speed video camera.

The DEM model employed for the studies presented in this paper is used to
model the interaction between the granular matter and the spherical projectile. Sim-
ilar initial conditions are provided for the simulations to make a direct comparison
with the experimental results. The particles are allowed to reach an equilibrium and

then impacted with the projectile with the same velocity as that of the experiments.
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Comparison of motions of the particles and the projectile captured at regular in-
tervals of 10ms from DEM simulations and the corresponding experimental results
are shown in Figure 2.9. It can be seen that the motion of the projectile and the

particles is captured well by using the DEM simulations.

36



I;‘IJll.a.:.l "I‘I"lS-
i i Oms

10ms

ﬂ\w
- FoLLD
T W T A
oo

b

r o - FME'E -y
B

i &5 4 et
T

oy IERTE

bl

Figure 2.9: Comparison of experimental results (left side) and DEM results (right
side) for motion of particle due to an impact with the projectile captured at 0 ms,
10 ms, 20 ms, and 30 ms.
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Chapter 3: Dynamic interactions of lugged wheel with granular me-

dia

In this chapter, investigations on the influence of configuration and control
mode used for the wheel on the locomotion performance of the wheel is presented
based on the work, which is reported in the reference Ravula et al. [2021]. Wheel
performance has been evaluated for different wheel configurations and the results
obtained include sinkage, gross traction, tractive efficiency, and power consumption
for angular velocity-based wheel control. Then, a wheel-performance comparison is
carried out between the case of angular velocity-based wheel control and the case of
slip-based wheel control. As a part of the current study, the author has presented
soil performance analysis and force chain visualization to demonstrate quasi-static
and dynamic behavior of the granular media. During wheel-soil interactions, energy
transferred from the wheel propagates inside the soil through force networks and
eventually gets dissipated. Since the soil cannot support a stress higher than its
maximum shear stress, the soil starts to flow under a wheel loading leading to such a
stress state. Further, if the wheel operates at a traction higher than this maximum
shear stress, the wheel also starts to sink. To evaluate the relationship between

the force distributions inside the soil and the wheel performance, the author has
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conducted DEM studies on force distribution and evolution of force chains during
the course of the wheel travel. The objective is to locate the regions inside the
granular media with high concentrations of force chains that can lead to soil failure.
This work provides a glimpse into the performance of the robot appendage and the
soil.

The rest of the chapter is organized as follows. In Section 3.1, the author
describes the DEM modeling details for the test bed and the lugged wheel and in
the next Section 3.2, metrics that are used to evaluate the performance of the lugged
wheel are presented. Subsequently, in Section 3.3, the results obtained with angular
velocity based wheel control are presented and discussed. The effect of the control
mode (i.e., angular velocity-based control and slip-based control) is examined in

Section 3.4. Finally, conclusions are drawn together and presented in Section 3.5.
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Table 3.1: Nomenclature describing the quantities for lugged wheel and granular
media

r Radius of soil particle

Lp Friction coefficient for particle-particle interaction
i Friction coeflicient for particle-wall interaction

o Friction coefficient for particle-wheel interaction

R Nominal wheel radius

Ly Length of lug

Ly, Width of lug

L, Number of lugs

M,  Mass of wheel

I, Inertia of granular media particle

L, Inertia of wheel

W Fraction of the robot weight carried by wheel

T, Traction control on wheel

T, Traction load on wheel

Db Drawbar pull

Tinput  Driving torque of wheel

w Angular velocity of wheel

Fr, Reaction force on wheel exerted by soil in x-direction
Fr, Reaction force on wheel exerted by soil y-direction

TR Reaction torque on wheel exerted by soil
S Slip ratio

Tr,  Gross traction of wheel

n Traction efficiency of wheel
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3.1 Lugged Wheel Interactions with Granular Media

Here, as aforementioned, the author has investigated dynamics of a lugged
wheel’s interaction with soft soil by using numerical studies. Sinkage, slip, traction,
and power consumption of the wheel are studied as wheel performance metrics. The
wheel performance is influenced by many factors such as terrain properties, wheel
configuration, and wheel control mode among others. An optimal combination of the
parameters that helps maximize the traction and minimize the power consumption,
sinkage, and slip ratio is desired. To study this, numerical simulations are conducted
for two different control modes namely, an angular velocity-based wheel mode and
a slip-based wheel control mode. A two-dimensional (2D) DEM model similar to
the one employed by Nakashima et al. [2007] is used to simulate the lugged wheel
interactions with soft soil is used here.

The lugged wheel is also modelled with DEM elements wherein, the lugs are
represented by overlapping circular DEM elements to better approximate the planar
surface. The forces and torque on the wheel include the reaction forces and torques
that arise due to contact with the granular media. The external forces on the wheel
include the gravitational force and the traction load. The wheel is considered as a
rigid body and each of the DEM elements of the wheel move with the same velocity.
Reaction forces on the wheel are found as a summation of contact forces on each of
the wheel particles determined independently.

The equations of motion of the wheel are as follows:
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Figure 3.1: Lugged wheel.

d*X,,
MMF :ZFR@—TC (31)
d*Y,,
MwW - ZFR’y - W (32)
dw
Iw% = Z TR + Tinput (33)

Here X, and Y,, are, respectively, the X and Y coordinates of the center of the
wheel; w is the angular speed of wheel; Fr, and Fg, are respectively, the reaction
forces from particles of the soil in X direction and Y direction; 7y, is the driving
torque; T, is the traction control on the wheel including the traction load T} which
is due to the payload carried by the robot; and W is the fractional load on the wheel
due to the weight of the robot.

For the DEM simulations with the lugged wheel, a test bed consisting of
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Table 3.2: DEM Parameters

r(m) 0.002
K,(N/m) 10000
Kiy(N/m) 500
Cn(Ns/m) 8.97
Ciy(Ns/m) 2.01
i 0.75

by How 0.5
Timestep  10~*

Table 3.3: Wheel Parameters

R(m) 0.1
Ly(mm)  wvaried(10 forwheel)
L,(mm) wvaried(5forwheel')

L, 18
W(N) 196
My(kg) 0.5

homogeneous particles surrounded by rigid walls is considered. The boundary walls
are treated as a collection of circular particles and the interaction between granular
media particles and the wall particles is modelled with DEM. In Table 2, the author
has listed the DEM parameters of the soil, wheel, and walls. Stiffness, damping, and
radius values are kept the same for wall particles, wheel particles, and the granular
media particles. As discussed before, the parameters of DEM used for simulating
lugged wheel locomotion are similar to the one employed by Nakashima et al. [2007].
The wheel parameters are listed in Table 3. In the simulations, the wheel is first
allowed to sink and settle in the granular media, and later, the initial conditions are
applied. The initial conditions include the angular speed or the slip ratio based on
the type of wheel control mode selected. The wheel gains traction and moves on the

granular media.
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3.2 Wheel performance metrics

The locomotion performance of the wheel on the soil is assessed in terms of
slip, sinkage, gross traction Ty , driving torque 7, required by the wheel, power
consumption, and traction efficiency 7. The relationship between the wheel perfor-
mance and the wheel parameters as well as the dynamic changes in the performance
as the wheel travels on the terrain is explored hereafter. It is to be noted that in
the plots for gross traction and slip shown in the following sections, the time series
data have been filtered to remove noise while preserving important patterns but
not necessarily the scale at all time steps. However, the filter parameters are kept
constant for processing the data generated for all wheel configurations and control
modes to provide an accurate comparative analysis. The performance metrics used

in this study are defined by using equations (3.4)-(3.8).

