
UNIVERSITY OF CALIFORNIA SAN DIEGO

Robot locomotion in granular environments via passive compliance and underactuation

A dissertation submitted in partial satisfaction of the
requirements for the degree

Doctor of Philosophy

in

Engineering Sciences (Mechanical Engineering)

by

Shivam Chopra

Committee in charge:

Professor Nick Gravish, Chair
Professor Falko Kuester
Professor Tania Morimoto
Professor Michael T Tolley
Professor Michael Yip

2022



Copyright

Shivam Chopra, 2022

All rights reserved.



The dissertation of Shivam Chopra is approved, and it is

acceptable in quality and form for publication on microfilm

and electronically.

University of California San Diego

2022

iii



DEDICATION

I would like to dedicate this dissertation to my family,

for constant support and love through these years.

iv



TABLE OF CONTENTS

Dissertation Approval Page . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii

Dedication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv

Table of Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii

Vita . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

Abstract of the Dissertation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xii

Chapter 1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Granular media . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Modeling granular-intruder interaction . . . . . . . . . . . . . . . . 3
1.3 Robot locomotion in granular media . . . . . . . . . . . . . . . . . 4
1.4 Underactuation in robotics . . . . . . . . . . . . . . . . . . . . . . 8
1.5 Thesis Outline and Contributions . . . . . . . . . . . . . . . . . . . 9

Chapter 2 Granular Jamming Feet Enable Improved Foot-Ground Interactions for
Robot Mobility on Deformable Ground . . . . . . . . . . . . . . . . . . 13
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2 Foot design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.3 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . 18

2.3.1 Granular material testing platform . . . . . . . . . . . . . . 19
2.3.2 Foot drop experiments . . . . . . . . . . . . . . . . . . . . 20
2.3.3 Shear force and pullout experiments . . . . . . . . . . . . . 22

2.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . 24
2.4.1 Dynamics of foot impacting the granular substrate . . . . . 24
2.4.2 Shear force and pullout force measurements . . . . . . . . . 25

2.5 Foot performance comparison and selection . . . . . . . . . . . . . 28
2.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

Chapter 3 Initial investigation of asymmetric soft appendages for propulsion in granu-
lar media . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.2 Design of soft appendage . . . . . . . . . . . . . . . . . . . . . . . 32
3.3 Experimental Procedures . . . . . . . . . . . . . . . . . . . . . . . 35

3.3.1 Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.3.2 Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

v



3.4 Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.5 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . 38

3.5.1 Open loop oscillation . . . . . . . . . . . . . . . . . . . . . 38
3.5.2 Closed loop oscillation . . . . . . . . . . . . . . . . . . . . 39

3.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.7 Acknowledgment . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

Chapter 4 Underactuated appendages enable swimming in granular environments . . 42
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.2.1 Robot Design . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.2.2 Appendage design and characterization . . . . . . . . . . . 49
4.2.3 Lift modulation . . . . . . . . . . . . . . . . . . . . . . . . 54

4.3 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . 57
4.3.1 Fluidized Granular Bed . . . . . . . . . . . . . . . . . . . . 57
4.3.2 Robot Design Materials . . . . . . . . . . . . . . . . . . . 57
4.3.3 Experimental Methods . . . . . . . . . . . . . . . . . . . . 58
4.3.4 Modeling Methods . . . . . . . . . . . . . . . . . . . . . . 61

4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

Chapter 5 Haptic detection of obstacles by measuring differential grain resistance in
granular environments . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
5.2 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . 74

5.2.1 Experiment for measuring differential granular flow around
an obstacle . . . . . . . . . . . . . . . . . . . . . . . . . . 74

5.2.2 Visualizing granular flow around an obstacle . . . . . . . . 75
5.2.3 Obstacle detection using force sensor on robot appendage . 76

5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
5.3.1 Detection dependent on obstacle orientation . . . . . . . . . 77
5.3.2 Results from particle image velocimetry (PIV) . . . . . . . 77
5.3.3 Confirmation of obstacle detection using an appendage . . . 80
5.3.4 Obstacle detection using the robot . . . . . . . . . . . . . . 83

5.4 Discussion and Conclusion . . . . . . . . . . . . . . . . . . . . . . 83

Chapter 6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

Appendix A Granular simulation tank . . . . . . . . . . . . . . . . . . . . . . . . . . 91

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

vi



LIST OF FIGURES

Figure 1.1: Thesis Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
Figure 1.2: Lack of modeling tools for granular interaction with intruders . . . . . . . 5

Figure 2.1: Foot design overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
Figure 2.2: Experiment to select the filling material for the foot . . . . . . . . . . . . . 18
Figure 2.3: Dynamics of the foot impacting granular media . . . . . . . . . . . . . . . 19
Figure 2.4: Foot drop experimental results . . . . . . . . . . . . . . . . . . . . . . . . 21
Figure 2.5: Foot drag experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
Figure 2.6: Snapshots of drag tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
Figure 2.7: Depth of penetration experiments . . . . . . . . . . . . . . . . . . . . . . 27
Figure 2.8: Pull out force experiments . . . . . . . . . . . . . . . . . . . . . . . . . . 27
Figure 2.9: Summary of results showing the parameters for four different cases of the foot 29

Figure 3.1: Soft appendage behaves differently in GM . . . . . . . . . . . . . . . . . . 33
Figure 3.2: Design of the soft appendage . . . . . . . . . . . . . . . . . . . . . . . . . 34
Figure 3.3: Modeling the position response of the appendage . . . . . . . . . . . . . . 35
Figure 3.4: Open loop sinusoidal torque input data comparison with model . . . . . . . 37
Figure 3.5: Closed loop control with maximum angle between extreme positions fixed at

180◦ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

Figure 4.1: Overview of the robot . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
Figure 4.2: Robot design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
Figure 4.3: Design and characterization of underactuated appendages . . . . . . . . . 51
Figure 4.4: Appendage curvature visualization . . . . . . . . . . . . . . . . . . . . . . 52
Figure 4.5: Lift Modulation using terrafoils . . . . . . . . . . . . . . . . . . . . . . . 66
Figure 4.6: Robot demonstration at the beach and the lab . . . . . . . . . . . . . . . . 67
Figure 4.7: Drag tests for selecting the most terradynamic body . . . . . . . . . . . . . 67
Figure 4.8: Raw data for appendage characterization . . . . . . . . . . . . . . . . . . 68
Figure 4.9: Torque output for multiple trials for different β angles . . . . . . . . . . . 69
Figure 4.10: Experimental setup pictures . . . . . . . . . . . . . . . . . . . . . . . . . 69
Figure 4.11: Terrafoil aspect ratio results . . . . . . . . . . . . . . . . . . . . . . . . . 70
Figure 4.12: Formulation of 3D-Resistive Force theory to calculate intrusion forces in

granular media . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

Figure 5.1: Experimental setup to measure the differential grain resistance . . . . . . . 74
Figure 5.2: Sensing results showing appendage cannot detect obstacles in front . . . . 78
Figure 5.3: Object detection with varying distance from the axis of rotation of the rigid fin 79
Figure 5.4: Obstacle detection results for different orientations . . . . . . . . . . . . . 80
Figure 5.5: Grain visualization using PIV . . . . . . . . . . . . . . . . . . . . . . . . 81
Figure 5.6: Sensing experiments using the appendage . . . . . . . . . . . . . . . . . . 82
Figure 5.7: Obstacle detection demonstration on the robot . . . . . . . . . . . . . . . . 84

vii



ACKNOWLEDGEMENTS

To my advisor, mentor, and coolest professor Nick Gravish for all the guidance. Thank

you for being so patient with me and teaching me a plethora of technical skills such as setting up

experiments, making figures, technical presentations, and many more. Thank you for helping

me gain many other personal skills like mentoring, being a leader in tough situations, being

determined even if the circumstances are against you, and always pushing against the odds. I am

thankful for all those late-night sessions editing papers and the constant feedback I got from you,

you were always one text away.

To my co-advisor Prof Tolley, thank you for your guidance and teachings all these years

and I highly appreciate the feedback I got in our weekly meetings. Thank you for all your help in

writing research papers, teaching me how to efficiently deliver presentations, and thinking about

the bigger picture. I was really lucky to have two awesome advisors during my time here.

To the other members of my committee, thank you for your time and support throughout

my studies. Thank you for all the comments during my proposal exam, and thanks for all the

feedback I received during this time.

To all the members and alumni of the Gravish lab, thank you for every meal and drink that

we have shared, and for all of your help and encouragement along the way. Thank you Jason for

all your help and support from the very beginning. Thank you Wei for showing me the way many

times when I was confused and being a great friend. Thanks, James for the insightful discussions,

for being an amazing coordinator for social hangouts and volleyball sessions. Thank you Drago

for all your help in designing the robot and all the hard work you put in. Thanks for all those late

nights, this work would have been very hard without you. Thank you Caitlin for all your support

and for being an excellent undergrad.

To Saurabh, for being an excellent co-author, collaborator, best friend, life advisor, and

much more. Thank you for always encouraging me to think about new experiments, for teaching

me about cool concepts by showing me videos, particularly from your favorite one: Smarter

viii



Everyday (from where turtle inspired digging idea came), for always being ready to do hand

calculations and simulations even when you were busy, for all the meals we cooked and shared,

and for all the deep conversations we had. Thank you for being there for me day and night and

being always ready to help. To Dylan, for being a great mentor, friend, surf instructor, and for

all the teachings and feedback I got from you. Thank you Ishida for always being ready to have

meals together and for your support during the past few years.

To my family, my Mumma and Papa for always believing in me and letting me do this. It

was very hard to be away from family for all these years but you always encouraged me to keep

pushing. To my brother, Raghav, thank you for being one call away and always ready to learn

what was going on with my life. Thank you for supporting my decision to pursue a doctorate and

look we did it together!

Thank you Abhijith, for being the perfect roommate and the best supporting friend anyone

can ever hope for. Thank you for always encouraging me to cook and have fun even when we

had a bad day at work. Thank you Nirjhar, Priyank, Nitin, and Chetan for all the good times

and for being always ready to hang out. To Rose, thank you for being there and supporting me

through these last few years. To Rahaf, thank you for being a great friend and for all the insightful

discussions.

If you’re reading this and I haven’t named you, thank you. If we have met, my life has

been better with it and if we have yet to meet, I am excited.

Thank you to all my funding sources and without them, it would have been impossible:

The National Science Foundation and the Office of Naval Research.

The following acknowledgments are to satisfy the requirements of the University of

California San Diego.

Chapter 2, in full, is a reprint of the material as it appears in IEEE Robotics and Automation

Letters, 2020. Chopra, Shivam; Tolley, Michael T.; Gravish, Nick, IEEE, 2020. The dissertation

author was the primary investigator and author of this paper.

ix



Chapter 3, in part, has been published and presented in Adaptive Motion of Animals and

Machines, 2021. Chopra, Shivam; Jadhav, Saurabh; Tolley, Michael T.; Gravish, Nick, AMAM

2021. The dissertation author was the primary investigator and author of this paper.

Chapter 4, in part, is currently being prepared for submission for publication of the

material. Chopra, Shivam; Drago Vasile; Jadhav, Saurabh; Tolley, Michael T.; Gravish, Nick. The

dissertation author will be the primary investigator and author of this paper.

Chapter 5, in part, is currently being prepared for submission for publication of the

material. Chopra, Shivam; Drago Vasile; Jadhav, Saurabh; Tolley, Michael T.; Gravish, Nick. The

dissertation author will be the primary investigator and author of this paper.

x



VITA

2016 B. E. in Mechanical Engineering summa cum laude, Punjab Engineering
College, Chandigarh, India

2018 M. S. in Engineering Sciences (Mechanical Engineering), University of
California San Diego

2022 Ph. D. in Engineering Sciences (Mechanical Engineering), University of
California San Diego

PUBLICATIONS

Chopra S. and Gravish N. (2019) Piezoelectric actuators with on-board sensing for micro-robotic
applications, Smart Materials and Structures. IOP Publishing, 28(11), p. 115036.

Chopra S., Tolley M. T., and Gravish N. (2020) Granular jamming feet enable improved foot-
ground interactions for robot mobility on the deformable ground. IEEE Robotics and Automation
Letters, 5(3), 3975-3981.

Chopra S., Vasile D., Jadhav S., Tolley M. T. and Gravish N.(2021) Optimal design of underactu-
ated appendages enable sensing and swimming in granular environments. 2021 (In Review).

Drotman D., Chopra S., Gravish N. and Tolley M. T. (2021) Bioinspired Soft Digging Robot,
IEEE RoboSoft 2022.

Jadhav S., Chopra S., Gravish N., and Tolley M. T. Terrain-Structure Interaction- A multi-physics
simulation framework for studying the response of soft body interaction with granular media. (In
Preparation)

xi



ABSTRACT OF THE DISSERTATION

Robot locomotion in granular environments via passive compliance and underactuation

by

Shivam Chopra

Doctor of Philosophy in Engineering Sciences (Mechanical Engineering)

University of California San Diego, 2022

Professor Nick Gravish, Chair

Robots have shown prowess in demonstrating navigation in many extreme environments,

except in granular media (GM), which remains relatively unexplored. GM such as sand, dry

snow, and gravel are some of the most common substrates on Earth as well as other terrestrial

planets, yet GM is one of the most challenging environments to traverse. Robots have to overcome

large depth-dependent forces to navigate through granular media. Furthermore in GM, robots

experience non-zero yield stress that may cause unpredictable fluid/solid resistance forces, all

with extremely limited capabilities for sensing. This thesis addresses the problems of navigating

GM by designing bioinspired, underactuated, and passively compliant robot limbs.

Depending on the external forces and local stresses, GM can exist as a solid and can flow
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like a liquid, causing robots moving on GM to sink and slip. Thus, robot locomotion on GM poses

high demands on foot placement and joint control. Taking inspiration from passive compliance in

camel hooves, I designed a robot foot for improved locomotion on GM. The foot changed shape

passively when in contact with the ground to reduce sinking, and actively changed stiffness for

the ability to apply sufficient propulsion forces, which led to improved locomotion parameters.

For locomotion within GM, I proposed a novel autonomous, untethered robot that swims with

underactuated appendages, which enable both large propulsion forces through limb motion and

obstacle sensing over a wide range around the robot. To optimize the design of appendages, I

experimentally identified the optimum morphological and actuation parameters for generating

thrust. I also investigated how the presence of an obstacle buried in GM influenced the granular

flow around a moving appendage, enabling the ability to sense obstacles in grains. The results

from sensing and propulsion experiments were integrated into an untethered robot capable of

subsurface locomotion with a speed of ≈ 1.2 mm/s at a depth of 127 mm. Obstacle detection

was demonstrated through experiments with embedded force sensors on the appendages of the

robot. Overall, this thesis sheds light on how passively deforming and underactuated structures

can enable movement on and within GM with minimal limb control while still enabling sensing

capabilities.
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Chapter 1

Introduction

Numerous robots have been successful in demonstrating locomotion on land, through the

air, and in water. However, one substrate which remains relatively unexplored is granular media.

