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Abstract

This dissertation develops new mobility and manipulation capabilities for planetary exploration

rovers through comprehensive wheel-soil interaction modeling and then demonstrates these new

techniques on rovers.

While wheeled rovers are the current paradigm for robotic space exploration, wheeled mobile

robot performance is only well understood for normal driving conditions. A better understanding of

wheel-soil interaction lets us do more with rovers in two key ways: 1) add manipulation capabilities

through the use of nonprehensile manipulation, e.g. by using wheels to dig, and 2) retain mobility

when experiencing degradation of the mobility system, e.g. loss of a wheel motor. Both of these

areas require knowledge of wheel-soil interaction forces beyond the scope of existing methods.

First, we present the concept of Nonprehensile Terrain Manipulation (NPTM) and illustrate the

scope of potential applications for planetary exploration rovers. We then select one NPTM action,

wheel-based trench excavation in soft soil, as a candidate action that is achievable on current rovers

with no hardware addition but that requires new modeling.

Next, we present a closed-form model of soil flow around a wheel driving in regolith that can be

used both to model trenches dug by rover wheels and to improve terramechanics models. We then

detail a new terramechanics model that covers all slip angles and all ranges of slip and skid and

validate it with tests on two wheels operating over a wide range of states.

Then, we demonstrate the feasibility of NPTM, the need to account for mobility system failure,

and the viability of recovering from failure on full-scale rovers operating in a variety of environments.

This is done through a series of demonstrations on NASA rover prototypes in lunar simulant and a

Martian analog environment.

Finally, we implement an optimization framework to automatically generate driving strategies

for both digging trenches in soil and recovering from multiple types of mobility system failure. We

demonstrate the generated driving strategies on a miniature rover in soft soil and use the optimization

to predict overall rover mobility in these modes.
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Chapter 1

Introduction

We have entered a new era of robotic space exploration in the past decade, and are on the cusp of

an even greater time for scientific discovery enabled by mobile robots. With the landing of the

Curiosity rover on the Martian surface in 2012 [1] and Perseverance in 2021 [2], we have greater

scientific power on the Martian surface than ever before. Perseverance recently collected and cached

its first sample of material as part of the Mars Sample Return mission, which could see Martian

regolith bought back to Earth for study within the next decade [3]. NASA will send its first mobile

robot to the lunar surface in 2024 with the launch of the Volatiles Investigating Polar Exploration

Rover [4], and several commercial and academic organizations will soon send their on rovers to the

moon [5, 6]. Robotic explorers have pushed the boundaries of scientific knowledge of our solar

system, and will continue to be at the forefront of its exploration.

The cost of launching planetary robotic platforms is astronomical; gaining additional functional-

ity from existing onboard actuators is therefore of great interest. Wheeled platforms are the design

of choice for NASA planetary surface missions [7], due to their ability to passively traverse large

objects and evenly distribute weight [8]. The capabilities of planetary rovers can be expanded with

no additional hardware through two avenues: 1) the creative use of their wheels and other drive

system actuators as manipulators, and 2) novel driving strategies for rovers with degraded mobility

systems.

1



Chapter 1. Introduction

For the first application, we seek to sidestep the typical trade-offs encountered when adding

manipulation capabilities to a platform. Energy storage and mass are limited onboard spacecraft,

causing competition between mobility, computing, and scientific instrument systems. By minimizing

additional actuators, we can avoid adding complexity and volume to the system. This naturally

leads to the question “How can we gain greater functionality from existing systems with minimal

physical additions?”

In general, field robots seek to avoid contact with the environment except for intentional

manipulations performed by an end effector. Interactions between planetary rovers and terrain are

incidental; tracks are formed as the rover drives, and small rocks move out of the way, but the rover

makes no attempt to reshape the environment to suit its needs. Nonprehensile manipulation seeks

to utilize these incidental interactions with the environment to accomplish tasks. By treating the

ground itself as a target for manipulation and modification, nonprehensile manipulation can be used

to increase mobility or locally terraform for a variety of reasons. For example, a rover might use a

wheel to remove topsoil to image below the surface, as shown in Figure 1.1.

As for the second application, we are concerned with increasing the mission duration and

preventing premature mission end due to mobility concerns. Planetary rovers have experienced

stuck steering actuators, loss of actuator power, and rocks jammed in wheels during mission

operations [9]. To date, recovery from mobility failures has been entirely ad-hoc, with adaptations

to changing rover kinematics developed as needed through hardware testing on analog rovers.