(1—4) for V, < Rw;

5= (3.4)
(RwV;V””) for V, > Rw
Try = ZFIJ{I (3.5)
Db=Y" Fg, (3.6)
Power = Z TRW (3.7)
t
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3.3 Angular velocity-based control

The input 7,p, for the system is controlled according to the type of wheel
control mode selected. For angular velocity-based control, the angular velocity of the
wheel is specified and maintained constant throughout the simulation. To achieve
a desired angular velocity, the driving torque 7, is provided proportional to the
difference in desired angular velocity and actual angular velocity. As discussed
above, based on the dynamics of the wheel, the traction gained by the wheel is
calculated from the reaction forces generated due to interaction with the granular
media. For this control mode, the horizontal travel velocity of the wheel changes as
the wheel travels and so does the slip ratio. Results for some representative initial
conditions are presented later in this paper. It can be established that the same

qualitative behavior holds for other initial conditions.

3.3.1 Force distribution in the granular media

In the granular media, the forces and stresses generated in the particles due
to interaction with the wheel are transmitted between the particles through inter-
particle contacts, see Peters et al. [2005], Zhang et al. [2017], and Sun et al. [2010].
Complex interactions between the particles of the granular media under the com-

pression load and traction of the wheel results in formation of force chains and force
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networks. In Figure 3.2, the force distribution in the granular media during the
wheel locomotion is shown. Figure 3.2 is a representative figure, which the author
has used to show the entire test bed and the mechanism of visualization of the force
chains used for all the subsequent figures showing force distributions. Particles with
the same color experience approximately the same magnitudes of total forces. The
forces are normalized with respect to a maximum force in the granular media in
each frame to better visualize the force networks. As discussed before, the wheel is
allowed to sink under gravity initially and then rotated at a constant angular veloc-
ity. The force distribution in the granular media during the initial phase of sinking
is shown in Figure 3.2. In Figure 3.3, the author shows the force distribution in the
granular media at different time steps as the wheel travels on the granular media.
In each of the frames of Figure 3.3, it is observed that the forces chains emerge
from the particles interacting with the lugs and extend along the directions parallel
to the respective lugs. As the lugs rotate along with the wheel, the contacts are
formed between the lugs and the new particles. So, it appears as if the force chains
are rotating along with the lug. Furthermore, it can be seen from Figures 3.2 and
3.3 that the strong networks of forces are found right below the wheel. Specifically,
a concentration of high magnitude forces are found in particles located between the
lugs that are inside the granular media. Among the particles that show stronger
forces, some particles become part of the force chains. This can be observed in
Figures 3.4 and 3.5, wherein the directions of total forces and contact forces acting on
the particles are shown respectively. The author plotted directions of the resultant

contact forces and total forces in the particles at different time steps as the wheel
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travels on the granular media. Directions associated with force values that are
greater than 0.0003N have been plotted. It is observed that the concentrations of
forces are larger in the frames showing contact forces compared to the ones showing
total forces. This is because the contact forces are balanced by gravitational forces
for some of the particles. Network transmission of forces within the granular media
can be observed through contact forces in the particles. The total force gives an
insight into the path of transmission of kinetic energy within the granular media.
The wheel performance metrics such as sinkage, traction, and slip are depen-
dant on the force transmission between the soil particles and the wheel. Through
these studies, the author brings to attention to how the author bring to attention
how the corresponding reaction forces are generated on the particles due to inter-
action with the wheel travel and dissipate/disperse within the granular media. The
number of force chains generated, dispersion, and length of the the force chains
depend on the magnitude of the reaction forces generated and dissipation in the
particles. In a closely packed medium such as the one used for the current simu-
lations, the force chains generated at the lugs travel inside the granular media and
towards the boundary walls in some instances. An example of such behavior can
be found in the previous studies, wherein the impact force from the spherical pro-
jectile transmit inside the granular media all the way to the boundary walls and
reflect therefrom [Zhang et al., 2017, Stoffel, 1998]. It can also be seen that during
projectile-medium interactions, a cone volume is developed within the impacted
medium in relation to the load diffusion properties. In these previous studies, the

granular media is subjected to a singular impact whereas, with the locomotion of
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Figure 3.2: Force distribution inside the granular media captured during initial
phase of sinking for a wheel with L, = 10mm, L, = 5mm, w = 0.15 rad/s, and
angular velocity-based control.

lugged wheel, the granular media is subjected to a constant static load due to the
weight of the wheel as well as the dynamic forcing due to locomotion of the wheel.
As a result, the force chains observed show effects of dynamic forcing from wheel
locomotion in addition to the cone volume with an approximate angle of 45 degrees
that travels along with the wheel.

Due to the small test bed size, one can see reflections of forces from each of
the walls surrounding the granular media. Although, the force distribution at the
boundary correspond to those with smaller force magnitudes in comparison to the
ones directly under the wheel, the results prompt further studies on the effects of

boundaries on wheel performance.

3.3.2 Lug length

By using angular velocity-based control, DEM simulations were performed
for a range of lug lengths with a fixed lug width of 8.5 mm and constant angular

velocity of 2 rad/s. Plots for wheel performance parameters for different lug lengths
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Figure 3.3: In each frame, force chains inside the granular media are shown. These
frames are captured at regular intervals of 0.5 seconds, starting from left to right in
each row, for a wheel with L, = 10mm, L,, = bmm, w = 0.15 rad/s, and angular
velocity-based control.
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are shown in Figure 3.6. The results indicate that the average sinkage, gross traction,
and traction efficiency increase monotonically with an increase in lug length for the
angular velocity-based control of the wheel. However, no monotonic behavior can
be observed from this data for the power consumption of the wheel with respect to
the lug length. Furthermore, a linear relationship can be established between the
performance metrics and the lug length.

A visualization of the force distributions generated within the granular media
during interaction with the lugged wheel is presented. Wheel performance parame-
ters and particle distributions and maximum forces in the soil over time are shown
for two different lug lengths of 8.5 mm and 17 mm in Figure 3.7 and for different lug
lengths of 5 mm and 13 mm in Figure 3.8. The results indicate that the granular
media has a higher magnitude of forces as well as higher force concentrations due
to interactions with lugs of larger lengths. Theoretically, if the stress/force concen-
trations inside the soil are higher the soil starts to flow causing the wheel to sink
further. The DEM results also support this behavior, which can be observed from
sinkage and particle distribution plots for the different lug lengths shown in Figure
3.7 and Figure 3.8. For the wheel with larger lug length, the number of particles
with higher force are consistently larger compared to the wheel with smaller lug
length and so is the sinkage. In Figures 3.9 and 3.10, the force distributions in the
granular media are shown at different time steps as the wheel travels on the granu-
lar media for two different lug sizes. For the granular media interacting with larger
lugs (see Figure 3.9), the force network is relatively denser and contains longer force
chains, while the force network is concentrated mostly in the forward path of the
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Figure 3.6: Wheel performance for different lug lengths.




wheel for the granular media interacting with smaller lugs (see Figure 3.10).