GM exists as one of the most common substrates in nature in the form of sand, soil, dry snow,

and extraterrestrial regolith. Recently, the study of robots capable of burrowing and moving on

GM has been of growing interest due to their wide range of potential applications in search and

rescue operations, mining, studying biological organisms, monitoring the seabed, underground

and extraterrestrial exploration, ground resiliency, and contaminant monitoring [1].

1.1 Granular media

Granular media (GM) are a collection of discrete solid macroscopic particles that interact

primarily through dissipative frictional forces [2]. GM is one of the most common substrates on

Earth as well as other extraterrestrial planets. It occurs in the form of desert sand, soil, gravel, dry

snow, etc. Although the interactions between granular particles are relatively simple, the physics

of GM and predicting the stresses and flow response of GM is quite complex [3, 4]. Constituent

particles in a GM can be spherical, oblong, rod-like, or many other shapes which can change the

properties of the granular medium as a whole. [5]. When granular materials are either fully dry
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Figure 1.1: Thesis overview. In this thesis I addressed the three major challenges for locomotion
in granular media a) sinking and slipping for robots navigating on GM, b) high resistive forces
and unpredictable fluid-solid interaction c) no navigation capabilities because of opaque and
damping nature of GM

or fully submerged in a fluid, many of the physical forces they experience are similar and studies

of the physics of slow flows in dry granular material can be extended to the submerged case [6].

Since the physical interactions between granular particles are dominated by friction, the

granular materials have been described as a “frictional fluid”. Granular materials exhibit non-zero

yield stress. Loading below this stress results in a stable, solid-like response of the granular

material while loading above this yield stress results in a failure and flow of the granular material

[7, 8]. Thus, granular material can exist in a solid-like state in which stationary particles support

chains of force that propagate through the granular material. When forces are applied to the

granular material that overcomes the yield condition the GM can exist in a fluid-like state in which

the material flows and resettles. The yielding of granular material is necessary for digging and

penetration of objects into the grains [9, 7]. The frictional nature of granular materials means that

intruders dragged through granular material experience a force that does not depend on velocity

[10]. In addition to a drag resistance, objects moving within granular material also experience a

2



lift force which depends on the shape of the intruder. Both drag and lift forces depend linearly on

the depth and the projected cross-section of the intruder [5].

1.2 Modeling granular-intruder interaction

Unlike swimming locomotion where the interaction of a body and the surrounding fluid is

governed by the Navier-Stokes equation, there aren’t analytical models for locomotion in granular

media. While working with the Navier-Stokes equations in the context of a soft, undulating,

swimming robot is not a simple matter, many experimental and computational approaches have

been developed (Fig.1.2). On the contrary, there is no single closed-form equation that can be

used to describe the behavior of sand and soil in the study of robot locomotion. Instead, progress

has been made through the development of empirical force laws for interaction between robots

and GM through the development of resistive force theory (RFT) [5].

An intuitive approach to simulate granular media is by using the Discrete Element Method

(DEM) where each particle is represented as a separate grain, and the collision interactions

between the grains are solved in an explicit dynamic simulation [11]. However, the discrete

element method can be computationally intensive and is not easily scalable to simulate particles

on a large scale (e.g., millions of particles). An alternative approach is to average the physical

response for the bulk of particles, thus representing granular media as a homogeneous continuum

[12]. Continuum models for granular media have been widely used in soil mechanics using either

finite element or finite volume methods. Continuum models are scalable to represent a large

number of grains since they are represented as bulk material instead of individual grains. However,

obtaining the homogeneous response for the bulk grains requires specialized material testing

equipment such as a triaxial testing machine. Additionally, continuum modeling is limited in its

applicability due to the built-in assumptions and is not suitable for simulating large deformations

in granular media as encountered in the case of a robot swimming in granular material [13].

3



However, both discrete and continuum approaches focus heavily on the modeling of the flow and

distribution of granular media as compared to their effect at the interface of the physical body

and granular media. Hence, both discrete and continuum simulations are useful when the flow

and distribution of granular media in response to the external body is of interest. For applications

such as a soft body deforming in response to drag experienced in the granular media, discrete

and continuum simulations are unnecessary since the simulations serve just as the means to

obtain boundary forces at the interface of soft body and granular media. Additionally, non-linear

response as encountered during soft robots interacting with the granular media requires simulating

the deformation of the soft body inside granular media for each small load step, which can

significantly increase the total computation cost.

Roboticists have developed an empirical approach, called Resistive Force Theory (RFT)

to calculate the drag forces at the interface between the intruder and granular media [5]. Previous

work by Chen Li et al., has presented Resistive Force Theory (RFT) which states that the drag

force experienced by a plate of a unit cross-section in granular media is a function of three

parameters (i) depth of the plate, (ii) the angle of the plate with the horizontal, and (iii) the

direction of intrusion for the plate. Chen Li et al. also reported the empirical results for the

drag forces experienced by the plate intruding in granular media as a function of the above three

parameters using Resistive Force Theory. This theory has led to the design of many successful

robots [14, 15] as well as understand of how animals move on and within deformable ground

[16, 17, 18].

1.3 Robot locomotion in granular media

Robot locomotion in GM is a challenging task because intruders moving through GM

experience very large resistive forces along with non-zero yield stress that causes unpredictable

solid/fluid transitions [2], and opportunities for sensing are extremely limited. These conditions

4



Figure 1.2: Lack of modeling tools for granular interaction with intruders. (A) Design
iterations that are usually done for bioinspired flying and swimming robots. It involves an
iterative design and optimization strategy using software tools. (B) Schematic showing the lack
of quick computation tools to model the interaction of soft robots with granular media.

5



impose challenging requirements for design of an autonomous robot capable of locomotion within

GM. For example, a robot at just 10 cm below the surface experiences resistive stress on the

order of 104 Pa, requiring high-force actuation while minimizing overall robot size [5]. Robots

designed to work in a particular kind of sand might not work in all kinds of sand as demonstrated

by the failure of NASA’s mole digger. According to the statement from NASA, the wet cohesive

soil deprived the spike-like mole of the friction it needs to hammer itself to a sufficient depth.

Thus, the properties of GM depend on moisture content, packing fraction of the grains, size, and

shape of the grains. Furthermore, the high pressures and abrasive environment require the use

of strong, robust materials. All moving components and the robot body must be tightly sealed

so that sand grains cannot penetrate interfaces which results in rapid degradation of mechanical

components and failure.

Locomotion on GM like sand in a desert is also very challenging because the medium

behaves like a fluid-like flowing medium above a yield stress limit [9]. Many previous robots

particularly NASA’s Curiosity rover, have been stuck or performed poorly trying to move on

deformable terrain. In granular environments, off-the-shelf legged robots can display poor

performance because rigid, pointed feet may sink into the grains. However, with appropriate

modifications to mechanical design or control [19] robots can perform well on GM but the

performance is highly sensitive to the packing fraction [14] and the limb kinematics of the robot

as the yield strength of GM increases with the increase in packing fraction [20].

Robot locomotion within the soil and subsurface environment has many applications such

as inspection and exploration [21]. Early burrowing robots focused on drilling and scooping

type mechanisms to excavate and loosen the soil [22]. These robots would create a tube through

excavation within which the robot would travel. In this way, the early burrowing robots had much

in common with pipe inspection robots. A major challenge of these early burrowing robots was

their inability to maneuver when digging. Once a tube was established locomotion outside of

this was challenging and thus these robots were relatively limited in their ability to explore wide
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subsurface regions.

In recent years researchers have turned to animals and the principles surrounding their

locomotion to solve many problems of robot mobility in a wide range of environments [23, 24].

There are many successful burrowing and digging animals from which roboticists have taken

inspiration. In the context of locomotion on and within granular substrates, this bioinspired

approach has proven successful in producing novel robot designs, gaits, and control methods. For

example, the sidewinder rattlesnake (Crotalus cerastes) inspired a robot capable of traversing

sloped granular media [16]. Other work has studied strategies for legged locomotion and for

walking on deformable substrates inspired by a variety of lizards and crabs [25, 26]. In the context

of digging, the sandfish lizard (S. Scincus) is one of the most capable subsurface travelers and

has served as inspiration for numerous robot studies of swimming through granular material

[18, 15]. Another burrowing robot inspired by the razor clam (E. directus) has been demonstrated

to reduce drag force by sequential fluidization of the sea-floor soil through body expansion and

contraction [27, 28]. One of the most emblematic digging animals that have inspired roboticists

is the worm. The soft-bodied morphology, and a multitude of digging capabilities including

through peristaltic actuation of lateral undulation, have led to several digging worm-inspired

robots. Early worm-like robots were fabricated from rigid materials and actuators broken up

into rotary segments [29]. More recent soft-robot-based fabrication methods have been used

to generate worm robots capable of peristaltic actuation [30, 31, 32], lateral undulations, and

combinations of body movements [31, 30]. Worm robots share many common features with

snake robots (that focus on above surface locomotion), one common discovery is that anisotropic

body friction in snake and worm robots can enable effective locomotion through simple actuation.

Roboticists have used angled artificial scales and kirigami skins with angled flaps to generate

anisotropic friction [33]. In primarily longitudinal locomotion modes, such anisotropic friction

may be necessary for successful locomotion.
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1.4 Underactuation in robotics

Underactuation is a technical term used in robotics and control theory to describe robotic

systems that cannot be commanded to follow arbitrary trajectories in configuration space. This

condition mostly occurs when the robot has a lower number of actuators than degrees of freedom.

Roboticists have developed many underactuated robotic systems for locomotion in air, water, and

on land to reduce the complexity of adding more actuators for complex trajectories.

Soft robots in particular have been at the forefront of underactuated robots because of

their ability to deform due to the inherent elasticity or “ material intelligence” [34, 35]. In

contrast to the traditional rigid robots with limited degrees of freedom, soft robots have continuum

deformation of the flexible body resulting in high DOFs. Variable-length tendons in the form of

tension cables or SMA actuators have been introduced in the soft structure of the robot to have a

controlled trajectory in locomotion and gripping [36, 37]. Recently flexoskeleton printing has

shown how soft appendages can be made by 3d printing rigid structures on a flexible sheet and

can be mechanically programmed to achieve a specific trajectory [38]. Many grippers have also

been designed to grab different types of objects using clever actuation techniques like granular

jamming and tendon enabled actuation [39, 40].

Intruders moving in granular media have to encounter very high penetration and resistive

forces. An intuitive way to solve this problem is to have bulky high toque actuators at each joint

of the robot to move it in the desired path. However, since these forces are dependent on the area

of the cross-section of the intruder, adding multiple motors will make a robot system very bulky

defeating the purpose of small-scale exploration. Particularly in appendage-enabled locomotion,

it is beneficial to have embodied material intelligence rather than multiple motors at each joint.

In this thesis, I describe in detail how I used underactuation and passive shape change to enable

locomotion on and within granular environments.

8



1.5 Thesis Outline and Contributions

My dissertation focuses on addressing the following problems related to robot locomotion

on and within granular media: a) GM changing the phase on the application of external force

causing robots moving on grains to sink and slip, b) high resistive drag and lift forces causing

challenging requirements on burrowing robot designs, and c) no navigation capabilities for

intruders moving inside GM. My dissertation addresses these challenges by answering the

following three research questions in the next four chapters: a) how can we design robot feet for

improved mobility on GM to overcome sink and slip?, b) what are the design choices one should

make for designing underactuated appendage-enabled untethered burrowing robots?, and c) is it

possible to detect obstacles around a robot by measuring the resistance in the granular flow?

Granular jamming feet enable improved foot-ground interactions for robot

mobility on deformable ground

Recent studies on dynamic legged locomotion have focused on incorporating passive

compliant elements into robot legs which can help with energy efficiency and stability, enabling

them to work in a wide range of environments. In this work, we present the design and testing

of a soft robotic foot capable of active stiffness control using granular jamming. This foot is

designed and tested to be used on soft, flowable ground such as sand. Granular jamming feet

enable passive foot shape change when in contact with the ground for adaptability to uneven

surfaces, and can also actively change stiffness for the ability to apply sufficient propulsion forces.

We seek to study the role of shape change and stiffness change in foot-ground interactions during

foot-fall impact and shear. We have measured the acceleration during impact, surface traction

force, and the force to pull the foot out of the medium for different states of the foot. We have

demonstrated that the control of foot stiffness and shape using the proposed foot design leads to

improved locomotion, specifically a ≈ 52% reduced foot deceleration at the joints after impact,

9



≈ 63% reduced depth of penetration in the sand on impact, higher shear force capabilities for a

constant depth above the ground, and ≈ 98% reduced pullout force compared to a rigid foot.

Initial investigation of asymmetric soft appendages for propulsion in granu-

lar media

Many animals use asymmetry in either body compliance or motion trajectories to generate

propulsion in granular media. We study how an appendage with anisotropic stiffness can be used

to generate propulsion in a granular environment. Firstly we perform experiments to understand

how a soft appendage that’s bent gets stuck in a deformed shape in granular media because of its

yield stress. This motivated us to see how these appendages can get stuck in oscillation. We show

how the advance (net forward motion) in sand depends on different parameters such as torque

amplitude, frequency of the control signal, and stiffness of the appendage. We use two different

control schemes and find optimal parameters in each. Finally, we model the behavior of thrust

generation by the appendage using Resistive Force Theory for compliant structures in granular

media. Our results show that there exists an optimum value of stiffness of the appendage for

maximizing forward propulsion.

Underactuated appendages enable swimming in granular environments

Granular environments such as sand and soil are one of the most prevalent substrates on

Earth, and yet one of the most difficult environments for robots to move within. Locomotion

within granular media requires robots to overcome large depth-dependent forces, contend with

non-zero yield stress that may cause unpredictable fluid/solid resistance forces, and all with

extremely limited capabilities for sensing. In this work, we propose a novel method for an

autonomous, untethered robot capable of locomotion within granular environments. A key

advance in this robot is the use of underactuated appendages which enable both large propulsion
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forces through limb motion, and obstacle sensing over a wide range around the robot. To optimize

the design of granular appendages we performed experiments on an underactuated test appendage

and identified the optimum morphological and actuation parameters for generating thrust. We

investigated how the presence of an obstacle influenced the granular flow around a moving

appendage, which led to an increase in the appendage force enabling the ability to sense obstacles

in grains. The results from sensing and propulsion experiments were integrated into an untethered

robot capable of subsurface locomotion in a controlled granular bed with a speed of ≈ 1.2 mm/s

at a depth of 127 mm. Obstacle detection was demonstrated through experiments with embedded

forces sensors on the appendages of the robot. Overall our results shed light on how soft, or

underactuated structures can enable movement in granular environments with limited limb control

while still enabling sensing capabilities.

Haptic detection of obstacles by measuring differential grain resistance in

granular environments

Navigation and obstacle detection within granular media (GM) is challenging because

vision and acoustic localization methods are hindered by the granular material. In this work,

we explore a strategy for detecting obstacles in GM by measuring the changes in reaction force

experienced by intruders as they move near an obstacle. We first performed experiments with

a rotating beam instrumented with a torque sensor at the base to measure the change in forces

experienced by the beam as a function of object proximity. We tested this for five different

configurations of the obstacle with respect to the beam rotation plane, and we systematically

varied the obstacle distance from the rotation axis from 0 to 14 cm. We observed that when the

object disrupts the upward flow of GM pushed by the beam a large change in force is observed.