With increasing mission durations up to 1000 km called for in the 2022 Planetary Science and

Astrobiology Decadal Survey [10], mobility degradation must be factored into mission planning

as an anticipated eventuality rather than an exceptional event. This drives us to ask the question

“How can we maintain the functionality of mobility systems when they have degraded beyond their

nominal state?”

To ensure mission safety for both applications, the outcome of maneuvers beyond the nominal

use of locomotion systems must be reliably predictable. Non-cohesive soil poses one of the primary

threats to wheeled robots, which can easily become embedded [11, 12]. This motivates us to ask

2



1.1.

“How do we predict the performance of rovers operating in soft soil beyond their intended use?”

Taking all of these questions together, the goal of this research is to gain a deeper fundamental

understanding of the mechanics of robot-environment interactions, in particular wheel-soil inter-

action, and in doing so develop both useful nonprehensile terrain manipulation capabilities and

locomotion strategies that mitigate the impact of mobility system failures. Current modeling of

wheel-soil interaction for rovers is limited to normal driving maneuvers, so a better understanding of

the mechanics involved is required for rovers to manipulate terrain and use new driving primitives

without introducing additional risks to mission safety.

Figure 1.1: KREX-2 digging a trench in the Atacama Desert, Chile, using its wheels as manipulators. The
white streaks visible in the subsurface material reveal the presence of halites in the soil.

3



Chapter 1. Introduction

1.1 Dissertation Overview

In this dissertation we develop new terramechanics models and off-nominal driving capabilities for

planetary exploration rovers, specifically for the applications of nonprehensile terrain manipulation

and degraded mobility performance. We seek to answer several questions:

1. What is the space of possible nonprehensile terrain manipulation actions and how do we

classify them?

2. How can we represent soil movement around a rover wheel in a computationally efficient

manner?

3. How do wheels behave when experiencing high amounts of lateral slip? How do they behave

when lateral slip is combined with longitudinal skid?

4. How do we manipulate soil with a wheel without compromising mobility?

5. Can we recover from mobility system degradation in a systematic manner?

In answering these questions, we define the scope of nonprehensile manipulation capabilities

available to rovers, and identify the development required to realize them. We then select a candidate

nonprehensile terrain manipulation action and develop a closed-form model of soil flow that we

use to represent the terrain modification. Next, we integrate that soil flow model into a new

terramechanics model that is capable of predicting the wheel-soil interaction forces experienced

both during wheel-based soil manipulation and degraded mobility conditions. Finally, building off

of these new models, we use numerical optimization to generate full-rover control strategies for

performing soil manipulations and driving with degraded mobility.

The rest of the thesis is organized as follows:

Chapter 2 provides background on the progress in development of nonprehensile manipulation

for various platforms and previous instances of rovers adapting to mobility system degradation. It
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1.1. Dissertation Overview

also explores the current state of research into terramechanics, terrain deformation modelling, and

terramechanics-based control of rovers.

Chapter 3 delineates potential Non-Prehensile Terrain Manipulation (NPTM) capabilities for

planetary exploration rovers into robot “actions", and breaks down the use cases and requirements

for each action. The selection of wheel-based trenching as an example for NPTM is justified here.

This work was written up in the final grant report for NASA STTR/SBIR No. NNX16CA42P.

Chapter 4 introduces a novel closed-form model for predicting the shape of soil deformed by

a wheel during trenching, and demonstrates the model in a single-wheel testbed. This work was

presented at ICRA 2019 in [13].

Chapter 5 presents a new terramechanics model capable of predicting the forces on rover wheels

during off-nominal driving, as in NPTM or mobility system failure. This model is an extension of

existing terramechanics models, which do not currently cover the range of slip angles and ratios

needed. Notably, this work is the first to cover wheels that are in a state of both skid and a nonzero

amount of lateral slip simultaneously, and validates a lateral slip model beyond the 40◦ previously

covered in the literature. This work is in review [14].

Chapter 6 shows field demonstrations of rovers doing NPTM and driving with degraded mobility

systems. Wheel-based trenching, multipass trenching, and teaming with a smaller robot to enhance

its mobility are all performed in the Atacama Desert. Additional testing of the model described

in Chapter 4 is conducted in unprepared terrain in the field. Experimental analysis on the impact

of mobility actuator failure is performed on a lunar rover analog, and a large rover is shown

compensating for failed drive and steering actuators. Portions of this work were presented as posters

in [15] and [16].