3.3.3 Lug width

With angular velocity-based control, DEM simulations were carried out for a
range of lug widths and fixed angular velocity of 2 rad/s and lug length 10 mm.
The average sinkage, average gross traction of the wheel, traction efficiency, and
power consumption determined for each of the lug widths are plotted in Figure
3.11. The DEM results indicate that there is no monotonic behavior between the
wheel performance and the lug width. The time histories for sinkage, gross traction,
force distribution of particles, and maximum forces in the granular media for two
different lug widths are presented in Figures 3.12 and 3.13 and compared. It can be
observed that for a fixed lug length of 10 mm, the sinkage is higher for the smaller
lug width of 5 mm when compared to the lug width of 10 mm. However, for a fixed
lug length of 15 mm, the sinkage is less for the smaller lug width of 8.5 mm when
compared to the lug width of 13.2 mm. The soil performance can be discerned from
the evolution of particle distributions and maximum forces in the soil over time for
the different lug widths shown in Figures 3.12 and 3.13. Wheels with a larger width

generate higher forces as well as larger force concentrations in the soil.

3.3.4 Traction Load

DEM simulations were carried out for a range of traction loads 7; on the wheel?

under angular velocity-based control. For these simulations, the angular speed was
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Figure 3.9: In each frame, force chains inside the granular media are shown. These
frames are captured at regular intervals of 0.1 seconds, starting from left to right in
each row, for a wheel with lug length = 15 mm, width = 8.5 mm, rotation speed =
2.00 rad/s, and angular velocity-based control.
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Figure 3.10: In each frame, force chains inside the granular media are shown. These
frames are captured at regular intervals of 0.1 seconds, starting from left to right in
each row, for a wheel with lug length = 5 mm, width = 8.5 mm, rotation speed =
2.00 rad/s, and angular velocity-based control.
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Figure 3.11: Wheel performance for different lug widths.

fixed at 2 rad/s. The average sinkage and average gross traction of the wheel are
plotted in Figure 3.14. The results indicate that the gross traction increases with the
traction load on the wheel whereas the sinkage decreases with the traction load, as
can be seen from Figure 3.14. Furthermore, a linear relationship can be established
between the traction load and the gross traction for the angular velocity-based wheel
control. In Figure 3.14 ¢), the time series plots for the sinkage of the wheel are shown
for traction loads of 2.5 N, 4.9 N, 9.8 N, and 12.25 N. In Figure 3.15, the time series
plots for wheel slip and gross-traction are shown for traction loads of 2.5 N, 4.9 N,
9.8 N, and 12.25 N. The sinkage for the wheels for the different traction loads all
have the same initial value and the difference in the sinkage from one case to another

increases over time.
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Figure 3.12: Time series plots: a) sinkage b) gross traction c) force distribution
of particles and d) maximum forces in the granular media are compared for two
different lug widths of 5 mm and 10 mm.
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3.4 Effect of Control Mode

For DEM simulations with slip-based control mode, the wheel operates at a
desired slip ratio, which is maintained constant by controlling the wheel angular
speed w and the wheel longitudinal speed V,.. The reaction forces on the wheel due
to interaction with the granular media vary with time. As discussed before, with
angular velocity based control, a constant traction load is input to the wheel, as such,
the slip ratio changes with time. With slip based control, the horizontal load on the
wheel is varied to achieve a constant slip ratio. To make a comparison between the
results obtained with the two control modes, simulations are carried out with same
values of initial angular speed and wheel parameters. For slip control, the results
are evaluated for low-slip ratios ranging between 0.1 and 0.4. For the same values
of initial angular speed, the performance parameters obtained from simulations are
compared for the two different control modes.

In this section, DEM results with slip-based control and angular velocity-
based control are presented for different lug sizes. With slip-based control, the
DEM simulations were carried out for a range of slip ratios 7} for wheel!. In Figure
3.16, travelling characteristics of the wheel are plotted for two different slip ratios
of 0.15 and 0.3. The results indicate that the wheel has higher gross traction and
net traction when operated at a higher slip ratio. In Figure 3.17, a comparison is
provided between the wheel performance obtained for the lug lengths 10 mm and 15
mm at different slip ratios. The DEM results indicate that there is a large difference

between performance for lower slip ratios and the values converge as the slip ratio
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increases.

3.5 Concluding remarks

The locomotion performance of a lugged wheel is largely dependent on the
dynamic interactions of the lug with the soil and how the soil lows under the wheel.
Here, the wheel performance has been evaluated for two different wheel control
modes, namely, angular velocity-based control and slip-based control. It is found
that by increasing the wheel lug length, one can improve the wheel performance
under angular velocity-based control, whereas non-monotonic behavior is observed
for wheel performance with respect to the lug width. With an increase in the traction
of load on the wheel, there is a decrease in the sinkage and an increase in the gross
traction of the wheel. For small slip ratios, it is found that the wheel performance is
about the same with both the angular velocity-based control and slip-based control.
The effect of control mode, traction loads and lug sizes on the wheel performance
have also been examined. The results of these studies are expected to provide an
insight into the complex interactions of granular media with the wheel and so are
significant to the design and control of robots moving on deformable surfaces.

In these studies, the author also shows a visualization of the forces generated
on the particles due to interaction with the wheel. Soil performance has been eval-
uated in terms of force networks and force distribution in the soil and compared for
different wheel configurations. The force networks originated inside the soil due to

interaction with the wheel consist of both longitudinal and transverse force chains.
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These force chains rotate along with the lug and travel to the boundaries. The
relationship between the force distribution in the soil and the wheel performance
has been investigated for different wheel parameters. It is observed that the wheel
sinkage increases with an increase in the force concentrations inside the granular
media soil. Further analysis is necessary to quantify this relationship. While it may
be difficult to establish the absolute behavior of the soil with the results shown,
the author’s focus is on comparing and relating the force distributions in the soil to
wheel performance for different wheel configurations and a selected granular media
setting. It is expected that the studies presented here could provide insights into
the wheel performance, force transmission between the wheel and soil and how this

transmission varies for different wheel configurations and control modes.
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Chapter 4: Experiments with photoelastic media

The behavior of granular media can be represented across three length scales;
that is, micro-scale, meso-scale, and macro-scale. Sun et al. [2009] proposed a multi-
scale methodology for granular media and revealed a number of correlations between
the different scales. At the micro-scale, inter-particle forces between the particles are
of interest, whereas, at the meso-scale, force chains are determined by the particle
properties such as friction, and at the macro-scale, bulk behavior of granular media
is of interest. A correlation between the three length scales can be observed, for
example, evolution of force chains arising from the particle-scale interactions may
contribute to the non-local behavior that is observed across the macro-scale. Fur-
thermore, the transitions between different states of the granular media observed
at the macro-scale is influenced by the particle properties. Correlations between
different scales and an improved understanding of the granular behavior at these
individual length scales are crucial to develop comprehensive models for granular
media. In this dissertation work, the author’s focus is on investigating the micro-
scale and the meso-scale behavior of the granular media under dynamic loading
conditions.