However, objects below or normal to the rotation plane did not result in a detectable force change.

To understand this, we measured the quasi-2D flow fields through particle image velocimetry.

We demonstrated the feasibility of obstacle detection in GM using an appendage-driven robot
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instrumented with force sensors on its limbs. Our results advance the understanding of obstacle

localization in GM with many applications in robotics.
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Chapter 2

Granular Jamming Feet Enable Improved

Foot-Ground Interactions for Robot

Mobility on Deformable Ground

Shivam Chopra, Michael T. Tolley, and Nick Gravish

Department of Mechanical and Aerospace Engineering, University of California San Diego, 9500

Gilman Dr., La Jolla, CA 92093

2.1 Introduction

Modern technology has created robotic systems that have excellent locomotion per-

formance on flat ground [41, 42, 43], open water [44, 45] and air [46, 47]. However, robust

ground-based mobility in realistic environments with flowable, uneven ground, has seen limited

success [16, 14]. Robot mobility requires generating reliable and stable traction forces which are

complicated on complex natural terrains like sand and rubble [48].

On the contrary, many terrestrial animals inhabit incredibly complex environments with
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surfaces such as rubble, leaf litter, sand, mud, snow, and grass that pose high demands on foot

placement, joint control, and body control. Particularly, walking on granular media like sand in a

desert (≈ 10% of the Earth’s land area) is challenging because it behaves like a fluid-like flowing

medium above a yield stress limit [9]. In granular environments, off-the-shelf legged robots can

display poor performance when walking on granular material because rigid, pointed feet may sink

into the grains (Fig. 1a). However, with appropriate modifications to mechanical design or control

[19, 14] robots can perform well on granular media but the performance is highly sensitive to the

packing fraction and the limb kinematics of the robot as the yield strength of granular medium

increases with the increase in packing fraction [20].

Strategies to improve legged robot performance on granular substrates have included

decreasing the size and weight of the robot [49] to mitigate foot penetration, alteration of legged

gait cycle [14], and using limbless robots to improve contact area [16]. The use of feet that

change shape passively is another potential strategy that may improve locomotion performance

on sandy surfaces [50, 51]. Many works have been published on adaptable feet by increasing the

number of contact points per foot [52] and biomimetic foot mechanisms [53, 54, 55]. From a

bio-inspired perspective, animals like camels and elephants have thick footpads (digital cushions)

allowing them to distribute forces during bearing weight and to store or absorb mechanical forces

[56]. Further, in the case of camels, the footpads are filled with fat which may keep them from

sinking into the soft desert sand. The efficiency of footpads for animal locomotion in deserts

serves as a motivation for this work. We hypothesize that a passively shape-changing and actively

stiffness-changing foot can aid in improved locomotion on granular media.

Adaptable foot designs using granular jamming have been proposed for better locomotion

on rough terrain [57, 58, 59], but these have not been designed or tested on deformable ground

such as granular media. Granular jamming is the phenomena in which an enclosed collection

of granular material (coffee grounds, glass beads, etc.) stiffen (jam) when put under negative

pressure. In previous work, it was shown that granular jamming feet, when kept in a loose state,
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Figure 2.1: Foot design overview(a) A foot of a commercially available hexapod robot, (b)
Robot foot with pointy end sinking in granular media (plastic beads of 3 mm diameter), (c) The
proposed foot in flattened state on the sand, (d) Schematic showing the concept of the robot foot
which after (I) free fall impacts the granular media and flattens (II) and then jamming is initiated
to rigidify (III), (e) The proposed foot design in oblong and flattened state
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leads to better foot ground contact, and when in an activated (rigid) state leads to better traction

during walking [57, 58, 59]. Although it has been argued that damping in the foot is desirable

for a non bouncy behavior [57], a purely soft foot can lead to problems as the propulsion forces

from joint actuators do not push the body forward, but instead simply cause the robot leg to slip

within the soft foot resulting in no forward motion [54]. Thus, for locomotion it is desirable to

have a soft foot to adapt to surfaces, and a stiff foot to allow for generation of proper traction

forces [59]. These traction forces are independent of the shape and surface area of contact for

traversing on rigid ground but for granular terrain it is desirable for the foot to have least depth of

penetration, making surface area of contact and shape of the foot important factors for maximizing

the locomotion performance on granular media.

In this work, we propose a soft robot foot that flattens up after impact with the medium

leading to more surface area causing less penetration, and then actively changing stiffness

(Fig. 2.1d) using granular jamming. Rigid body impacts with granular media have been studied

in previous works [60] but soft body interactions with granular media under free-fall impact

and drag haven’t been studied, which will be briefly discussed in this work. We performed a

series of experiments with the proposed foot design for measuring the efficiency of the robot

foot for locomotion in the sand by analyzing parameters like peak acceleration at drop, depth of

penetration, shear force, and pullout force after drop and drag.

2.2 Foot design

A granular material enclosed by a flexible air-tight sheath can exhibit unique stiffness and

shape-changing behaviors when positive or negative air pressure is applied. When the granular

volume is at ambient pressure the grains within can behave like a fluid and thus the volume can

change shape easily. However, when negative pressure is applied to the volume the enclosing

sheath applies a pressure inward on the granular material which jam and the high friction between
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the grains makes the volume behaves like a solid. This phenomenon is familiar to anyone who has

handled a vacuum-sealed coffee bag, in the vacuum state the bag is rigid but when the vacuum is

released it becomes soft and deformable. This phenomenon has recently been exploited to make

adaptable robot grippers [39].

Our proposed foot design was focused on locomotion on granular media (sandy ground).

The design was based on a granular jamming foot [59] but in addition to stiffness change, this foot

was designed to exhibit shape change on impact. It consisted of an air-tight enclosing membrane

and filling material for granular jamming. For the enclosing membrane, we used a commercially

available ice pack. The membrane was made of inelastic textile material with pleats (Fig. 2.1e)

such that on impact with the ground, the membrane would flatten and thus generate a larger

surface area in contact, thus leading to less penetration in the sand for a given mass of the robot.

The foot was about 8 cm in diameter in the elongated shape (when not in contact with a surface)

and approximately doubled (13−15 cm) in cross-sectional diameter when pressed and flattened

against the ground (Fig. 1d-e). We initially performed experiments with a latex membrane but

ultimately did not use this material for several reasons. The durability of latex for interaction

with the complex and rough ground was problematic as it failed quickly. Furthermore, the latex

membrane elasticity required a substantially larger fill volume of grains which led to sub-optimal

foot shape change abilities when interacting with the granular media. We found that an inelastic,

tough textile reminiscent of taffeta was durable yet capable of appropriate shape change.

The filling material selection was based on a quasistatic loading experiment in which the

foot was placed on a rigid substrate (wood) and was only free to move vertically. Weights were

added on the top sequentially (Fig. 2.2) and the height of the foot above the ground was measured

using pictures from a camera and tracking was done using MATLAB (The MathWorks, Inc.).

We chose to test ground coffee, 3 mm diameter plastic beads, and 210−300 µm diameter glass

beads (Potters Industries with density ρ = 2.51 g/cm3) based on past use in granular jamming

and ease of availability [20, 61, 60]. As seen in the plot (Fig. 2.2) for a given mass on the foot,
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Figure 2.2: Experiment to select the filling material for the foot. The plot shows the mass
with the change in height from the ground for three different materials and a schematic shows
the experimental procedure. The mass is from the weights that are added sequentially

the change in height of the foot above the ground is highest in the case of glass beads because of

lesser friction between the glass beads compared to other materials which lead to lesser stiffness

of the foot. The filling material was filled up to the brim of the membrane and a tube was attached

to the inlet with a sponge inside for jamming activation using the vacuum pump.

2.3 Materials and Methods

For a robot foot to walk on granular media it is desirable to have minimum peak vertical

force on the joints where the foot is attached, minimum depth of penetration in the medium, a

maximum shear force for forward propulsion in the foot (no slip), and minimum force required to

lift the foot out of the medium. To determine how the stiffness state of the foot affected these

parameters of foot-ground interaction we performed a series of experiments in two groups as

follows: 1) foot drop experiments in which we allowed a foot to impact the ground at a realistic

18



0

6

12

3000ms before impact (RIGID)

3000ms after impact (SOFT)

A
cc

e
le

ra
ti

o
n

 (
g

) 
A

cc
e

le
ra

ti
o

n
 (

g
) 

-225 -75 750 225

-225 -75 750 225 -225 -75 750 225

265 ms before impact

75 ms after impact

Pump

0

6

12

0

6

12

0

6

12

Time (ms) Time (ms)

Time (ms)Time (ms)

A
cc

e
le

ra
ti

o
n

 (
g

) 

0

6

12

To 
pump

a) b)

Peak accel.

Peak accel.

Peak accel. Peak accel.

Settling time

-225 -75 750 225
Acceler-

ometer

Linear 

Bearing

Electro-

magnet

Clamped

Granular Media

Figure 2.3: Dynamics of the foot impacting granular media (a) Experimental setup for the
drop, (b) Plots showing the acceleration profiles in terms of acceleration due to gravity(g) as
soon as the drop starts (3 trials each) for different vacuum turn on times. The time is relative to
impact time of the foot (at 0 ms)

velocity, with variable foot stiffness, and 2) shear and pull out experiments in which we measure

the foot’s shear resistance against the granular surface and the force required to remove the foot.

Below we describe these two methods in depth.

2.3.1 Granular material testing platform

An air fluidized bed of square cross-section 43 by 43 cm was filled with spherical glass

beads of diameter 212− 300 µm (Potters Industries with density ρ = 2.51 g/cm3) to a depth

of 20 cm [Fig. 2.1(a)]. The floor of the granular testing platform was made of a porous plastic

membrane with pore sizes smaller than the particle diameter. The porous floor was supported by

an aluminum honeycomb structure with an enclosed volume below. The outflow of a shop vacuum

was connected to the volume below the porous floor. The vacuum was 6.5 HP and was connected

to a wall power source through a proportional relay controlled by an Arduino microcontroller.
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By varying the voltage of the proportional relay we were able to control the airflow through the

granular material. The volume fraction φ of the granular media was determined from image-based

measurements of the bed height by the equation φ = M/ρAh, where M, A and h are the total mass

of the grains, area of the bed, and height of the bed respectively [20]. Before each experiment

air flow through the porous membrane initially fluidized the medium [14] and then by slowly

ramping down the air flow we got our desired packing fraction φ measured as 0.58±0.03 which

falls in the range of φ of loosely packed sand observed in desert sand dunes [62].

2.3.2 Foot drop experiments

For this set of experiments (Fig. 2.3a), an accelerometer (Analog Devices, ADXL326)

was attached to the foot assembly for measuring the acceleration in the vertical direction on

impact. The assembly was then fixed with a 3D printed fixture to a bearing setup consisting of

two linear bearings and two 12 mm diameter steel shafts oriented vertically and clamped rigidly

to the frame. The foot assembly was constrained to move only in the vertical direction and was

supported at the base of the foot to inhibit tilting of the whole foot during impact. Further, the

foot assembly was attached to a 9.525 mm diameter tube which was connected to a vacuum

pump (Kozyvacu TA350), with 0.25 HP power and 3.5 ft3/min flow rate, controlled by a custom

Arduino program using a relay, which pressurizes the foot from 100 kPa (soft) to 30 kPa (rigid). A

12 V electromagnet was clamped to the top of the frame and an iron piece was glued to the top of

the foot so that it could be held by the magnet at the start of the experiment. The signals from the

electromagnet (on/off), the vacuum pump (on/off), and the accelerometer (analog) were recorded

at the same sample rate of 4000 Hz through a data acquisition device (National Instruments

USB-6001) using a MATLAB program. A high-speed camera (Phantom VEO410L) was used

to track the trajectory of the drop carriage and the diameter of the foot after impact. For each

experiment, the foot was attached to the electromagnet in the soft state (vacuum off) and the

bed was fluidized. The data collection started as soon as the electromagnet turned off and the
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showing shear force during drag with the displacement of the foot for four different states of the
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time to turn on the vacuum pump was calculated in reference to the time of impact from the

ground for different delay times. All the measurements were taken for free fall of the foot from a

height of 30 cm above the ground from the base of the foot corresponding to an impact velocity

of ≈ 2.4 m/s.

2.3.3 Shear force and pullout experiments

For these sets of experiments, a similar setup as to the previous section was used with

some modifications. A horizontal slider with linear bearings was added in addition to the vertical

slider such that the foot was free to move horizontally and vertically, as shown in Fig. 2.5a. A

motorized stage (Thorlabs MTS50-Z8) was attached to a 5 kg load cell that displaced the foot

in shear through a tension wire. The load cell was connected to a load cell amplifier (FUTEK

Inc.) and recorded using a data acquisition system (NI USB-6001) in MATLAB. For every

trial, the assembly with the horizontal slider and foot was dropped from a height of 15 cm after

fluidizing the granular bed with glass beads. The inelastic string was then affixed to one end to the
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for the four different conditions of the foot

23



load sensor and the foot on the other such that the foot could be dragged horizontally using the

motorized stage with trajectory controlled using a MATLAB program with a constant velocity of

1 mm/s. The displacement of the foot was tracked using a synchronized camera and a MATLAB

program. The experiment was done for four cases of foot states, (1) rigid drop and rigid shear

(the vacuum was turned on before drop and remains on for the whole experiment), (2) rigid drop

and soft shear (the vacuum was turned on before drop and remained on until drop but turned off

for the shear experiment), (3) soft drop and soft shear (vacuum was never on), (4) soft drop and

rigid shear (vacuum was turned on after drop).

Further, we directly measured the depth of penetration for all four cases after dropping

from a height of 15 cm using images from the camera. For the rigid drop cases, the depth was

equal to the change in the height of the foot above the ground as the foot didn’t change shape.

For the soft drop cases, we assumed that the flattened shape of the foot remained the same when

dropped on a rigid surface and the granular bed. Using this assumption we calculated the depth

of penetration (Fig. 2.7a) for these cases using images from the camera.

After the drag experiment was complete, the foot was pulled out of the granular bed by a

force gauge (MARK-10), (Fig. 2.8a), and the force from the gauge was recorded using a data

acquisition software (MESUR™gauge Plus). For calculating the weight of the foot assembly, the

foot was placed on a rigid substrate and then lifted using the force gauge. The pullout force for

all four cases was calculated by subtracting the weight of the assembly from the measured force

to lift the whole assembly from the granular media after the drop-and-drag tests.

2.4 Results and Discussion

2.4.1 Dynamics of foot impacting the granular substrate

Fig. 2.3b shows the acceleration of the foot for four different delay times of the vacuum

pump. We chose acceleration to be positive in the direction opposite gravity and acceleration is
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normalized in terms of acceleration due to gravity (g). In all four plots, the acceleration drops

from 0 g to −1 g as soon as the drop occurs. When the foot was dropped as rigid (vacuum on

at 3000 ms before impact) on the granular bed there was a sudden increase in the acceleration

to 12± 1 g and then the acceleration decreased because the foot penetrated the medium and

then came back to 0 g as the foot came to rest which matches well with previous work [60]. On

decreasing the vacuum delay time to 265 ms before impact, we observed a decrease in the peak

acceleration to 5.5±0.5 g and an increase in the settling time (time to come to rest) for the foot.