Chapter 7 puts the terramechanics model and soil flow model developed in Chapters 4 and 5

into an optimization framework to generate whole-rover behaviors for using wheels to trench while

driving without getting stuck, drive straight with one wheel subjected to a reduced speed, and drive

straight with one steer actuator stuck at a high angle. A paper on this work and the demonstrations

in Chapter 6 is in preparation [17].
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Chapter 1. Introduction

Finally, in Chapter 8 we conclude by summarizing this dissertation’s contributions to off-nominal

driving and proposing a path for future development. Steep slope mobility is identified as an area

where intentional reshaping of the soil surface may dramatically increase performance. The potential

to optimize rover design for both off-nominal driving and nominal driving is also discussed, as are

future modeling developments needed to further expand rover off-nominal driving capabilities.
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Chapter 2

Background

The development of off-nominal driving capabilities requires an understanding of wheel-soil

interaction and the scenarios in which it is pushed beyond typical behavior, whether through

intentional nonprehensile manipulation or as a result of degradation of the mobility system. In this

chapter, we survey works relevant to off-nominal driving in several different areas. In Section 2.1,

we look at the history of nonprehensile manipulation and recent work on nonprehensile manipulation

with planetary exploration rovers. Section 2.2 goes over the history of mobility system failures in

rover missions and steps taken to mitigate them. Section 2.3 goes into the history and current state

of wheel-soil interaction models, and shows that there is a gap in currently existing models. Section

2.4 describes the current state of simulations of rovers that incorporate soil motion to motivate the

need for simple methods. In Section 2.5, an overview of existing work on controlling rovers using

terramechanics knowledge is given, with particular emphasis on those that have been experimentally

verified.

2.1 Nonprehensile Manipulation

Nonprehensile manipulation is any manipulation that does not rely on grasping, or force closure, to

accomplish tasks. It has been used to stably push objects from one place to another [18], reposition
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objects for further manipulation [19, 20], and simultaneously move objects to clear areas [21].

Much work on nonprehensile manipulation focuses on the use of planar surfaces, such as arms

[21] or paddles [18, 20]. In [22], nonprehensile rearrangement of boxes was demonstrated in

simulation on NASA Ames Research Center’s KREX-2 rover augmented with a front-mounted

bulldozer blade. This was then demonstrated on hardware by having KREX-2 use its frame to push

cardboard boxes on flat outdoor terrain in [23]. The use of the rover’s frame in [23] and the sides of

HEBI’s arms in [21] are both examples of using features of a robot not intended for manipulation

for that purpose. A notable example of wheel-based manipulation is the Mobipulator, which uses its

wheels to move objects on a smooth surface [24]. The Mobipulator is capable of scooting paper

around and rolling pencils by placing its wheels on top, and uses only frictional forces from its

wheels to do so [25]. While the Mobipulator’s wheels were purpose-designed for manipulation

tasks, this did not diminish their functionality as drive actuators.

There are several significant examples of NASA missions utilizing ad-hoc nonprehensile manip-

ulation, to varying degrees of success. The dislodging of the “Potato” rock from Spirit’s wheel, as

addressed in Section 2.2, is one such example. Spirit and Opportunity have also used their wheels to

investigate terrain properties, through intentional construction of scuff marks and trenches [26, 27],

though this technique was first explored during the Sojourner mission [28].

More recently, NASA’s InSight Mars lander found that its burrowing sensor, dubbed the “mole”,

became stuck and unable to progress descending below Mars’ surface, due to unexpected soil

properties. Attempts were made to use the lander’s scoop arm to tamp down soil above the mole

[29]. While these efforts were not ultimately successful in aiding the mole’s progress, they serve to

further illustrate the potential of using actuators beyond their intended purpose in space missions.

2.2 Mobility System Failure in Planetary Rover Missions

Planetary rovers operating over long periods may encounter mobility system degradation of vary-

ing impact, ranging from temporary reduction in capabilities to full end-of-mission. Historical
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2.2. Mobility System Failure in Planetary Rover Missions

mitigation of mobility system failure has been largely ad-hoc, and platform-specific. The Mars

Exploration Rovers (MER), Spirit and Opportunity, both encountered reduced mobility due to

actuator anomalies during their operational lifetimes.