As mentioned in the previous chapters, the author has used DEM that is known
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to accurately represent the complex behavior of granular media at micro-scale to
conduct studies on locomotion of robot appendages on granular media. Further, the
author has reported on the inter-particle forces, force chains arising due to the inter-
particle contacts, and the influence of the force transmission of granular media on
the locomotion performance of robot appendages. To further investigate the force
chains and evolution of force chain networks, the author has conducted experiments
using photo-elastic particles as reported in the work of Acar et al. [2021] and Ravula
and Balachandran [2021]. Specifically, the author has conducted experiments with
two different designs of robot appendages, namely, a lugged wheel and a single
actuator pendulum. Upon interaction with the robot appendages or any other solid
intruder, the energy within the granular media propagates through a chain/network
of contacts between particles, and eventually dissipates. Of particular interest is
how the force networks evolve under dynamic loading, what are the regions of high
stress concentrations and the parameters influencing the force distribution within
the granular media. The experimental studies can be used to make quantitative
advances in understanding granular media interactions.

The rest of the chapter is organized as follows. In Section 4.1, the author
describes the design and setup of the lab-scale experimental arrangement. Subse-
quently, in Section 4.2, experimental arrangement for investigating lugged wheel
motion on photo-elastic granular media is described. Further, the experimental re-
sults on qualitative and quantitative measures that describe the interaction between
the lugged wheel and granular media are presented. Conclusions on lugged wheel

motion are drawn together and presented. In Section 4.3, experimental studies on
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force networks and particle motion during interaction with a single-actuated pendu-
lum are presented followed by a comparison between the experimental and numerical

results. Finally, conclusions are drawn together and presented.

4.1 Experimental Setup and Procedure

As discussed before, the author’s focus for the experimental studies is on evo-
lution of force chains/networks inside the granular media under dynamics loading.
In order to visualize the force chains, photoelastic particles are utilized for the ex-
periments. Photoelasticity describes change in optical properties due to mechanical
deformation, for example, the work of Hearn [1997], and is widely used in experi-
ments to quantify internal stress distribution in solid objects. Photoelastic materials
show fringe patterns when deformed (see Figure 4.1), which is directly related to the
stresses and strains. Under polarized light, the fringe patterns in the photoelastic
materials can be observed. In the literature, photoelasticity is used in experiments
on crack propagation and mechanical failure, for example, the work of Dally [1979],
since this helps obtain a clear indication of high-stress locations, and low-stress
regions inside the material.

Dielectric media such as, polyurethane rubber and glass are photoelastic in
nature and can be used as an idealized substitute for granular media. To produce
the particles, 4.76 mm-thick polyurethane rubber sheets are used. The material
has a 60A hardness and 20.7 MPa tensile strength. The particles are punched

out from the sheet material using a pair of 14-mm diameter dies. For a collection
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Figure 4.1: A set of photoelastic particles under forcing. The force distribution
inside the particles is determined by the fringe pattern and the number of alternating
bright and dark fringes.

of circular particles as shown in Figure 4.1, one can see the stress concentration
around the contact points, and deduce the force networks through the distribution
of interference patterns. The number of fringes increases monotonically with the
applied force, and the forces inside the particles can be deduced from the number
and pattern of fringes [Zadeh et al., 2019].

High-speed imaging that allows recording images/videos of fast phenomena,
is employed to capture the evolution of force networks in photoelastic particles.
As shown in the schematic of the experimental setup illustrated in Figure 4.2, the
experimental arrangement includes a test bed for holding the photoelastic particles.
The test bed consists of two (2 ft x 4 ft) clear acrylic panels, where the gap between
the two panels is adjustable from 5mm to 250mm, depending on the thickness and
the configuration of the particles. The test bed is filled with photoelastic rubber
particles of thickness 5mm are used to study the granular interactions. Accordingly,

the gap between the acrylic panels is adjusted to 5 mm in order to ensure that the
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photoelastic particles are placed in a single plane, which allows one to visualize force
networks in 2D.

Two circular polarizer sheets are attached the test bed, one on each of the
exposed side of the acrylic panels. After passing through the first polarizer sheet,
the light becomes polarized. As the photoelastic particles used here are birefringent,
the refractive index depends on the polarization and propagation direction of light.
Further, for stressed particles, the birefringence depends on the local stress state.
So, next, as the light polarized from the first sheet passes through the photoelastic
media that is sandwiched between the acrylic sheets, the birefringence of the media
causes the light to rotate its polarization. The intensity of light after passing through
the second polarizer varies based on the local stress in the photoelastic media which
can be observed as bright and dark fringes.

Capturing videos using High-speed camera at a higher frames per second(fps)
requires a flicker-free illumination and at times an additional lighting source. Here,
a Phantom MIRO M-310 high-speed camera that has a maximum fps of 10000 fps
is used to record the granular surface and the robot appendage. To illuminate the
particles, a pair of NILA Zaila lights are used with 20° diffusing lenses. The light
sources are placed above the test bed, to illuminate the particles indirectly, which
creates a more even lighting. At maximum illumination (8610 lux at 1m), the light
source is flicker-free, which makes it suitable for high-speed recording.

With this experimental setup, different types of robot appendages can be at-
tached to the test bed and allowed to interact with the photoelastic granular media

inside the test bed. Different robot locomotion modes include walking, jumping,
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Light sources

High-speed camera Circularpolarizers

Figure 4.2: A sketch of the photoelastic granular media test bed: Circular polarizers
are used to obtain a clear fringe pattern from the particles under loading. The light
sources placed above the test bed illuminates the particles and a high-speed camera
is employed to capture the particle motion and force-chains inside the granular
media.

hopping, crawling and so on. In this experimental work, a lugged wheel and a single
actuator pendulum are used for generating different gaits for robots. For example,
the pendulum is used for generating a section of the gaits which is representative
of swinging motion of robot legs. Similarly, lugged wheels are one of the com-
monly used appendages for autonomous robots for traveling on granular surfaces.
Although locomotion of earthworms in photoelastic gelatin spheres has been studied

by Mirbagheri et al. [2015], in order to understand the slithering motion in granu-
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lar materials, legged locomotion on photoelastic materials has not been considered
before. In the following sections, experimental studies and comparison with DEM
studies for lugged wheel locomotion and pendulum motion on granular media are

presented.