Turning on the vacuum after the impact resulted in a reduced peak acceleration (Fig. 2.4a) and an

increase in the settling time until the foot behaved like a completely soft foot with no prominent

sudden peak and a slow penetration into the granular bed. The results show that by varying the

stiffness state of the foot we can control the peak acceleration of the foot as it comes to rest. Such

control may be useful to reduce the jerk on the body when the foot first comes in contact with the

ground, in which case an initially soft foot would minimize this rapid change in acceleration.

Using the high-speed cameras, we also measured the diameter of the foot above the

ground after drop for different pump times (Fig. 2.4b). For the rigid case, the diameter of the foot

is the smallest because the foot doesn’t change shape. As the vacuum onset time moves closer to

the impact time the foot diameter after impact increases until it is saturated to a constant value

because the foot starts behaving like a completely soft foot as an increase in the surface area of

the foot leads to lesser penetration depth.

2.4.2 Shear force and pullout force measurements

We measured the shear resistance of the foot after impact experiments (Fig. 2.5). Force

versus displacement plots for four different cases of foot state during drop and shear all show a

shear force that increases with displacement (Fig. 2.5b). The force here was measured using the

load cell and the displacement of the foot was tracked using the camera during the shear test. For

the rigid drop followed by rigid shear case, the foot penetrates deeply into the granular medium
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following impact as seen in Fig. 2.5c. Because the foot is so deep, and because it is maintained

in a rigid state, thus the shear force rises very fast until ≈ 2 mm and then goes on increasing

gradually up to 25 N for 30 mm. This continual increase in shear force with displacement is

a result of the growing size of a pile of grains in front of the foot which causes an increase in

drag. For the rigid drop followed by soft shear, the foot again penetrates deeply into the granular

media, however when the vacuum is released and the foot turns soft before shear, the foot starts

to slip within the granular medium causing the shear force to increase more slowly. Similar to the

rigid-rigid case a grain pile forms in front of the foot causing a slow rise in force.

For the soft drop followed by soft shear case, the soft foot impacts the ground and thus

is deformed to a flattened shape after coming to rest. Once the foot is dragged the shear force

rises very quickly and then saturates at 11 N. Since the flat shape doesn’t sink deep into the

medium, the pile of grains is substantially smaller in this experiment which causes the shear force

to remain relatively constant. Similarly, for the soft drop followed by the rigid shear case, the

impact dynamics are the same as previously described with the foot adopting a flattened shape.

Upon dragging laterally the shear force rose to a similar value as the soft drop then soft shear

case, but in this experiment, the shear force has a gradual rise over the full displacement. As can

be seen in the snapshots (Fig. 2.5c), the pile of grains that form in front of the foot is larger for

the rigid dragged foot than the soft dragged foot. This is likely due to the soft foot slipping and

deforming within itself. The results indicate that soft drops are optimal for achieving maximum

shear force for a given height of the foot above the ground.

The pullout force is highest (Fig. 2.8b) for rigid drop cases because it goes deep in the

granular bed (Fig. 2.7b) and requires about 10 times more force than the soft drop cases as the

soft foot flattens up and doesn’t sink in the medium. Pullout force gives us an estimate of how

much force would be required to lift the leg of a robot after a step has been done. As the energy

required to lift a rigid foot out of the sand is about 10 times as compared to a soft flattened foot, a

soft foot while dropping is more energy efficient for locomotion on granular media.
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2.5 Foot performance comparison and selection

We summarize all our results in Fig. 2.9, where each bar plot has been scaled about the

maximum value among the four cases. The shear forces in rigid drops are highest because of

the maximum depth of penetration (Fig. 2.7b). The drag force Fd on a cylinder of diameter

D is given by Fd = ηρgDd2 [10], where η characterizes the grain properties (surface friction,

packing fraction, etc.), ρ is the density of the glass beads, d is the depth of penetration and g is

the acceleration due to gravity. Assuming all the parameters to remain the same for these sets of

experiments, Fd = Kd2 where K is the drag coefficient. A property of generating traction forces

on granular material is that by penetrating deeper in the ground, we can generate more shear force

before slipping. But this strategy comes at a significant cost as removal of the foot is much harder

because of sand pile up and friction, and the effective leg length is shortened because of deeper

penetration of the foot. Thus, the drag coefficient K indicates how efficient a foot is in supporting

traction force for a constant depth d. We observe that the drag coefficient is highest for soft drop

rigid shear along with minimum pullout force. Soft drop states come out to be the most efficient

in terms of least depth of penetration and least peak deacceleration at the drop. Soft drop rigid

shear and soft drop soft shear do not have much difference in performance, however, it is desired

for a foot to remain rigid during transmission of propulsion forces so that no energy is lost in the

deformation of the soft foot.

2.6 Conclusion

In this work, we have proposed a foot design that can passively change shape and actively

change stiffness for improved locomotion on granular media. It was shown that the foot in the

soft (unjammed) state damped the vertical impact forces (least peak acceleration) and flattened

up for an increased contact area and when jamming was initiated the foot turned rigid to become

more capable of transmitting horizontal propulsion forces. We have shown that using the foot
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design with pleats such that it is soft before the drop and then rigid during shear led to reduced

foot deaccelerations at the joints, lower pullout force, lower depth of penetration, and greater drag

coefficient at a certain displacement of the foot.

Future directions for this work may include more robophysical testing of the foot by

changing the packing fraction of the granular media and by changing the slope of the bed. Future

work could test the foot on the legs of the robot walking in desert or beach environment outside

the lab thus size of the foot also needs to be scaled down and appropriate control schemes for the

vacuum pump would need to be developed with the gait cycle of the robot
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Chapter 3

Initial investigation of asymmetric soft

appendages for propulsion in granular

media

Shivam Chopra, Saurabh Jadhav, Michael T. Tolley, and Nick Gravish

Department of Mechanical and Aerospace Engineering, University of California San Diego, 9500

Gilman Dr., La Jolla, CA 92093

3.1 Introduction

Many animals employ asymmetry in motion to generate net thrust to move in granular

media. These strategies include traveling wave actuation [18], non-reciprocating limb trajectories

[63], anisotropic flexibility of the appendages [64, 65], and cyclic muscular contractions of

the body [66, 67]. For soft-bodied organisms that burrow such as ocean dwelling worms a

fundamental mode of granular interaction is with soft appendages [68, 64]. In this paper we

perform experiments to understand how soft appendages generate propulsive thrust in granular
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substrates.

Flexible appendages, fins, and body elements have been extensively studied in the context

of fluid-structure interactions [69, 70, 71, 72]. However, the interaction of flexible appendages

with granular media is not as well understood. There has been an increased interest in exploiting

the flexibility of appendages for designing underactuated robotic systems for propulsion in

granular material [73, 74, 75]. Locomotion in granular media results in much higher drag force

compared to that of fluids, and thus instead of adding bulky motors at the joints, researchers have

become interested in exploiting the flexibility to generate thrust for propulsion [76, 77]. In this

paper, we will study how different parameters such as amplitude of input torque and stiffness of

the appendage affect the forward progression of a model soft appendage in granular media. We

will supplement our experiments with introduction of a Resistive Force Theory modification for

soft appendages [5].

The motivation of this work also comes from our preliminary experimental studies where

we bent a soft silicon appendage in air and in granular media. We observed that in air because

of the elasticity of the appendage it returns to its initial state (Fig.3.1B,D). However when a

soft appendage is bent in granular media, and released the appendage stays stuck in that bent

configuration because of the finite yield stress of the medium (Fig.3.1A,C). This experiment

instigated us to think how a soft appendage can behave in granular media when under oscillation.

3.2 Design of soft appendage

The soft appendage in this study has two components: an anisotropic skeleton and a

soft sleeve. To generate asymmetry in motion, we wanted the skeleton to be very stiff in one

direction to increase drag in power stroke and fully flexible in the other to reduce drag in return

stroke. We used heat sealable taffeta (Seattle Fabrics) as the underlying flexible layer and adhered

laser cut acrylic blocks on it. The acrylic blocks constrain the bending in one direction which
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Figure 3.1: Soft appendage behaves differently in GM. (A) Curvature vs time plot when an
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when done in air, the appendage returns back to its original state because of its inherent elasticity.
(C) and (D) are the snapshots of the initial and final states of the appendage in sand and air
respectively.

leads to anisotropic stiffness [Fig.3.2c]. Similar designs have been explored in the context of

fluid [75, 74] and granular locomotion [5]. In preliminary experiments we used a 3D printed

laminate design [38] but we found that the polycarbonate backing layer was not strong enough

in when subject to the granular media drag forces. We moved to a design which used Taffeta

sheets because of its resistance to tensile failure and high flexibility after multiple oscillations

under the granular reaction forces. The length of the skeleton was chosen to be 7.8 cm with six

acrylic blocks 1.2× 1.3× 1 cm. The sleeve was designed to enclose the skeleton from grains

and to impart elasticity to the appendage. Two different enclosures were molded in a rectangular
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Figure 3.2: Design of the soft appendage. (a) Schematic and (b) picture of the experimental
setup(c) Schematic of the appendage in (Soft State)- drag force is minimized by bending
against the direction of rotation, (Stiff State)- the acrylic segments constrain the bending of the
appendage during rotation in the other direction, thus maximizing the drag.

cross-section of thickness 2.5 mm using Dragonskin - 10 and Ecoflex - 10 (Smooth-On). Further,

0.127 mm thick spring-steel strips were slid in the sleeve for changing the stiffness.
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Figure 3.3: Modeling the position response of the appendage (a) Schematic showing the
effective area of the appendage projected along the direction of rotation in soft and stiff state,
(b) Torque and position response of the appendage as calculated from the model

3.3 Experimental Procedures

3.3.1 Setup

The soft appendage was actuated at one end through a 0.5 inch shaft connected to a

brushless dc motor (Odrive 150KV) mounted above the granular surface. An optical encoder (US

Digital, E6, 3600 CPR) measured the rotation of the shaft. The shaft was supported by bearings to

counter any radial motion under oscillation. We used an Odrive motor controller for closed-loop

current control. We interfaced the Odrive with a PC through a Labview program interfaced with

Python that also recorded encoder position of the shaft.

All the experiments were performed in a controlled granular environment consisting of

an air fluidized bed of cross section 43 cm by 43 cm filled with spherical glass beads (Potters

Industries with density ρ = 2.51 g/cm3) of diameter 212− 300 µm to a depth of 30 cm. The
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packing fraction φ was calculated φ = M/ρAh, where M, A and h are the the the total mass of the

grains, area of the bed, and height of the bed respectively [20]. For each experiment we initially

fluidized the medium by rapidly flowing air through the grains and then slowly ramping down the

flow rate. This protocol enabled repeated preparation of a homogeneous granular material with

packing fraction φ = 0.58±0.03 which is in the range of loosely packed sand found in nature.

3.3.2 Procedure

We tested two different torque inputs to the motor and measured the current sent to the

motor and the angular displacement from the encoder in each experiment for 10 seconds. The

two control schemes used in this study were:

1) Sinusoidal actuation - An oscillatory time dependent sinusoidal torque τ was input to the motor

such that τ = Asin(2π f t) where A is the torque amplitude and f is the frequency of oscillation.

For all these experiments we chose f = 1 Hz. 2) Time and displacement limited square-wave

actuation: Torque input to the motor depended on maximum angle desired between two extreme

positions of the appendage θ and the time taken to reach from extreme position to another T such

that torque τ is

τ =


A, until θ = 180◦ or T ≤ ∆t

−A, otherwise

The sinusoidal actuation method provided a simple state independent periodic torque. However,

to limit the rotation angle of the appendage to a more realistic range when considering actuation

on a robot (180◦) we implemented the time and displacement dependent square wave actuation.

3.4 Modeling

We approximated the position response of the appendage by calculating the net torque

acting on the appendage in its soft and stiff steady state configuration. The net torque is the
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Figure 3.4: Open loop sinusoidal torque input data comparison with model (a) plot showing
the variation of angular position with increasing input torque amplitude for Draginskin-10 for
1 Hz frequency (b) plot showing the angular position change with changing stiffness for torque
amplitude of 0.75 Nm,(c) and(d) show the trends of increasing amplitude and stiffness from
the model, (e) heat map of experimental results showing the effect of stiffness and input torque
amplitude on advance of the appendage. Each box in the heat map represents mean of 5 trials.

difference between the torque applied by the D.C. motor and the resisting torque due to the drag

force experienced by the appendage,(Fig 3.3 (B)- Torque). This drag force on the appendage

is directly proportional to the cross-section area projected along the direction of rotation of the

appendage (Fig. 3.3 (A)). The projected area of the appendage in the direction of rotation during

stiff state exceeds the projected area during the soft state which causes asymmetry in the drag

force. This asymmetry results in a net positive thrust during oscillation of the appendage (Fig. 3.3

(B)- Angular Position). If the resisting torque experienced by the appendage exceeds the applied

torque, then the net torque acting on the appendage is zero and the position of the appendage

remains unchanged. We approximate the deformed shape of the appendage during the soft state

by using a commercial finite element tool (ANSYS Mechanical [78]). We model the steel plate

(that is embedded in the appendage) with a uniformly distributed pressure load that acts normal
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Figure 3.5: Closed loop control with maximum angle between extreme positions fixed at 180◦

(a) (inset) Plot of angular position vs time showing the advance of the three different appendages,
(b)advance of the appendage vs ∆t for 3 different appendages. Error bars show the standard
deviation of 5 trials. Maximum advance was observed at ∆t = 0.15 s for the appendage with
Dragonskin-10 sleeve.

to the appendage. We use a scaling factor of 0.3 for the uniformly distributed load to account for

the overall decrease in the drag force acting on the appendage due the decrease in projected area

along the direction of rotation during deformation and the stiffening behaviour due to the acrylic

segments. We assumed the drag force acting on the appendage in the soft state as a pressure with

30% magnitude of the drag force experienced by a vertical plate with the same area intruded

horizontally in granular media [5]. Thus, using equations of motion, we calculated the position

and velocity response [Fig.3.3] of the appendage.

3.5 Results and Discussion

3.5.1 Open loop oscillation

In time dependent sinusoidal actuation the angular position of the appendage continually

advanced forward because of the lower drag torque in the return stroke. We oscillated the

appendage at five different current magnitudes i.e. torque amplitudes(0.63 Nm being the minimum
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torque required to move), and observed that the advance i.e. slope of the position plot, increases

with the increase in the torque amplitude [Fig.3.4a]. Similar trends were calculated from the

model where advance increased with an increase in torque amplitude.[Fig.3.4c]

To have a variation in stiffness, we tested 3 samples of appendages: 1) Dragonskin-10

sleeve 2) Dragonskin-10 sleeve with 1 steel sheet and 3) Dragonskin-10 sleeve with 2 steel

sheets. We observed that the advance decreases with the increase in the stiffness of the appendage

[Fig.3.4b]. This was because on increasing stiffness of the appendage, it didn’t bend as much

as its softer counterpart in return stroke and couldn’t reduce as much drag to impart maximum

asymmetry in motion. Our model also predicts similar behavior [Fig.3.4d].