4.2 Lugged wheel locomotion on photo-elastic granular media

The experimental arrangement of the test bed and the lugged wheel is shown in
Figure 4.3. The lugged wheel used in the experiments is made out of aluminum and
has an inner diameter of 228mm. The wheel has 18 lugs and each of the lugs has a
length of 25 mm. To rotate the wheel, a 100-Watt Maxon EC22 (386675) motor with
hall sensors is used. The motor is equipped with a gear head with 128:1 reduction.
The wheel is continuously driven by the motor at a constant angular speed. As the
wheel rotates, it also gains translational velocity due to interaction with the granular
particles. So, the wheel is allowed to freely move along the horizontal direction, but
it is restricted from moving in vertical direction apart from the initial static sinkage.
To facilitate this longitudinal motion, a rail mechanism including a cart and a pair
of rails is designed and the wheel is attached to a cart that can move freely on top
of the test bed. The arrangement of the cart and the wheel can be seen in the top
perspective images of the arrangement shown in Figure 4.4. The rails are attached
to the acrylic panels of the test bed and the cart is attached to the rails such that
it can freely move along the rails. The wheel is positioned inside the rectangular

opening that is parallel to the opening between the acrylic panels. The motor that
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Figure 4.3: The experimental arrangement for the lugged wheel consists of a cart
attached to the test bed.

is attached to the center of the wheel is fixed to the cart on one side and the cart
carrying the wheel moves along the rails as the wheel gains translational velocity.
A part of the test bed is filled with the photoelastic rubber particles initially
in a hexagonal packing. To mimic static sinkage of the wheel in real-world scenar-
ios, the wheel is allowed to sink to a certain depth. The depth of sinking and the
configuration of particles surrounding the wheel may have an influence on the evo-
lution of force chains and the wheel motion. As such, multiple sets of experiments
are carried out and an average behavior is gathered and presented here. In Figure
4.5, the author shows a snapshot of the configuration of the granular media and the

wheel after sinking. It can be seen that the force chains are concentrated in the
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Figure 4.4: Images a) and b) of the experimental arrangement with the lugged wheel
taken from two different perspectives. The motor is attached to the cart on one side.
The cart is attached to the two parallel rails that are fixed to the acrylic panels.
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Figure 4.5: Zoom-in snapshot from the experiment with lugged wheel. Force chains
generated in the granular media due to interaction with the wheel are concentrated
in the portion of granular media that is directly under the wheel.

portion of granular media that is directly under the wheel. Additionally, there are
also force chains that are travelling in horizontal direction towards the side walls of

the wheel.
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4.2.1 Results: Force chains in granular media during wheel locomo-
tion

For a number of motor speeds ranging between 500 - 2000 rpm (0.409 - 2.454
rad/s, after the reduction), interactions between the wheel and the granular sur-
face are recorded by using the camera setup. For each of the wheel speeds, the
experiments are repeated multiple times. For a wheel speed of 500rpm, snapshots of
force chains captured inside the granular media at time steps, Os, 1s, 2s, 3s, 4s are
shown in Figure 4.6. The experiment with the same angular velocity of 0.409 rad/s
is repeated and the zoom-in snapshots from the experiment are shown in Figure
4.7. For a wheel speed of 1000rpm, snapshots of force chains captured inside the
granular media are shown in Figures 4.8 and 4.9.

From Figures 4.6, 4.7, 4.8 and 4.9, it can be observed that the force networks
are concentrated in the portion of media directly under the wheel. The force chains
reach all the way to the bottom wall and reflect therefrom. This behavior of force
chains is observed in the repetitions of the experiment. Also, a cone like region with
an approximate angle of 45 degrees is formed with the force networks. In addition to
the force chains under the wheel, horizontal force chains emerge from the boundaries
of the cone. As the wheel travels on the granular media, the cone formed from the
force chains also travels in the forward direction as shown in Figure 4.10. This
behavior qualitatively agrees with the numerical findings on force distribution in
granular media, investigated using DEM.

The wheel is driven at w = 0.409 rad/s and the actual speed of the motor
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is recorded during the experiments in order to make sure that the constant speed
assumption is valid. As shown in Figure 4.11, the motor speed is approximately
equal to the target value with an average variation of 1.2%. The reaction forces
on the wheel due to contact with the particles of the granular media varies as the
wheel travels. So, to counter these reaction forces from the particles and maintain
a constant angular speed for the wheel, a variable torque is applied on the wheel.
The motor current values that are indicative of the torque applied on the wheel
are recorded in addition to the motor speed values. In Figure 4.12, motor current
recorded for experiments with an angular speed of 0.409 rad/s is shown.

Based on the wheel angular speed and the configuration of the particles, the
amount of traction and horizontal speed gained by the wheel may vary. For the
wheel rotating with 0.409 rad/s and the initial configuration of particles as shown
in Figure 4.6, the position of wheel is tracked to determine the velocity. In Figure
4.13, the author shows the horizontal velocity of the wheel. For a different wheel
angular speed of 0.818 rad/s, the experiments are repeated and the relevant values
are recorded. In figure 4.14, time series plots for the motor current values recorded

for two runs and the averaged values is shown.

4.2.2 Conclusions

In these studies, dynamic interactions between a lugged wheel and photoelastic
granular media have been experimentally investigated. Experiments involved high-

speed video imaging of translucent photoelastic particles under polarized light for
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visualizing evolution of force chains through fringe patterns. The force chains are
generated in the granular media due to both static load from the weight of the wheel
and dynamic interactions as the wheel travels along the granular surface. The force
chains generated inside the granular media form a cone and the cone travels along
with the wheel. Moreover, the torque required to rotate the wheel at a constant
angular speed varies non-linearly with time and no dominant frequency is observed.

Similar behavior is also observed for the horizontal velocity gained by the wheel.
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Initial Positiqn of the wheel

Figure 4.6: Snapshots from the experimeg{ with lugged wheel rotating at w = 0.409
rad /s, captured at regular intervals of 1 sec.
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Figure 4.7: Zoom-in snapshots from the experiment with lugged wheel rotating at
w = 0.409 rad/s, captured at regular intervals of 30 ms.
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Figure 4.8: Snapshots from the experiment with lugged wheel rotating at w = 0.818
rad/s, captured at t = 1.1 sec, 1.2 sec, 1§} sec, 1.4 sec, and 1.5 sec.



Figure 4.9: Snapshots from the experiment with lugged wheel rotating at w = 0.818
rad/s, captured at t = 1.6 sec, 1.7 sec, 18 sec, 1.9 sec, and 2 sec.