We found that the advance goes upto 23 rad/s and the appendage swings back and forth

for multiple rotations at high torque amplitudes because of no control over the maximum peak to

peak oscillation angle. To limit this angle to 180◦ we devised a closed loop control scheme.

3.5.2 Closed loop oscillation

As the maximum angle of oscillation is fixed to 180◦ between the extreme positions

of the appendage, we can get a more realistic insight on the advance. Further, the maximum

time taken to move from one extreme to another extreme position ∆t was varied from 0.05 s to

0.4 s in 0.05 s intervals.We tested 3 different samples and observed that for a constant torque

amplitude A = 0.63 Nm and maximum peak to peak oscillation angle 180◦, Dragonskin−10

sample performs the best and has the maximum advance. Interestingly, the softest appendage,

with Ecoflex-10, performs the worst and has zero advance after a few oscillations. We believe

that a very soft appendage like EcoFlex-10 might not have sufficient elasticity to bend and return

to its initial state, thus it generates almost zero advance [Fig.3.5a].

For these 3 samples, we measured the advance as a function of ∆t and found that there

exists an optimum value of ∆t where the advance is highest. For the appendage with Dragonskin-

10, the maximum advance was found to be at ∆t = 0.15 s [Fig.3.5b]. On further observation it
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was found that the input torque for ∆t = 0.15s is equivalent to a square wave of frequency 3.5 Hz.

In other words a time dependent (open loop) square wave of torque of frequency 3.5 Hz will give

the same advance as ∆t = 0.15s in this control scheme. For a low ∆t the appendage oscillates at

high frequency and thus there is a decrease in amplitude due to high damping in granular media.

On increasing ∆t, the appendage stops at the extreme position for some time and thus there is a

decrease in advance.

3.6 Conclusion

Here we demonstrated how asymmetry can be exploited in soft appendages to generate

thrust in granular media. We performed experiments using two different control schemes to

demonstrate how different input parameters including torque amplitude, appendage stiffness, and

the actuation rate influences the advance rate of moving forward. In open-loop torque control,

we found that the advance increases with the increase in torque amplitude and decreases with

the increase in stiffness. We model the behavior of this asymmetric motion using resistive force

theory and the trends generated by the model validate the experiments. In closed-loop control, we

limited the angle of oscillation to 180◦ and found that there exists an optimum value of stiffness

for generating maximum advance. These results help increase the knowledge on the behavior

of oscillating soft appendages in granular media which is of great interest to roboticists and

biologists.
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Chapter 4

Underactuated appendages enable

swimming in granular environments

Shivam Chopra, Drago Vasile, Saurabh Jadhav, Michael T. Tolley, and Nick Gravish

Department of Mechanical and Aerospace Engineering, University of California San Diego, 9500

Gilman Dr., La Jolla, CA 92093

4.1 Introduction

Granular media is one of the most common surface substrates occurring in many forms

such as soil, sand, and extraterrestrial regolith [79]. Although a considerable amount of research

has been devoted to swimming in water or flying in the air, rather less attention has been paid

to digging and burrowing in granular media (GM). Recently, the study of robots capable of

burrowing in GM has been of growing interest due to their wide range of potential applications in

search and rescue operations, mining, studying biological organisms, seabed, underground and

extraterrestrial exploration, ground resiliency, and contaminant monitoring [1].

Robot locomotion in GM is a challenging task because intruders moving through GM
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Figure 4.1: Overview of robot (A) Photograph of the robot showing the underactuated ap-
pendages and terrafoils (granular control surfaces inspired from elevators and diving planes in
airplanes and submarines respectively). (B) Picture of the robot digging at a beach in San Diego.
(C) Top view of the optimized terradynamic body for minimizing drag forces in granular media.
(D) Time-series images showing the motion of underactuated appendages (created from tracked
joint positions using the camera) in the power stroke and return stroke. The appendages were
designed to experience minimum drag in return stroke and maximum propulsive force in power
stroke for generating a net thrust to move forward. (E) Side view of the sandfish lizard-inspired
asymmetrically tapered nose with the terrafoils added to counter the lift force so that the robot
stays submerged during locomotion.
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experience very large resistive forces, non-zero yield stress that causes unpredictable solid/fluid

transitions, and opportunities for sensing are extremely limited. These conditions impose chal-

lenging requirements for the design of an autonomous robot capable of subsurface locomotion

in GM. For example, a robot at just 10 cm below the surface experiences resistive stress on the

order of 104 Pa, requiring high-force actuation while minimizing overall robot size. Furthermore,

the high pressures and abrasive environment require the use of strong, robust materials. Lastly,

all moving components and the robot body must be tightly sealed so that sand grains cannot

penetrate interfaces which results in rapid degradation of mechanical components and failure.

Early efforts to create robots capable of subsurface locomotion in GM largely focused on

two fundamental approaches: 1) robots that use body expansion and elongation, and 2) undulatory

robots that use body bending to effectively “swim”. Earthworm-like peristaltic actuation has been

incorporated in many burrowing soft robots [31, 80, 81, 29]. Peristaltic actuation takes place

through cyclic body expansion and elongation, which enables control of wall-friction forces for

anchoring (high-friction), and extending forward (low-friction). Furthermore, this approach when

tested in water-submerged GM like that of the ocean floor also enables drag reduction on the

robot through fluidization of the nearby GM due to the interstitial water motion [82, 83, 84].

However, peristaltic actuation for GM locomotion presents challenges for autonomous, untethered

operations. Many of these robots are made of soft, elastic bodies and use soft pneumatic actuators

and thus need to be connected to a pump. While it is feasible for soft robots to operate with

onboard pumps, pneumatic actuation within GM presents a further challenge as the pump must

be able to pull in the surrounding air which may be challenging at higher depths in GM and

impossible in submerged GM.

Undulatory, “sand-swimming”, robots move through lateral body bending and propulsive

swimming forces that are generated as the body sweeps through the sand. This method of

locomotion was inspired by the sandfish lizard which is capable of rapidly burrowing into

the sand to escape predators [18]. The early studies of undulatory locomotion in GM lead
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to foundational developments in the modeling of GM through the application of the resistive

force theory (RFT) which was originally developed for locomotion of worms in viscous fluids.

Comprehensive experiments, numerical simulation, and RFT calculations enabled researchers to

design and optimize a seven-link undulatory robot and to study optimal swimming gaits in the

sand. Undulatory locomotion is a compelling method for movement in GM, however previous

robot experiments took place in shallow, low-density plastic beads, and thus the resistive forces

were comparatively small. In real GM the forces are substantially larger, and it is unclear if

current actuators would be capable of generating motion in natural sand. Additionally, the tether

connected to peristaltic actuation-based robots can interfere with the motion of the robot, reducing

the propulsive force. Furthermore, energy is spent in moving the grains while expanding for

anchoring, making these robots slow and inefficient. This strategy may work for cohesive wet

sand, where these robots can make a tunnel to move in but is not that effective in submerged and

dry sand.

More recent work has demonstrated several promising approaches for granular locomotion.

Robots that “grow” by extending only at the tip have demonstrated impressive locomotion

capabilities using either a plant-root-inspired everting skin [85, 86] or a growing 3D printing

filament extruder mechanism [87]. These methods drastically reduce the friction against the body

since only the tip of the robot is moving through GM. However these approaches necessarily

are tethered, and their capability for maneuvering within GM can be limited. Robots that use

the helical motion of an auger have also been recently developed [88, 80] to self-drill through

the sand. These robots show promise however current implementations have only been tested

for locomotion on the surface of GM, rather than for subsurface locomotion. Lastly, a recent

appendage-driven robot was developed that used anisotropic compliance in fins to produce

forward propulsion as the fins symmetrically oscillated [89]. Numerical optimization for this

robot was performed using RFT calculations to determine the optimal actuation parameters.

Recently, Naclerio et al.,[90] developed a fast-everting robot, inspired by plant roots and
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the sand octopus, which was able to achieve maneuverability using fluidization to modulate lift

and tendons to steer. The need to be connected to a powerful pump with a high flow rate at

all times makes this robot not an ideal choice for applications that require no support from the

surface [91].

Appendage-driven locomotion in GM has several advantages over other approaches

including 1) appendage sweep can possibly detect obstacles away from the body, 2) can generate

large propulsive forces through a wide “stroke”, and 3) permits easy steering through differential

appendage drag. Appendage-enabled locomotion has been widely studied for transportation in

air, water, and on-ground surface which has informed the design of many successful robots with

exceptional dynamic locomotion [92, 93, 14, 94, 95]. However, because of the lack of physical

models for the interaction of appendages having underactuated bending modes, appendage-

enabled locomotion in GM is not well studied [89, 96]. Furthermore, using appendages for

granular locomotion presents challenging design hurdles that must be overcome. Appendages

must generate high force during the power stroke, and low force during the return stroke, requiring

appendage reconfiguration through the locomotion cycle. However, it is unfeasible to fully actuate

appendages for reconfiguration because of the high-force requirements in GM. One method for

appendage reconfiguration that has been explored in viscous fluids is by using passive elasticity

[77]. Progress has been made in understanding the role of flexibility and variable stiffness of

soft appendages to generate propulsive thrust in GM [76, 77, 97]. In viscous fluids, the shape,

and ultimately the resistive drag force on an appendage can be controlled by changing the rate of

appendage motion (since forces are velocity dependent). However, this approach will not work

in GM since the resistive forces are independent of speed (speed < 0.5 m/s) [98, 99]. An even

more fundamental challenge for flexible appendages exists in GM: due to the nonzero yield stress,

an elastic appendage can get “stuck” in a deformed configuration if the elastic restoring stress

is below the yield stress [100, 101]. Thus, appendage-enabled locomotion requires limbs to be

capable of reconfiguration throughout the locomotion cycle yet it is unclear if passive elastic
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structures would be beneficial.

Biological locomotion in GM is often characterized by rhythmic and repetitive movements

of appendages [63, 102] or soft slender bodies [18, 103] or coordinated combination of both

to achieve propulsion [65, 64]. This locomotion is achieved due to the complex interaction

of the forces exerted by the body and the external forces exerted by the GM [104]. Many

animals move with non-reciprocating trajectories [102] or exploit the intrinsic morphology of

their soft underactuated appendages [105] to generate asymmetry in motion for moving within

GM. Further, animals use appendages extensively for accomplishing a variety of tasks in GM

such as propulsion and steering (e.g., mole crabs, mole crickets, sea turtles, gopher tortoises

[63, 102, 105, 106]), sensing of the flow to detect obstacle/prey (e.g., arthropods [107]), as well

as transport of granular material (e.g., ants [108]). Sea turtles in particular have been known

to dig their nest at the beach, crawl on the shore and swim in the ocean using the anisotropic

stiffness of the appendages[109, 105]. They also dig in the ocean floor for foraging using the

appendages in a motion similar to that of the arms while swimming the breaststroke [110, 111].

Sea turtle hatchlings have appendages much larger than their bodies to displace sand and generate

propulsive forces in a synchronous effort to dig and surface out of their nest as deep as ≈ 40 cm

[112]. An ideal case for propulsion while swimming in GM is to minimize the reaction torque in

the return stroke and maximize it during the power stroke. For this work, we took inspiration from

appendage enabled digging in animals, to design a robot with appendages moving in a sweep

through and propel motion.

This work presents a terradynamic design of an easily deployable untethered robot, driven

by two anisotropic underactuated appendages, which can sense obstacles in GM (Fig. 4.1A,

Movie 1). The appendages move in a sweep and propel motion generating asymmetric thrust

by displacing the sand to swim in grains. This work makes the following contributions in

swimming and in granular environments that enable our robot design: 1) Design optimization

for underactuated appendages in GM (Fig. 4.1D), 2) Design of terradynamic control surfaces
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(“terrafoils”) to counter the granular lift forces for ensuring continuous horizontal locomotion

(Fig. 4.1E), and 3) Haptic detection of the position of obstacles around a moving body. Ultimately

we implement these designs into tethered and untethered robots capable of locomotion in GM.

We demonstrated that the robot can function untethered in a challenging natural environment (at

the beach) which hasn’t been demonstrated by any other robot (Fig. 4.1B).

4.2 Results

This section includes details of the robot design and results from the experimental tests

for appendage characterization, robot design, lift modulation, sensing objects in sand, and

demonstrations of the robot in a natural environment and the lab.

4.2.1 Robot Design

The robot was driven by two appendages through a sweep and propel motion as seen in

animals [102, 105]. To keep the actuation simple, the appendages were designed to be actuated by

a single motor through a gearbox by using a PID controller on the motor encoder. We selected a

single motor for bilateral limb actuation to reduce the cross-sectional area of the body for reduced

drag forces in GM (Fig. 4.2A, B). The mechanical system used to drive the appendages converted

the rotation of the motor’s output shaft, placed on the central axis of the robot, to rotation at the

base of both appendages, using a worm drive transmission (Fig. 4.2C).

The motor selection criteria were based on having the least cross-sectional area possible

while providing enough torque to drive the appendages. A DC motor with a planetary gearbox was

used, as the stages of the gearbox stack axially, increasing the length and keeping the cross-section

constant. The body was designed to have an O-ring and two water-tight bearings to ensure that it

is sand and water-tight.
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Terradynamic body design

Forces within GM can be extremely high and thus to enable locomotion of a robot, we

needed to minimize the drag on the body of the robot. Our goal was to choose the body with

the least projected area perpendicular to the direction of motion. To measure the drag force, we

dragged bodies with four different profiles, but with constant frontal projected cross-section areas,

at a constant velocity in a controlled granular environment ( Fig. 4.7A, B). We found that the

body with a uniform cross-section (shown in blue in Fig. 4.7B) experienced the maximum drag

force (FD). The tapered body (green) with the same length L experienced a drag force ≈ 15%

lower than the constant cross-section body (blue). Reducing the length of the body by 1/4 L, we

found that the drag reduced by ≈ 7%, likely due to the reduced skin traction between the grains

and the body. We lastly tested a body with serrated edges (orange) but did not find a considerable

difference in force with the non-serrated tapered body (green) in both forward and backward

directions. These experiments led us to choose the tapered body design instead of a solid body

with a constant cross-section. We also incorporated a shovel-shaped nose in front of the body to

counter the upward lift forces acting on the body (Fig. 4.2B).

4.2.2 Appendage design and characterization

After designing and conceptualizing the robot body, we performed a series of tests to

find the optimum appendage curvature for generating maximum forward thrust on the robot. To

contend with the large resistive forces in GM, we used rigid links with revolute joints constrained

by joint angles. Each appendage consisted of five links actuated at the base. Each link had

variable joint constraint angles at 15◦ increments enforced by pins inserted into one of 12 holes

(Fig. 4.3A).
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Terradynamic body

Worm gearbox

Planetary gear

 motor

O-ring to seal

Wedge nose

 to reduce lift

Worm gearbox
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Battery and 

other electronics

Figure 4.2: Robot design. (A) Top view of the terradynamic body for the robot. (B) Exploded
view of the robot body assembly with different components. Planetary gear motor actuated
both the appendages through a worm gear transmission. The robot was designed to be fully
untethered with all the electronics encased in the body, fabricated using a resin 3D printer. An
O-ring and two water-tight bearings were used to seal the body from sand and water. The
appendages were driven by the motor through the two shafts attached to the gearbox. Wireless
communication was done through a low-level messaging protocol (MQTT) through Wifi. (C)
To keep the robot actuated by a single motor, a worm gear mechanism was integrated into a 3D
printed gearbox.
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Figure 4.3: Design and characterization of underactuated appendages. (A) Photograph of
the (Computerized Numerical Control) CNC machined linkage with five links and five joints
with variable joint constraint angles at 15◦ increments enforced by pins inserted into one of
12 holes. The lower joint angle is denoted by β and the upper joint angle is fixed at 0◦. (B)
Schematic of the experimental setup. ((C) The torque output for β = 45◦ and 90◦ (mean of
five trials) for amplitude of oscillation φ = 180◦. Asymmetry in torque was observed between
power and return strokes because of the asymmetric joint constraints. ((D) Net mean torque
(mean of five trials for last cycle, error bars show standard deviation) for the peak amplitude of
φ = 60◦,120◦,and 180◦ for different constraint angles β .

Appendage design for maximum forward thrust

We first measured the torque, τ , on an appendage undergoing an oscillatory motion to

mimic the thrust and return strokes of our robot. We varied the angular amplitude of oscillatory

motion φ in addition to the angular range β of the underactuated joints (Fig. 4.3B). We also
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Figure 4.4: Appendage curvature visualization. (A,B) Schematics showing the effect of joint
constraint angle β = 90◦ and β = 45◦ on the locomotion of the robot respectively. In the case of
β = 45◦, the appendage opened up to reach the maximum constraints during return stroke due to
the drag of granular media; during the power stroke, the appendage pushed the grains to generate
a net propulsive force for the robot to move forward. In the case of β = 90◦, the appendage
reaches maximum bent configuration in return stroke but during the power stroke, it was not
able to fully straighten up which caused the links at the end to reach suboptimal configurations,
reducing the net forward thrust. (C) Time-series images of the linkage configuration seen in
its rotating frame, as measured from the LED markers used for optical tracking (mean of five
trials) for one period of φ = 180◦ oscillation. (D) Tracked configurations of the linkage at the
end of the power stroke for the last three cycles of oscillation for different constraint angles β ,
showing that once the linkage gets stuck in a bent configuration such as for β = 90◦ it stays bent
for multiple cycles.

measured the steady-state torque for the appendage in bent and straight configurations for different

joint angles by rotating the appendage by two full rotations in both directions. It was observed that
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for bent configuration (return stroke), torque decreased with the increase in the joint constraint

angle β due to the decrease in drag ( Fig. 4.8B).

Then we oscillated the appendage at a constant angular velocity, the reaction torque due to

the drag of GM, τ , magnitude decreased during the power stroke because the links bent passively

to stop at the upper joint constraint angle until the linkage became straight leading to maximum

drag (Fig. 4.3C). The step decrease observed in the power stroke was likely due to each of

the links reaching the upper constraint on the joint angle. During the return stroke, torque τ

magnitude increased quickly because the linkage started to bend at the joint closest to the shaft

followed by a slow increase to the maximum value when all the links had reached their upper

constraint angles β . The torque τ in all these experiments was negative for power stroke and

positive for the return stroke. We performed this experiment for β ranging from 15◦ to 90◦ in 15◦

intervals. The asymmetry in torque was measured as the net mean value of the torque τ in a cycle.

This asymmetry is proportional to the net propulsive thrust required to move forward.

We observed that for low amplitudes of oscillation (φ = 60◦ and 120◦), the maximum

torque of the power stroke (in the negative direction) didn’t change much with the constraint angle

β because all the links reached the straight maximum drag configuration ( Fig. 4.8A). However,

for a large amplitude of oscillation (φ = 180◦), we observed that this maximum torque decreased

after the first cycle for β > 45◦ (Fig. 4.3C). This behavior was unexpected since the steady-state

torque during the return stroke decreased with the increase in constraint angle β . From the torque

data, it was evident that there was an optimum joint angle β for maximum asymmetry in torque,

at this large amplitude of oscillation. We measured the net mean torque in a cycle for different β

values and found that there existed an optimum value of mean torque at β = 45◦ for the amplitude

of oscillation φ = 180◦. For the angle β > 45◦, the mean torque started decreasing until reaching

the lowest value at β = 90◦ (Fig. 4.3D).
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Suboptimal configurations leading to reduced performance

To understand the decrease in torque for β > 45◦ at large amplitudes of oscillation, we

calculated the joint positions at each time step from the tracking points using the data from the

camera. We observed that for β ≤ 45◦ the linkage bent to reduce drag during the return stroke

and reached the maximum drag configuration (straight) in the power stroke, as we anticipated

(Fig. 4.4B). However, for β > 45◦, the linkage didn’t reach the maximum drag configuration in

the power stroke and got stuck in that configuration (Fig. 4.4A). This behavior was prominent at

higher joint angles (Fig. 4.4C). We observed that even if the linkage oscillated at an amplitude

of φ = 360◦ the linkage remained stuck in the bent configuration because external drag forces

acted on the links in a direction opposite to the direction of velocity forced the last links to remain

stuck.

We calculated the shape of the linkage at the end of each power stroke for the last

three cycles and observed that for β ≤ 45◦ the appendage was straight in the maximum drag

configuration for all cycles (Fig. 4.4D). However, for β > 45◦, the shape of the linkage at

the end of the power stroke remained deformed in a bent configuration for all cycles. These

results informed us that once the appendage is deformed in a suboptimal configuration such as

for β = 90◦, it will stay in that configuration for subsequent cycles too ( Fig. 4.9). Thus, we

concluded that we should choose an appendage with joint constraint angle β = 45◦ as it was the

optimum for large-amplitude sweeps.

4.2.3 Lift modulation

We tested the robot with the optimized appendages and found that the robot (designed

with the wedge nose) surfaced slowly because of the high lift forces. To counteract this, we

attached “terrafoils” (granular force control surfaces) to the side of the nose to control lift similar

to how elevators in airplanes and diving planes in submarines are used to control pitch. The
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goal of these surfaces was to counter the upward lift force acting on the body without increasing

the resistive drag. We measured drag and lift forces acting on the terrafoils and optimized their

geometry for minimum drag FD and maximum downward lift force FL (Fig. 4.5A, B). Firstly, we

tested terrafoils at different aspect ratios at an angle θ = 15◦ from the horizontal but having the

same frontal area of projection A. According to resistive force theory (RFT) for terradynamics,

the drag FD and lift FD forces on an intruder is directly proportional to the projected frontal area

of cross-section if the depth and the orientation remain the same [5]. However, we found that a

unity aspect ratio experienced the least horizontal drag and maximum downward lift (Fig. 4.11).

Next, we tested the terrafoils at different angles θ to find the optimum terrafoil with

the maximum negative FL with the least FD in GM. We observed that the horizontal drag (FD)

experienced by the body with terrafoils attached, first decreased and then increased with the angle

θ as the projected area of cross-section increased (Fig. 4.5D). We believe that the drag force

experienced by the body with terrafoils decreased because the terrafoils were added at the nose

just in front of the widest cross-section of the body (where the gearbox fits; Fig. 4.2C) which

may have caused the grains to flow before they interact with the body, reducing the net drag.

This behavior cannot be predicted by RFT [5] but could be simulated using Discrete Element

Method (DEM), which we leave for future work. Additionally, the net projected surface area

of the terrafoils was much lesser than the area of the cross-section of the body, which may help

explain why we didn’t see much difference in the drag as compared to the body with no terrafoils.

However, we noticed that the terrafoils changed the lift force significantly as we saw a clear trend

where the lift forces FL decreased with θ from 0◦ to 45◦, and then increased with θ from 45◦

to 90◦. The negative lift force in all these experiments indicated downward force acting on the

robot. We also performed modeling for these trends using a modified version of a RFT (Modeling

Methods) and found that the results matched very well with the experiments (Fig. 4.5C).

We demonstrated the application of terrafoils on the robot propelled by the asymmetric

action of the appendages (Fig. 4.5E). We tracked the position of the robot using a tracker on a rod
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sticking out of the GM. We observed that the robot had an upward y displacement of 3.41 mm

for 70 mm of horizontal displacement in 37 s (speed of 1.20 mm/s with fit with 95% confidence

bounds) (Fig. 4.5E). Then we added the 30◦ terrafoils on both sides of the robot and performed

the test again and found that the robot stayed oscillating around the 0 mm y displacement for

61.27 mm of x displacement in 37 s (speed of 1.03 mm/s with 95% confidence bounds). These

results showed how the granular lift force can be modulated by adding terrafoils to enable a robot

to swim horizontally in GM without surfacing.

Robot performance in the wild and lab

The robot was tested in the fluidized sand bed at a depth of 127 mm from the top. For

every test run the robot was placed horizontally using the fluidization and looking at the disk

marker attached to the carbon fiber tracking rod. We found that in lab experiments the robot

speed varied from 1.2 to 1.6 mm/s (Movie 1). These tests were performed both tethered for

maximum current and untethered on a fully charged battery and both showed similar performance

in a controlled granular bed.

We also tested the robot in a natural environment (at Scripps Beach, La Jolla, CA, US).

Since the robot was not designed to be able to self-burrow, we performed experiments by placing

the robot at a depth of 127 mm (observed through the carbon fiber marker) and distributing sand

over the top. We initiated the experiments with wireless control. We observed that the robot was

able to move forward in the natural sand for a distance of ≈ 30 mm at a speed of 0.57 mm/s. We

believe that the decrease in the speed of the robot relative to lab experiments in controlled glass

beads was due to several factors: 1) It has been shown previously that natural sand is harder to

dig in than dry glass beads [5], 2) the sand at the beach had a lot of seaweed (Movie 1) which

made the sand cohesive and may have reduced its ability to flow [113], and 3) the sand at the

beach had a higher moisture content than the glass bead used in the lab; after digging the hole for

the robot we observed that the sand at the depth of 127 mm was wet. Wet sand is harder to dig
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in because of the lesser flow of grains requiring more motor torque and causing linkages to fail.

We believe the performance of the robot can be improved by CNC machining the links for the

appendage and the whole body out of aluminum.

4.3 Materials and Methods

4.3.1 Fluidized Granular Bed

In all the lab experiments we used an air fluidized bed of cross-section 43 by 43 cm

which was filled with spherical glass beads of diameter 212−300 µm (Potters Industries with

density ρ = 2.51 g/cm3) to a depth of 17.78 cm. The base of the testing platform was made of a

porous plastic membrane with a pore size smaller than the grain diameter. The porous floor was

supported by an aluminum honeycomb structure with an empty volume underneath to install the

outflow of a commercial shop vacuum (6.5 Horse Power). The shop vacuum was connected to

the ac power source through a proportional relay controlled by an analog output signal through a

Data Acquisition Card (National Instruments). The flow rate for air going through the GM was

controlled by varying the analog output voltage. The volume fraction φ was calculated by taking

images of the bed height h and substituting other values in the equation φ = M/ρAh where M, A,

and h are the total mass of the grains, area of the bed, and height of the bed respectively [100].

Before every trial, airflow through the porous membrane fluidized the medium [14] and then we

ramp down the flow rate slowly to get our desired packing fraction φ measured as 0.58±0.03

which falls in the range of loosely packed sand found in natural environments [62].

4.3.2 Robot Design Materials

Considering the planetary gear motor’s stall torque of approximately 1.13 Nm (116 rpm,

Actobotics), a worm drive with a gear reduction of 15 : 1 was chosen, resulting in a net max
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torque of 16.95 Nm which was more than enough to move the two appendages. The body and the

gearbox were fabricated using a resin 3D printer (Objet 350 Connex 3, Stratasys Inc.; Material:

Veroclear). This printer material was chosen for accuracy, strength, fast prototyping, being water

and sand tight as well as easy removal of soluble support material. The drag experiments on

the body informed the use of a tapered body. Inspired by previous studies of the sandfish lizard

[17, 18], we designed the body with an asymmetrically tapering wedge-shaped nose, inclined at

an angle of 30◦ to reduce the lift forces acting on the body.

The links for the robot appendages were also printed on the same 3D printer having the

optimum joint constraint angle β = 45◦. The untethered robot had a length of 25.6 cm, a width of

5.1 cm (widest part), and a height of 3.2 cm. To enclose the appendages from sand, we sewed a

pouch using silicone-coated fabric (Ripstop Nylon, Seattle Fabrics) and a silicone adhesive (Silnet

Seam Sealer, Gear Aid) was used to seal the seams. The optimum angular sweep of the robot

appendages was selected to be ≈ 160◦ (90◦ + 70◦) such that the appendages reach maximum

angle while return stroke (parallel to the body) and can straighten near the farthest point of the

body to generate maximum propulsive force.

4.3.3 Experimental Methods

Appendage characterization, experimental setup, and test appendage design

Controlled experiments were performed to investigate the phenomenon of the occurrence

of sub-optimal bent configurations of a serial linkage during oscillatory motion in GM. In the

experiment, we used a representative soft appendage, a serial linkage (made out of aluminum

by using CNC machining) composed of five links and five revolute joints with variable joint

constraint angles, which was actuated from one end through a shaft connected to a bipolar stepper

motor (NEMA-23 with 15:1 gearbox) within a controlled fluidized granular bed (Fig. 4.10A).

Each link was 30 mm long by 15 mm wide and 24 mm thick with variable joint constraint angles
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to the precision of 15◦. For all the experiments upper joint constraint angle was set to 0◦ such that

the linkage cannot bend in the other direction and the lower joint constraint angle β (measured

from the direction of the previous link) was varied. An optical encoder recorded the position and

a reaction torque sensor(Futek) mounted between the motor shaft and the output shaft measured

the reaction drag torque from the granular medium. The linkage was enclosed within a fabric

cover (Ripstop Nylon, Seattle Fabrics) and five rigid wooden sticks were attached at each link.

A camera (Flir Point Grey) was rigidly mounted at the top to record the images of the

linkage with 5 tracking points (LED lights on the wooden sticks) for each time step of the

experiment. Post-processing of the images was done in MATLAB by binarizing each image and

detecting the coordinates of LED lights in a plane parallel to the surface of the sand bed. Four

periods of oscillations were performed at a constant angular velocity of 20 ◦/s at a constant depth

of 5.08 cm for three peak to peak amplitudes φ of 60◦, 120◦, and 180◦ such that the angular

position θ varies as −φ/2 ≤ θ ≤ φ/2 . The drag forces on the linkage were independent of speed,

like other drag studies in the non-inertial regime [98, 99] (speed < 0.5 m/s).

For each experimental trial, airflow through the porous floor initially fluidized the medium,

and then by slowly ramping down the airflow we got our desired packing fraction ϕ , which was

determined through measurements of the total grain mass (M) and occupied volume (V) to be

ϕ = M/ρV = 0.58±0.03 which falls in the range of ϕ of loosely packed sand observed in desert

sand dunes [62].