Figure 4.10: Snapshots from the experiment with lugged wheel rotating at w =
0.818 rad/s, captured at regular interval;;3 5of 0.1 sec.
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Figure 4.11: Angular speed of the motor recorded during experiments with lugged
wheel. After the wheel starts rotating, the measured angular speed of the motor
is close to the target value of 0.409 rad/s shown as dashed line with an averaged
variation of 1.2%.
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Figure 4.12: Motor current values recorded during experiments with lugged wheel
rotating at an angular speed of 0.409 rad/s. The current values are a measure of
the torque applied on the wheel to rotate at a constant angular speed.
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Figure 4.13: Horizontal velocity determined for the wheel when rotated at an angular
speed of 0.409 rad/s. Position of the wheel is tracked in time from the recorded video
data to determine the velocity.
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Figure 4.14: Motor current values recorded during experiments with lugged wheel
rotating at an angular speed of 0.818 rad/s. The current values are recorded for

multiple runs and interpolated to determine the average values shown as the dashed
line.
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4.3 Pendulum interactions with Granular Media

In this section, experimental investigations using a single actuator pendulum
are presented. The pendulum configuration is essentially similar to a single actuator
robot leg that is used in the literature for locomotion on granular surfaces, see
Li et al. [2013] and Saranli et al. [2001]. Particle displacements as well as force
chains in 2D are investigated during interactions with the rotating pendulum. The
pendulum is made out of aluminum and has the dimensions 160 mm x 15 mm
x 3 mm and is driven by a 100-Watt Maxon EC22 (386675) motor. Here, the
pendulum only has rotational motion unlike the wheel that has both translational
and rotational motions. Accordingly, the motor that is attached to the pendulum
is directly attached to the test bed instead of the cart. A part of the test bed is
filled with 520 (40x13) particles with photoelastic particles in a hexagonal packing,
as shown in Figure 4.15. The vertical distance between the motor shaft and the
granular surface is 132 mm. Therefore the maximum depth the pendulum can reach
(i.e. when the pendulum is vertical) is 28 mm (i.e., two-particles deep).

For a number of motor speeds between 500 - 3000 rpm (0.409 - 2.454 rad/s,
after the reduction), interactions between the pendulum and the granular surface
are recorded with a pair of Phantom MIRO M-310 high-speed cameras. At full
resolution (1280 x 800), the videos are recorded at 1000 fps. The pendulum is
driven at w = 0.409, 0.818, 1.636, and 2.454 rad/s. The actual speed of the motor
is recorded and the encoder position is tracked during the experiments in order

to detect the moment of impact. In Figure 4.16, the angular speed and encoder
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Figure 4.15: Dimensions for experimental arrangement.
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Figure 4.16: Angular speed and position data of the motor during pendulum impact
experiment at w = 0.818 rad/s. The angular position is measured from the impact
point.

position data recorded for w = 0.818 rad/s are shown. For larger motor speeds, the
speed does not change more than 6 % whereas for the lowest angular speed tested

(0.409 rad/s), the variation is around 14%.
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4.3.1 Results: Force chains in granular media during pendulum lo-
comotion

Force chain propagation data in the frames are extracted from the high-speed
videos. To analyze the granular motion and force chains, PEGS tool, which was
developed by Daniels et al. [2017], is adapted in this study. PEGS is a tool to find
the particle locations, their contact points and force chains in the granular media,
through the MATLAB’s image processing tool.

In order to visualize how the force chains evolve, a snapshot of the pendulum-
granular surface interactions are taken at every 100 ms starting at t = 50 ms after
the pendulum impact at w = 0.818 rad/s, as shown in Figures 4.17 and 4.18. At t =
50 ms, the force network starts from the particle that is in immediate contact with
the pendulum, and it branches into two diagonal directions. Then, after 100ms,
the particles in the top row get compressed due to horizontal pressure applied by
the pendulum, and start moving upwards as shown in t=250ms. Then, as the
pendulum keeps moving, it impacts on the granules again. It presses on top rows
in the horizontal direction (see t=450ms), and creates large stresses, forcing the
granules to flow upwards, and gain speed in the vertical direction (see t=550ms and
t=650ms). The horizontal force chains become more prominent as the pendulum
gets deeper inside the media, and the line of contact becomes more vertical. Through
the complete rotation of pendulum inside the granular media, the same pattern of
horizontal pressure due to pendulum impact leading to vertical motion of the top

rows is seen four times. The trend is similar for other studied pendulum speeds (w
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Figure 4.17: Zoom-in snapshots from the experiment with w = 0.818 rad/s, showing
the force chain evolution inside the photoelastic granular media.

= 0.409, 1.636, and 2.454rad/s).
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Figure 4.18: Zoom-in snapshots from the experiment with w = 0.818 rad/s, showing
the force chain evolution inside the photoelastic granular media.
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From the evolution of force chains, one can see how the locations of high
stresses develop, and the pendulum motion induces the media’s transition from
solid phase to the fluid phase. From the high force chains, one can see the weak
points of the granular media, where the internal stresses exceed the shear strength,
and the material cannot support the weight and the dynamic forces of the robot leg
(pendulum) anymore.

In Figure 4.19, a comparison of the motor torque for wheel angular speeds of
0.818 rad/s, 1.636 rad/s, and 2.454 rad/s is shown. It can be seen that for each of
the angular speeds, the pendulum has a maximum torque at the moment of impact
and it decays as the pendulum rotates inside the granular media. Further, with
increase in angular speed, the number of peaks in motor torques also decreases and
a smooth decay can be observed. For angular speed of 0.818 rad/s, the average
torque applied before the impact is 70=0.85 mNm, which is a measure of the torque
spent to rotate the pendulum at a constant speed (to overcome the damping effects).
During the first impact, the maxi-mum torque applied by the motor is 7,,,,=7.18
mNm, and the variation from the nominal torque applied before the impact is 6.33
mNm. Transmitting this torque through the gearbox, which has a reduction ratio
Tgear=1/128, and the maximum efficiency (1) 59 %, the effective torque applied on

the pendulum is given by

Tp = N(Tmaz — T0)/Tgear = 0.48Nm. (4.1)

The force applied on the particles in the perpendicular direction can be es-
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Figure 4.19: Torque data of the motor during interactions with the granular surface
for different angular speeds of w = 0.818 rad/s, 1.636 rad/s, and 2.454 rad/s.
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Figure 4.20: Reaction forces on the pendulum after impact with the granular media.

timated as F, = 3N based on the length of the pendulum (L, =0.16m) and the
effective torque applied on the pendulum. The torque applied by the pendulum
peaks around 150 ms after the impact. In Figure 4.17, one can see that only two

particles are in immediate contact with the pendulum at t=150ms, where Fjy is
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Figure 4.21: A snapshot at t=810s from the experiment for w =0.818rad/s, showing
the force chains extending up to the boundaries.

almost co-linear with the pendulum. Therefore the only reaction force that has a
perpendicular component is Fp;. From Figure 4.17, one can see that 150 ms after the
impact, the angle between the pendulum and the vertical is around 7 /6, as shown in
Figure 4.20. Since the particles are in hexagonal packing, and the particle bearing
the force Fy; is under diametric loading, the force chain along Fj; direction makes a
7 /3 angle with the pendulum. Therefore, assuming that the speed of the pendulum
is constant, the perpendicular component of Fy; is ||F,|| = ||Fy||sin(7/3) = 3N,
which implies that at the instant the highest torque is applied by the pendulum,
the highest force bearing particle is under ||Fy;|| = 3.46/N compression.