Terrafoil experimental setup

To investigate the effect of terrafoils, granular control surfaces, we performed systematic

robophysical tests. In these tests, the fluidization bed was the same as the previous appendage

characterization tests. The two terrafoils were attached to each side of the nose of a 3D printed

body without the appendages. The body with attached to a 8 mm shaft which in turn was

connected to a 6 axis force/torque sensor (Robotiq FT300-S) through a 3D printed mount. The
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force sensor was rigidly attached to a stepper motor-driven linear stage with a lead screw. The

Force sensor was set to record force and moments in six directions at a rate of 100 Hz. The linear

stage was dragged through the sand at a constant velocity for a distance of 50.8 mm. We chose

this distance because of the limitation of the bed size and we also found that the force values

reach a steady-state in this distance. Five trials were done for each terrafoil shape and angle. We

chose three different terrafoil geometries with the same surface area but different aspect ratio

(L/w). The aspect ratio chosen were 3/4,1, and 4/3. The respective lengths chosen were 15 mm,

17.32 mm, and 20 mm to be comparable to the size of the nose. For finding the optimum terrafoil

angle, an aspect ratio of 1 was chosen. Before every trial, the sand bed was fluidized for 10

seconds to achieve a loose packing fraction for each trial. The linear stage, force sensor, and

the fluidization bed were run through a Data Acquisition PCIe card (National Instruments) on a

computer using Labview. All the tests were done at a depth of 50.8 mm, measured from the top

surface of the robot body to the surface of the sand.

Body Design Experiments

Body design tests were done using the same experimental setup as the terrafoil tests. Each

body for the test was 3D printed with a 2 mm thick shell and has the same projected cross-section

area at the front. To compare how tapering and changing the length of the body at the back affects

the drag force, we selected four different bodies in the sample space. The first body had the

same cross-section throughout without any taper (shown in blue in Fig. 4.7), the second body

is tapered (shown in green), the third body has the same taper as the second but has a length of

3/4 times the length of the second body, and the fourth body has the same taper and same length

as the second but has serrated edges. The serrated edges were made to test our hypothesis that

anisotropic skin friction will significantly affect the drag results.
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4.3.4 Modeling Methods

We used granular Resistive Force Theory, an empirical, reduced-order modeling approach

to predict the intrusion forces on the robot moving horizontally in the sand with varying terrafoil

angles (Fig. 4.12). Previous work by C. Li et al. [5] presented 2D-Resistive Force Theory (RFT),

an empirical approach that characterized the forces acting on a plate moving in granular media

with variation in the direction of velocity and normal vectors. However, the empirical-modeling

approach presented by C. Li et al., was only applicable for a plate whose velocity and normal

vectors lie in the same vertical plane. Treers et al. further extended this empirical model to 3D

scenarios based on penetrometery data presented for the 2D-Resistive Force Theory [114]. We

used this adaptation of 2D-RFT for 3D scenarios to calculate the vertical and horizontal forces

acting of the robot body intruding horizontally in the GM. We varied the terrafoil angles for

the robot body between 0◦ to 90◦, with a step of 15◦ and generate a triangulated mesh for each

terrafoil angle of the robot body. The average length of the side for the triangles in the mesh

was set to 5 mm (Fig. 4.12A). We used this mesh in a 3D-Resistive Force Theory formulation,

implemented in Unity3D, to calculate the lift and drag forces acting on the robot body (Fig.

4.12B)(Equation 1-3). The horizontal and vertical forces acting on each triangle were calculated

using the adaptation of 2D-RFT for 3D scenarios as presented by Treers et al. [114]. The forces

acting on the robot body were the sum of all forces acting on every triangle in the mesh. The lift

forces acting on a plate intruded horizontally in GM is negligible if (a) The normal of the plate

is pointing vertically upwards or downwards (i.e., β = 0◦); or (b) The normal of the plane is in

the horizontal plane (i.e., β = 90◦) (Fig. 4.12E). Hence, the terradynamic shape of the tip of the

robot and the angle of the terrafoils majorly contributed to the downward lift generated by the

robot as it intrudes horizontally in the GM (Fig. 4.12F).

Fx = |z|. A. αh(β ,γ) · cos(φ) (4.1)
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Fy = |z|. A. αv(β ,γ) (4.2)

Fy = |z|. A. αh(β = 0,γ = 0) (4.3)

4.4 Discussion

The objective of this study was to demonstrate the application of underactuated appendages

with different bending curvatures, due to asymmetries from joint angle constrains, to generate

thrust while interacting with the granular media. This underactuated appendage is controlled using

a single motor connected to a worm drive which enables the design of the robot to be compact

and lightweight as compared to previous approaches [15]. Previous work has demonstrated a

compliant fin-based robot for locomotion in granular media, where the actuation parameters

were optimized while the limb compliance was held constant [89]. The design strategy of

generating asymmetric thrust presented in this work is very robust and versatile as compared to

designing specifically for a particular granular material since the optimum joint angle constraints

are independent of depth, the size and shape of the grains, and packing fraction of GM. This can

also inform the understanding of how the geometry and compliance of animal appendages, such

as turtles flippers [115, 111], generate a positive thrust in GM.

This work may offer insight into the design of other robots with underactuated linkages

for locomotion in GM. For example, the locomotion of snake-like robots with passive elastic

joints has been studied in viscous fluids [116]. However, in GM the nonzero yield stress presents

the opportunity for robot links to become locked in sub-optimal configurations. Underactuation is

likely an important design consideration for locomotion in GM since the torque requirements

at joints can be very large. We found the optimum joint angle for the appendage considering

a uniform curvature for simplicity i.e. all the links have the same joint constraint, however, it
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is possible that the optimum constraint varies along the length of the appendage and each link

has a different optimum. Future work could address these questions, taking a larger set of link

geometry parameters using numerical methods such as the Discrete Element Method (DEM).

Our experimental results indicate that a smoothly tapered “terradynamic” body is better

than having a body with a constant area of the cross-section with the same projected frontal area,

which can be tested using numerical approaches (DEM) for future work. Although other research

groups have shown the benefit of a tapered nose [117] and of adding a wedge shaped foil to

reduce lift [90], our approach was to study the effect of the geometry of these modular control

surfaces and to experimentally verify the reduction of lift forces without increasing horizontal

drag by adding “terrafoils”. According to Resistive force theory (RFT) [5], the terrafoils with a

similar area and different aspect ratio should have the same drag and lift, which is different than

what we found. These experimental results generate an understanding of how drag and lift forces

can be changed by adding modular control surfaces for digging robots in the future. Future work

can also explore making actuated terrafoils on the front and the back of the robot to control the

pitch of the robot while swimming in the sand, similar to diving planes in submarines.

In general, our experimental study indicates that by measuring the differential grain

resistance around a moving body, an obstacle above the body can be detected but not below the

body. This result suggests how GM behaves completely different than fluids, where a symmetrical

rigid rotating plate will have a symmetric flow of fluid above and below the plate. Future work

could use the studies presented here to explore haptic identification and modeling of objects in

granular media. To further show the benefit of having an appendage-based locomotion mechanism,

we have shown how the appendages can be used to sense objects in the sand away from the body

by sensing the granular flow, a strategy employed by many arthropods [107]. Future work can

explore the detection of objects on either side of the robot by measuring the force difference

between the two force sensors. Sensing can also be used to detect if the robot is trying to pitch

upwards/rise towards the surface or pitch downwards/swim towards the bottom by measuring the
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force from both the appendages as the drag force increases linearly with depth.

The experiments performed in this work led to the design of a two appendage-driven robot

with symmetric actuation during the power and return strokes. This robot can be deployed in the

wild because of its small form factor (can be easily held in a hand) and being fully untethered. This

robot has the potential for steering by controlling the bend and locking angles on the appendages.

The asymmetry in the forces between left and right appendages will cause the robot to steer. The

terradynamic robot body made for this work was designed to be watertight and future work can

explore testing in fully submerged granular media such as granular ocean surface, where the fully

saturated grains behave similarly to dry granular media except with lesser particle-particle friction

[6, 118]. We believe that we would see a similar performance for this robot in submerged sand as

the slow movements of the appendages will likely not change the resistive forces from the GM.

Further, along with swimming in grains, appendages can be used for swimming in the water by

changing the robot body to have negative buoyancy elements so it does not sink and changing the

actuation parameters for faster strokes. Future appendage-enabled robots can be designed to be

deployed from the ocean surface to swim in the water, and transition from water to submerged

sand to navigate the seabed.

Currently, there are some practical challenges to deploying the robot in the wild because

it cannot perform self-burrowing from the surface. However, improvements can be made for self

burrowing by either adding two more appendages such that there is each pair at the top and bottom

of the body or by using actuated terrafoils to fluidize the sand in the front, or a combination of

both to enable head-first transitions similar to wrasse fish [119] or belly-first transitions such as

in sand vipers [120]. In the current body design, a single battery (450 mAh) charge can enable

this robot to run for ≈ 5 minutes with a net distance traveled of ≈ 30 cm (assuming a speed of

1 mm/s at 127 mm depth). However, as our body shape experiments demonstrate there is only a

small increase in body force as the robot body is elongated. Thus we envision future robots will

have longer bodies for larger motors and batteries with multiple appendages.
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Applications of this robot include deploying on extraterrestrial bodies with granular media

such as the sandy surfaces of Mars [121, 122] and asteroids [123, 79]. This robot can be modified

to deploy in submerged sand and can be used for sensing and monitoring the submerged sand

bed in the ocean and for self-anchoring of ships. This robot also has applications in agriculture

and soil studies where it can be used for contaminant monitoring of the soil. Another application

for this robot can be measuring moisture content in grain silos as a moisture sensor can be easily

integrated on the robot appendage and can also be used in search and rescue operations during

grain entrapment in these silos.
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Figure 4.5: Lift Modulation using terrafoils. (A) Experimental setup for measuring drag and
lift on the robot with terrafoils of different angles θ . (B) The nose of the robot with terrafoils
attached to the side. (C) Experimental (solid lines) and simulation (dashed lines) results for
drag and lift forces for terrafoils of different angles and aspect ratio = 1. The body drag and lift
without terrafoils is shown in cyan and pink with the shaded region showing the error bar for
the mean value of 5 different trials. The terrafoil with θ = 15◦ performed the best as it had the
minimum drag and the maximum downward lift. (D) Schematic describing the free-swimming
tests where the robot swims in the sand with a tracking marker with and without terrafoils (E)
The trajectory of the robot measured by the position of the marker in x and y directions for the
robot with and without terrafoils for θ = 30◦. y displacement stayed constant for the case when
terrafoils were attached to the nose without much decrease in the speed in the x-direction. The
first stroke is longer than others because we start the robot in power stroke with appendages
fully extended (maximum drag)
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environment (glass beads) with a packing fraction of ≈ 0.58 (loosely packed) at the same depth
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Figure 4.12: Formulation of 3D-Resistive Force theory to calculate intrusion forces in
granular media. (A) A 3D mesh for the robot body with a mesh size of 5 mm is used to
calculate the intrusion forces on the body. The intrusion forces on the body are equal to the sum
of intrusion forces acting on each triangle in the mesh. (B) The intrusion forces acting on each
triangle in the mesh is calculated by resolving the velocity vector for the triangle in orthogonal
directions and using the empirical fit reported by Li et al. [5], to calculate the intrusion force in
x,y, and z directions. (C),(D) report the empirical fits obtained for Li et al. [5] and adapted for
3D scenarios. (E) Scenarios where vertical forces acting on the plate are negligible. (F) The
terradynamic shape of the tip of the robot and the angle of the terrafoils mainly contribute to the
total lift generated by the robot
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Chapter 5

Haptic detection of obstacles by measuring

differential grain resistance in granular

environments

Shivam Chopra, Drago Vasile, Saurabh Jadhav, Michael T. Tolley, Nick Gravish

Department of Mechanical and Aerospace Engineering, University of California San Diego, 9500

Gilman Dr., La Jolla, CA 92093

5.1 Introduction

One of the major problems for robot locomotion in granular media is the lack of sensing

and navigation. Optical localization doesn’t work in granular media (GM) as GM in nature

comprises small, irregularly-shaped grains that have sides in many orientations that can reflect

light in many directions. Therefore, the light that reflects off of the sides of sand grains does

not travel in a single direction, and from different directions, no sensible image is produced.

Some of the other materials within GM might absorb light too, further reducing the light passing
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through. Acoustic localization has also not been successful in detecting small objects that are

within the GM because of its damping characteristics [124] which can absorb the vibrations

produced by an acoustic signal. Ground-penetrating radars (GNPs) have been successful in

locating obstacles, particularly mines however the bulky machinery required hinders its success

to be used on small-scale exploratory robots. Previous work has shown how tactile sensing

can be used with machine learning to detect the shape of obstacles in grains by contact [125].

This method has produced promising results in rice grains but sensing using this method was

challenging in the sand as it relied on contact with the obstacle with sand grains altering the

detected shape. Further, as this strategy relies on contact with the obstacle, it is not efficient for

robots to navigate around obstacles.

Locomotion through appendages presents a significant opportunity for sensing obstacles

within the GM. Appendage locomotion may enable nearby obstacle sensing by detecting changes

in the flow/force response of GM during locomotion. We propose that by measuring forces on

appendages during locomotion we can detect nearby obstacles for navigation and avoidance. Our

strategy was similar to haptic perception devices, using which we can recognize objects based on

the force feedback, and similarly, we could measure the grain flow field around an obstacle to

detect its presence. We hypothesized that we could detect obstacles in GM away from a moving

body by measuring differential grain resistance by the appendages. Some aspects of this approach

have been studied in previous work [126], showing how granular pressure fields vary around an

obstacle surrounded by large plastic balls when the intruder (robot arm) touches the obstacle.

However, the effect of obstacles in different orientations on the granular field around a rotating

rigid plate has not been explored and systematic testing of real-time obstacle detection by a robot

hasn’t been performed.

In this work, we performed experiments to demonstrate the feasibility of sensing obstacles

in granular media via measuring the differential force flow of the grains. We also perform

these experiments for different orientations of the obstacle around a rotating fin to confirm the
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Figure 5.1: Experimental setup to measure the differential grain resistance (A) Picture of
the experimental setup and (B) Schematic of the setup showing the fin and one of the orientations
of the obstacle

applicability of this obstacle detection strategy for robot locomotion. To visualize the flow

of grains around the obstacle, we performed particle image velocimetry (PIV). Finally, we

demonstrate this obstacle detection strategy on a fully submerged robot from chapter 4.

5.2 Materials and Methods

In this section, I will describe the experiments we performed for understanding the effect

on the granular field when a buried obstacle is present near a moving object.

5.2.1 Experiment for measuring differential granular flow around an ob-

stacle

Firstly, we investigated the effect of this obstacle in different orientations on a moving

rigid plate by setting up a benchtop experiment on a fluidized granular bed. The goal of these

tests was to confirm how well we can detect obstacles by measuring differential grain flow. For
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these experiments, we used the same fluidized granular bed and similar setup as the appendage

characterization tests in Chapter 4 where a shaft was attached to a torque sensor through a high

torque stepper motor. However, in this case, the appendage/fin used was made of 3D-printed

ABS (76.2 mm long and 25.4 mm wide). We used an obstacle made of a 3.17 mm acrylic sheet

(12.7 cm long and 10.2 cm wide) which was in turn attached through a rigid extrusion beam

to a linear stage for moving it towards and away from the rotating fin. The fin was rotated for

270◦ and the obstacle was placed at 180◦ in global coordinates in all the experiments. We moved

the obstacle using the linear stage away from the rotating fin in 0.5 cm increments from 0 cm to

14 cm from the axis of the rotating shaft to understand the range of sensitivity for this strategy.