The packing type affects both the magnitude and direction of the forces trav-
eling inside the granular media. Since the force chains inside the photoelastic media

are compression forces that are primarily aligned with the contact points between
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the particles, directions of the force chains depend on the angle between the lines
connecting the particle contact points. In a hexagonal arrangement, the angle be-
tween the lines connecting the contact points is 60°, the angle between forces is
also predominantly 60°, although there are some irregularities. For other types of
packing, the force directions would be different (e.g., 90° for square packing).

The force chains are found to move horizontally all the way to the right wall
on top two rows as shown Figure 4.21, and the diagonal force chains move all the
way to the bottom wall when the pendulum is in contact with the particles, as can
be seen in frames t=150ms and t=450ms in Figure 4.18. This suggests that the
force chain pattern inside the media is affected by the reflections from the walls. In
a larger container, the forces would travel through longer chains, and the amount
of energy dissipated due to damping and friction would be larger. This would affect
the velocities of the particles and the reaction forces applied on the pendulum.
Experiments with a larger portion of the test bed (i.e., larger number of particles)
need to be conducted to overcome the wall effects. These studies are left for a future
work.

As the pendulum applies a horizontal force on the top rows, the chain of
particles deforms under compression, and at a critical point it goes through what
can be considered as “buckling”. Similar to the classic column buckling, the particle
chain is found to undergo plastic deformation in the lateral direction due to the
compression, which results in a few particles getting released from the row and
gaining speed in the vertical direction. Therefore, the potential energy stored in

the deformed particles right before buckling transforms into the kinetic energy of
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particles that pop out of the particle chain. Since the force leading to “buckling”
of the particle chain is the same for all pendulum speeds, the energy transferred
to particle motion, hence, the vertical particle speed, are also independent of the

pendulum speed.

4.3.2 DEM studies on pendulum interaction with granular media

Numerical studies on pendulum motion on granular media are conducted by
using DEM model described previously in Chapter 2. For the DEM simulations,
dimensions of test bed and pendulum that are same as the one used in experiments
are used. However, the granular media with a different resolution is considered for
DEM simulations, specifically the particles are considered to have half the radius
of the particles used for experiments. Accordingly, the properties of DEM elements
are calculated based on the material properties of the photo-elastic rubber particles.
While material characterization to determine mechanical and DEM properties of
the particles after machining is outside the scope of this dissertation, it could be a
potential avenue for future work.

DEM simulations were carried out for a range of angular speeds and fixed
size and configuration of the pendulum and granular media. In Figure 4.22, the
time series plots for the driving torque of the pendulum are shown for angular
speeds of w = 8 rad/s, 10 rad/s, and 15 rad/s. The torque on the pendulum is
highest at the moment of impact of the pendulum with granular media for each

of the angular speeds. Further, This behavior of torque is consistent with that of
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Figure 4.22: Time series plots for driving torque of pendulum at different angular
speeds w = 8 rad/s, 10 rad/s, and 15 rad/s.

the torque determined from current data from experiments. In Figure 4.23, the
time series plots for the number of particles with higher forces and the maximum
forces in the granular media are shown for different angular speeds w = 20 rad/s,
25 rad/s, 30 rad/s, 35 rad/s, and 40 rad/s. Number of particles with higher forces
is a measure of the force distribution in the granular media and it can be seen that
the number is highest at the moment of impact and then decays exponentially as
the pendulum further rotates. Further, the pendulum performance determined in
terms of average reaction force, driving torque, and power consumption determined
for different angular speeds of the pendulum are plotted in Figure 4.24.

Force distribution inside the granular media as the pendulum impacts the
granular media is shown in Figure 4.25. Particles with the same color experience
approximately the same magnitudes of forces. The force distribution inside the

granular media can be visualized based on the colorbar shown. It can be observed
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Figure 4.23: Time series plots: a) force distribution of particles and b) maximum
forces in the granular media are compared for different angular speeds w = 20 rad/s,
25 rad/s, 30 rad/s, 35 rad/s, and 40 rad/s.

that, the the force chains originated at the impact point of pendulum travels deeper

into the granular media in a direction that is parallel to the pendulum. While some
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Figure 4.24: Pendulum performance for different angular speeds.

of the forces are dissipated, the rest are transmitted to the particles in contact. As
the pendulum rotates further, new contacts are made and so the area of higher force

concentration increases.

4.3.3 Conclusions

Dynamic interactions between a speed-driven pendulum and photoelastic gran-
ular media have been studied to explore granular media behavior during robot loco-
motion. For a selected rotor speed, snapshots of force chains have been presented.
During penetration through the granular surface, the horizontal force chains have
been observed due to speed-driven pendulum striking the granules multiple times,
and causing high stresses in the top rows of particles. The maximum force act-
ing on the particles was calculated through the motor-torque data. Furthermore,

DEM simulations are conducted for pendulum interactions with granular media and
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Figure 4.25: Snapshots from DEM simulations with pendulum rotating at w = 30
rad/s. These frames are captured at regular intervals of 1ms.

qualitative comparisons of torque, force distributions inside the granular media are

presented.
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4.4 Comparison between granular media interactions with the lugged

wheel and the pendulum

For both lugged wheel and pendulum, during initial phases of interaction with
granular media, force chains form a cone shape and travel angularly towards the
bottom wall as shown in Figure 4.26. Further, the forces disperse/dissipate as the
pendulum moves and the force network becomes sparse compared to that of the
wheel. In addition to the cone, one of the significant observations that can be made
from the studies is the horizontal force chains that are generated during locomotion
of both the wheel and the pendulum. In Figure 4.27, the author shows the snapshots
of the force chains inside the granular media captured during initial phase and after
a certain time. As the wheel travels on the granular media, it can be seen that
the horizontal force chains are generated in the forward path of the wheel. Similar
behavior is also observed from DEM simulations as shown previously in Figures 3.3
and 3.4 in Chapter 3. The results indicate that the granular media that is away

from the wheel is also affected during locomotion of the wheel.
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Figure 4.26: Comparison between force chains in granular media during interaction
with wheel and pendulum: a) Initial phase of interaction with pendulum, b) after
time t = 0.65s, and c) force chains during interaction with lugged wheel
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Figure 4.27: Snapshot of force chains generated in initial sinking phase and snapshot
of horizontal force chains generated in granular media during locomotion of wheel
shown in red rectangular box.
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Chapter 5:  Summary of Contributions and Recommendations for Fu-

ture Work

5.1 Summary of Contributions

In this section, the different research findings reported in Chapters 2 through
4 are collected and discussed. A combination of experimental and numerical studies
have been undertaken to investigate the principles and physics of interaction be-
tween granular media and robot appendages. For two different designs of robot ap-
pendages, a lugged wheel and a pendulum, the complex interactions of the granular
media and force chain evolution are examined through experimental and numerical

tools. The key findings are as follows:

1. Studies on dynamic interactions between lugged wheel and granular media
revealed the parameters influencing the locomotion performance of the lugged
wheel. Specifically, traction performance of the wheel increases with lug length
and traction load, and a non-monotonic behavior is observed for wheel perfor-
mance with respect to lug width. Further, as slip increases, the performance
of the wheel converges for both angular velocity-based control and slip-based

control [Ravula et al., 2021].

106



2. Force chain visualization in granular media during locomotion of lugged wheel
presented in this work is demonstrative a quasi-static and dynamic behavior of
the granular media. Wheel interaction generated longitudinal and transverse
force chains in the soil. The force networks in the soil are concentrated in
the portion of granular media that is directly under the wheel, and in the
forward path of the wheel which provides a qualitative agreement between the
experimental results and numerical studies conducted by using DEM [Ravula

et al., 2021, Ravula and Balachandran, 2021].

3. During locomotion of a single actuator pendulum on granular media, force
networks are generated in diagonal and horizontal directions. The pendulum
impact on the granular surface created force chains along its wake and the
momentum transferred to the media can cause buckling of the top granular
surface. Driving torque required to rotate the pendulum with a constant an-
gular speed is highest at the moment of impact and decays gradually as the
pendulum moves through the media [Acar et al., 2021, Ravula and Balachan-

dran, 2021].

DEM, a computational technique that is based on particle-scale interactions is
used to simulate the locomotion of a lugged wheel on granular media and different
parameters influencing the performance, as presented in Chapter 3 [Ravula et al.,
2021]. DEM can be used to capture behavior of granular media at particle level
(micro-scale) and force chains at meso-scale are influenced by the properties of the

granular media. Moreover, at macro-scale, the bulk behavior of granular media is
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influenced by the properties observed at both the length scales, for example, the
force chains evolution can influence the granular flow and transitions between solid-
like and liquid-like behavior. So, in order to develop a way to bridge the micro-scale
and meso-scale properties of granular media, generation and evolution of force chain
networks are extensively studied by using the numerical and experimental methods.

In Chapter 3, a visualization of force distribution is presented and the quan-
titative parameters related to the soil performance such as, the number of particles
with higher forces and maximum force in the media are used to compare the soil
performance and the wheel performance. In Chapter 4, an experimental arrange-
ment designed to study behavior of granular media during interaction with different
designs of robot appendages, a lugged wheel and a pendulum is presented. Under
static loading with the wheel, force networks are concentrated in a cone volume de-
veloped within the impacted medium. The evolution behavior of these force chains
varies for interactions with different appendages. With the locomotion of lugged
wheel, the granular media is subjected to a constant static load due to the weight
of the wheel as well as the dynamic forcing due to rotation and translation of the
wheel. As a result, the force chains observed show effects of dynamic forcing from
wheel locomotion in addition to the cone volume with an approximate angle of 45
degrees that travels along with wake. In contrast to the wheel interactions, with
the pendulum interactions, the force chains generated are relatively sparse and less
dense as the contact area between the pendulum and the granular media is smaller.
This work provides a glimpse into the design influences of robot appendages on per-

formance and also aids in developing an understanding into the behavior of granular
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media at different length scales.

5.2 Recommendations for Future Work

In this section, open problems in legged locomotion on granular media and fu-
ture recommendations are discussed. In Chapter 3 of this dissertation, the numerical
model based on DEM for determining dynamics interactions of soft soil with lugged
wheel has been constructed. Many of the granular surfaces existing in nature such
as, mud, soil, gravel are partially or completely saturated with moisture. Further,
thermal effects cannot be ignored for densely packed substrates and in certain active
materials. To expand beyond the focus from dry granular media, it remains to be
explored in what ways DEM can be used to realistically simulate legged locomotion
on different types of granular media, such as, media with thermal effects, moisture,
long range forces, and so on. So, as an extension of the work presented in Chapter
3 and Chapter 4, studies of the effects of granular media properties (e.g., particle
size distribution (PSD), particle shape, and cohesion) on the legged locomotion and
soil performance could be one potential avenue for future research. Through this
dissertation work, two dimensional DEM model employing linear contact between
particles has been proven to be effective in simulating the interactions between robot
appendages and soft soil. Computational cost, scalability, and model interpretation,
specifically for force chains are some of the advantages of using a two-dimensional
model. As an extension, studies could also be conducted with other types of real-

world granular substrates by taking advantage of the features of three dimensional
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DEM modeling and/or assuming Hertzian contact between particles. While both
numerical simulations and lab-scale experiments are constrained by the size of the
test bed, moving wall boundary conditions for the side walls could be explored in-
stead of the fixed boundary conditions for simulations to gain an insight into the
dissipating and dispersing properties of force chains.

In Chapter 4, the author presented qualitative comparisons between DEM and
experimental studies for interactions between robot appendages and granular me-
dia. Specifically, evolution of force chains along with torque required to drive the
appendage has been investigated. The studies and techniques presented do provide a
solid foundation for future studies in the area of force network evolution in granular
media under dynamic loading/locomotion of robot appendages. In addition to these
qualitative investigations, non-dimensional parameters could be determined from
numerical and experimental results to make other generalized inferences and quan-
titative comparisons. Various other designs and gaits of robots/robot appendages

could be examined through experimental studies.
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Appendix A: Granular Column Collapse

Granular column collapse has been extensively studied by the researchers us-
ing both experimental and numerical methods. The flowing behaviour of dense
granular media is important in understanding various natural phenomena such as
landslides, avalanches, and others. In this dissertation work, the author employed
2D DEM model to carry out simulations for granular column collapse analogous to
the experimental investigated carried out by Lube et al. [2005]. Studies show that
the morphology of the granular column depends on the initial aspect ratio.

Here, the author conducted studies on tall granular columns with an aspect
ratio of 6. To start with, the particles of radius ranging between 3.2 and 4.8 mm are
generated inside the boundary walls and the particle assembly is allowed to reach
an equilibrium under gravity. The right boundary wall confining the particles is
then removed and the profile of the particle assembly is tracked through time. In
Figure A.1, the author shows the initial and final geometry of the granular column
with an initial aspect ratio of 4.2. For an initial aspect of 6, the flow profiles of the
granular column captured at different time steps are shown in Figure A.2. Force
distribution is shown for the granular column as it collapses. The magnitude of

forces are represented as different colors in the color bar shown in A.1. Same color
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represents approximately same magnitude of forces. The forces are concentrated on
the outer part of the assembly as can be seen in Figure A.2. It can be observed that
with time, a part of the assembly closer to the left boundary walls remains intact
where as the remaining part closer to the boundary wall that is removed collapses
and progressively becomes flatter. The evolution of profiles determined by using

DEM compares well with the experimental results from the literature.

High 5
|F|

Figure A.1: a) Initial configuration of granular column and b) after collapse
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Figure A.2: Evolution of profiles for granular column with an aspect ratio of 0.6,
captured at different time steps. In each frame, force distribution in granular column
is shown.
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