We conducted five trials for the obstacle in five different orientations for each distance

(Fig.5.3,5.2). We measured the torque output from the torque sensor for each oscillation of the

shaft and automated the setup such that the granular bed fluidizes before each trial and the linear

stage moves the obstacle by one increment away from the rotating fin.

5.2.2 Visualizing granular flow around an obstacle

GM is opaque and it’s very challenging to visualize the flow of grains around an obstacle

that is buried under the grains. We used particle image velocimetry (PIV) for granular materials

as used in some previous work [100] to understand the flow of grains around different orientations

of the obstacle when the fin is rotated near it. For these experiments, we attached the set up near

the wall of the granular bed such that the oscillating fin just touches the wall of the granular

bed. A digital single-lens reflex (DSLR) camera (Nikon D7500) was held on a tripod on the

other side of the wall such that it can capture the fin along with any movement of the grains as

shown in Fig.5.5A, B. We made sure that the camera was fixed at that location for all the trials

and we attached obstacles at different orientations around the fin. We recorded videos of one

oscillation for each orientation. Before each trial, the granular bed was fluidized to maintain

the same packing fraction. To analyze the videos, we used an open-source function in Matlab
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called dftregistration by Manuel Guizar which registers two images (2-D rigid translation) within

a fraction of a pixel specified by the user. As this function works on the principle of image

correlation, we made sure all the experiments were done so that the camera was rigidly fixed in

one place. One trial was performed for each obstacle orientation in tight as well as loose state of

granular media.

5.2.3 Obstacle detection using force sensor on robot appendage

For demonstrating that a robot can detect obstacles while moving in GM, we attached a

cantilever load cell (Phidgets) to the last link of the appendage as shown in Fig. 5.6A. The load

cell was attached to a force sensor amplifier (Futek IAA100) to filter the noise and amplify the

signal. To confirm that the force sensor on the appendage can detect obstacles, we attached the

appendage on the shaft such that it can oscillate in the granular bed similar to the previous setup.

Using the same obstacle, we measured the force measured by the force sensor with and without

the obstacle. The appendage oscillated for one full cycle under the obstacle as shown in fig.5.6D.

The force data was recorded in Labview using a DAQ PCIe card on the computer and plotted in

Matlab.

For robot demonstration in sensing, we attached a cantilever load cell to the last link of

the right appendage which in turn was connected to an amplifier (Futek IAA100), and the signal

was measured using a Labview through a DAQ card. The obstacle was kept the same as the robot

was placed at a depth of 10.2 cm from the top and the obstacle was fixed such that the distance

between the robot appendage and the obstacle is ≈ 15 mm. The robot was run tethered for this

application to measure the forces.
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5.3 Results

5.3.1 Detection dependent on obstacle orientation

We performed systematic benchtop experiments to understand how the presence of

obstacles around an oscillating rigid plate affects the grain flow and thus the force exerted on a

rigid rotating fin (we used a fin 3D printed out of Acrylonitrile Butadiene Styrene (ABS)). Firstly

we moved the obstacle such that it’s directly in front of the oscillating fin as shown in Fig.5.2.

Interestingly we found that there was no torque difference when the obstacle is present in the

front (Fig.5.2). Even when the obstacle had a larger surface area (wall), there was no effect on the

torque. However, we observed that when the obstacle is placed such that it’s above the rotating

fin (Fig.5.3A) there was a peak in the torque (indicating the presence of obstacle) acting at the

shaft attached to the fin. The peak reduced as we moved the obstacle away from the rotating

fin and was very negligible at 6 cm away. An obstacle with a lesser cross-section area was also

easily detected as shown in Fig.5.3C, but with lesser sensitivity. The obstacle below couldn’t be

detected using this method even when a flat plate was placed below the rotating fin Fig.5.3B.

We calculated the difference between the max torque when the obstacle was near and

when it was far. We found that the torque difference value was remarkably high (≈ 0.5Nm) when

the obstacle is a flat plate (Fig. 5.4) and very negligible when the obstacle was in the front or

below the rotating fin.

5.3.2 Results from particle image velocimetry (PIV)

To understand why we couldn’t detect any obstacles below the rotating fin we visualized

the flow of grains. We took videos and analyzed them using image correlation. Since there was

no effect of the wall on the rotating fin, we took these measurements near the transparent wall

where we can see the flow of grains. We found that when no obstacle is placed around the rotating

fin, the grains flow upwards when pushed by the fin which has also been shown in previous work
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[20]. However, when an obstacle (flat plate) is placed over the rotating fin, we observed that the

velocity vectors had a lesser magnitude going up (Fig.5.5C). They were hindered by the presence

of the obstacle causing more torque at the base of the rotating fin as observed in our previous

experiment. We could not measure any change in torque when an obstacle was below the rotating

fin, as there was no change in the flow of grains as they tend to move up as shown in Fig.5.5C.

5.3.3 Confirmation of obstacle detection using an appendage

For a demonstration of sensing on the robot, we wanted to test this strategy using the

appendages of the robot. By attaching a load cell on the last link of the appendage we were able

to measure the force output for one oscillation when the appendage was rotated using the stepper

motor Fig.5.6. We observed that the power stroke with an obstacle had a much higher output

(Fig.5.6B). After calculating the mean for the whole cycle we found that the mean force with

obstacle was significantly more than when no obstacle was present (Fig.5.6C).
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5.3.4 Obstacle detection using the robot

Our experiments indicated that a robot with oscillating appendages may be able to detect

obstacles over it but not under it. It could also not detect obstacles parallel to the direction of

motion (wall obstacle).

To demonstrate sensing on the robot we added a force sensor at the last link of one of

the appendages (Fig. 5.7A). As the robot moved under the obstacle placed 10 mm above it (Fig.

5.7D), we measured the force sensor voltage through a data acquisition system (DAQ). We found

that in one cycle of appendage motion, the force was positive during return stroke and some part

of power stroke until the appendages opened up to exert force in the other direction (Fig. 5.7B).

We found that the net mean force measured from the force sensor in the case of the robot moving

under the obstacle was more than when there was no obstacle (Fig. 5.7C). This validated and

demonstrated our results from systematic sensing experiments as we could detect the obstacle

above the robot as it moved under it.

5.4 Discussion and Conclusion

Our experimental study indicates that by measuring the differential grain resistance around

a moving body, an obstacle above the body can be detected but not below the body. We saw a

considerable change in the torque when a vertical plate was above the fin. However, there was

not an appreciable change in torque for the cases when the obstacle plate was in front of the

fin and when the obstacle was below the fin. This result suggests how GM behaves completely

different than fluids, where a symmetrical rigid rotating plate will have a symmetric flow of fluid

above and below the plate. Future work could use the studies presented here to explore haptic

identification and modeling of objects in granular media. To further show the benefit of having an

appendage-based locomotion mechanism, we have shown how the appendages can be used to

sense objects in the sand away from the body by sensing the granular flow, a strategy employed by
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Figure 5.7: Obstacle detection demonstration on the robot (A) schematic of the robot moving
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many arthropods [107]. We also demonstrated that by measuring the force difference between the

two force sensors we can detect an obstacle on either side of the robot. Sensing can also be used

to detect if the robot is trying to pitch upwards/rise towards the surface or pitch downwards/swim

towards the bottom by measuring the force from both the appendages as the drag force increases

linearly with depth.

Future work can explore the detection of objects below by fluidizing the sand below the

appendage such that there is lesser resistance for the grains to flow. This method may improve the

detection of objects that are below the rotating appendage. Even though a wall in the front didn’t

cause any torque difference in measurement, we hypothesize that a rotating fin with a different

aspect ratio (wider and shorter) will lead to better detection. In all our experiments, the rotating

fin had an aspect ratio such that the width is less than the length similar to the appendages in

animals. These results highlight how animals might be using their appendages to detect which

direction to go depending on the grain resistance.
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Chapter 6

Conclusion

In this work, I addressed the problems of robot locomotion and navigation in granular

environments. I focused on the following major problems: a) granular media (GM) behaving as a

solid and flowing as a liquid when an external force is applied more than its yield stress limit,

causing robots moving on grains to sink and slip, placing high demands on foot placement and

joint control, b) high depth-dependent resistive forces both in drag and lift along with non-zero

yield stress that may cause unpredictable fluid/solid resistance when an intruder is moving within

GM, causing robots to get stuck or/and move up to the surface after some time, and c) vision and

acoustic localization methods for robot navigation are hindered by the granular material being

opaque and extremely dampening, resulting in no obstacle detection for small scale exploratory

robots.

In the second chapter, we proposed a foot design that can passively change shape and

actively change stiffness for improved locomotion on granular media. It was shown that the foot in

the soft (unjammed) state damped the vertical impact forces (least peak acceleration) and flattened

up for an increased contact area and when jamming was initiated the foot turned rigid to become

more capable of transmitting horizontal propulsion forces. We have shown that using the foot

design with pleats such that it is soft before the drop and then rigid during shear led to reduced
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foot deacceleration at the joints, lower pullout force, lower depth of penetration, and greater drag

coefficient at a certain displacement of the foot. This improvement in locomotion parameters has

shown how this designed foot will perform better than most of the rigid off-the-shelf robot feet.

This design strategy can also be used to design shoes for locomotion on deformable grounds such

as desert sand or snow. Future directions of this work can be miniaturizing the foot and attaching

it to the legs of an off-the-shelf robotic platform for testing in a more natural environment like a

desert. This project is an excellent example of taking inspiration from highly evolved animals to

solve challenging problems.

Starting from the third chapter, I have focused on subterranean locomotion, and in this

chapter, I took inspiration from appendage enabled digging in animals to investigate the use of

soft appendages for generating asymmetric thrust. From these experiments, we learned that it is

very challenging to have a single stiffness associated with an appendage as the resistive forces

increase linearly with the depth. These experiments gave us an idea that although a very soft

appendage might bend more it generates lesser asymmetric thrust which led us towards designing

appendages based on joint constraints rather than stiffness which has been described in chapter

4. In the fourth chapter, we propose a novel method of locomotion in GM using underactuated

appendages. The objective of this study was to demonstrate the application of underactuated

appendages with different bending curvatures, due to asymmetries from joint angle constrains,

to generate thrust while interacting with the granular media. This led to the development of

an untethered appendage-enabled robot that was actuated by a single motor which is, by my

knowledge, the first untethered digging robot to be tested in a natural environment. The design

strategy of generating asymmetric thrust presented in this work is very robust and versatile as

compared to designing specifically for a particular granular material since the optimum joint

angle constraints are independent of depth, the size and shape of the grains, and packing fraction

of GM. This study can also inform the understanding of how the geometry and compliance of

animal appendages, such as turtle flippers [115, 111], generate a positive thrust in GM. This work
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may offer insight into the design of other robots with underactuated linkages for locomotion in

GM. For example, the locomotion of snake-like robots with passive elastic joints has been studied

in viscous fluids [116]. Future work can be done in refining the design of appendages to generate

more asymmetric thrust. This robot has applications in performing small-scale exploratory tasks

in submerged or dry sand and even in extraterrestrial environments. Applications can also include

moisture content monitoring in soil and grain bins, and search and rescue operations. This robot

will also lead to new robot designs for appendage-enabled locomotion in granular media as this

type of locomotion hasn’t been researched well in these environments.

In the fifth chapter, we developed a new strategy for detecting obstacles in granular media

by measuring the differential flow of grains around an obstacle. This strategy can be easily

employed in small-scale exploratory robots with feedback control to detect obstacles and navigate

around them. To my knowledge, this is the first sensing strategy that can be used for navigation

in robots. We couldn’t detect obstacles below the moving appendage with this strategy but adding

fluidization under the moving appendage to force the grains to flow below the fin can lead to

detection. Machine learning with more experimental data can be used to create a model for the

localization of objects in a three-dimensional space.

Overall this thesis sheds light on how underactuation and passive compliance from

bioinspired mechanisms can be used to improve and develop robotic systems for locomotion

on and within granular environments. GM is abundantly found on Earth as well as many

extraterrestrial planets but is a very challenging medium for robots to move within and sense

obstacles. GM such as sand is a very heterogeneous medium with varying properties which

requires controlled experiments for systematic tests such as the ones used in this work. A

fluidized sand bed and robust setups were required for the experiments. Mechanical components

get jammed even when a few grains get into the robot assembly requiring design considerations

to effectively seal robots navigating granular environments. Underactuation is likely an important

design consideration for locomotion in GM since the torque requirements at joints can be very
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large. I also conclude that achieving “softness” using rigid materials is better than using soft

materials such as silicone for experiments with sand, as in many initial experiments the soft

sleeve failed after a few trials as demonstrated in Chapter 3. In conclusion, this thesis informs the

readers about the design considerations they should have for testing and developing robots for

navigating granular environments.
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Appendix A

Granular simulation tank

Loosely packed sand responds very differently to shear than closely packed sand [61].

Thus, controlling the mechanical state of the GM is a top priority to have consistency between

experimental trials and relate to the various Gm present in the natural environment. We simulated

the granular natural environment that is composed primarily of fine particles with little cohesion

[62]. Our tank consisted of a clear acrylic tank of a cross section of 43 by 43 cm . The top

portion of the tank contained granular material. Spherical glass beads of diameter 212−300 µm

(Potters Industries with density ρ = 2.51 g/cm) were chosen as the model granular material as

have been used by many granular physicists [5, 20, 127] and filled to a depth of ≈ 20 cm. A flow

distributor, which is a porous, semi-permeable membrane with micro-sized holes to distribute

air evenly, was sandwiched between the top and bottom chamber. Porous plastic plates (Porex

Corporation, Fairburn, GA, USA) was used as the flow distributor in these experiments. The

bottom chamber was airtight with connections for the compressed air blowers (shopvac 6.5

Horse Power, such that this air is distributed homogeneously by the porous membrane into the

top chamber containing granular material and it exhausted out to the atmosphere from the top.

The volume fraction of the granular medium was controlled by the fluidized bed in the following

steps: 1) The compressed air flow opposite to the direction of gravity exerts buoyant forces on
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the granular material. 2) As the air flow rate reaches a critical value, the grains become fluidized

and start disrupted because of energy transport with the fluid and collisions between granular

particles.3) Turning off the air flow slowly leads to the particles settling in a loosely packed state

(volume fraction φ = 0.58±0.04). 4) Using vibrations from the vibration motors attached, we

were able to adjust the packing fraction. By varying the voltage of the proportional relay we were

able to control the air flow through the granular material. The volume fraction φ of the granular

media was determined from image-based measurements of the bed height by the equation φ =

M/ρAh, where M, A and h are the the the total mass of the grains, area of the bed, and height of

the bed respectively [20].
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