Spirit temporarily had a rock dubbed “the Potato” jammed in its rear right wheel. Use of a twin

rover on Earth allowed operators to test wheel motions for ejecting the rock with the aid of gravity,

and then implement them successfully on the real rover [30, 7]. Spirit later had increased current

draw in its front right wheel, likely due to poor distribution of lubricant within the actuator [9]. Load

on the wheel was decreased by driving the rover backwards and attempts were made to redistribute

lubricant through intentional heating, and careful driving, but Spirit’s front right wheel eventually

degraded to a fully stalled condition. This resulted in sideways drifting and yawing during driving

maneuvers, which was somewhat mitigated through driving techniques tested in a terrestrial testbed

and on Mars. When Spirit later became embedded in soft soil, reduced thrust due to the failed

actuator contributed to the inability to extricate itself, and the rear right wheel also stalled, then fully

failed. Ultimately, Spirit was unable to escape the soft soil, resulting in end of mission [12].

At one point, Opportunity was temporarily embedded in soft soil, but was able to escape through

driving strategies tested on earth [11]. Opportunity showed signs of potential lubrication issues in

its front right wheel, similar to Spirit, but lessons learned from mitigating Spirit’s issues allowed

operators to maintain actuator functionality through driving strategies to reduce load on the actuator,

intentional heating, and resting of the actuator when needed [9]. Opportunity later had its front right

steer actuator freeze at a 7◦ angle, which resulted in yaw error and side slip while driving, as well as

reduced steering capabilities. Ad-hoc driving strategies using three-point turns and approaching

science targets backwards had to be developed to enable full operation of the rover, and these

methods likely increased strain on the other actuators. The other front steering actuator later failed

as well, though Opportunity’s end of mission was ultimately due to loss of power as a result of a

powerful dust storm [31].

As of this writing, the rovers Curiosity and Perseverance have not experienced significant

mobility system failures beyond the degradation of Curiosity’s wheels [32]. However, actuator
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failure has been explicitly cited as a potential threat to Curiosity’s mission. Loss of a steering or

drive actuator as seen on Spirit and Opportunity would seriously limit Curiosity’s mobility, and the

rover additionally has braking mechanisms which could stall a wheel if they were to fail in a closed

position. As Curiosity only uses visual odometry to check drive progress approximately every meter

and otherwise relies on IMU data to determine rover state [32], reliable open-loop driving strategies

are required for mobility. Thus, if Curiosity or Perseverance were to experience a drive actuator

failure during their mission durations, open-loop driving strategies like those developed in an ad

hoc manner for Opportunity would be required for continued operation.

The 2022 Planetary Science and Astrobiology Decadal Survey calls for a 1000 km long rover

mission, “Endurance-A,” in which a rover would traverse orders of magnitude further than previous

missions [10]. With such a long mission timeframe, Endurance-A is almost certain to encounter

degraded mobility during operation, and mobility system failure mitigation should be systematically

developed and qualified in advance. Additionally, NASA’s upcoming Volatiles Investigating Polar

Exploration Rover (VIPER), which will search the lunar surface for water ice, has a four-wheeled

active suspension [33, 34]. The actuated suspension gives VIPER flexible extreme terrain mobility

at the cost of an increased number of mobility actuators and potentially a higher mobility cost due

to actuator loss than might occur on a similar six-wheeled rover. With high-risk wheeled rover

missions planned for the near future, intelligent strategies for mitigating mobility loss are essential.

2.3 Terramechanics

The field of terramechanics is concerned with predicting the forces arising from wheel-terrain

interaction, with a particular focus on predicting driving capabilities. In this section we break

terramechanics models down into two categories: “classic” terramechanics, in which analytical

descriptions of wheel stress based on empirical studies are used, and Discrete Element/Finite

Element Methods, in which the wheel and/or terrain are treated as either collections of separate

elements or nodes in a mesh.
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2.3. Terramechanics

2.3.1 Classic terramechanics

[35] provided the initial development of terramechanics for rigid wheels based on analysis of the

pressure-sinkage relationship. The incorporation of slip-induced shearing of the soil beneath the

wheel was provided later by [36, 37] and [38] based on [39], which established the behavior of

soil shear beneath tracked vehicles. [40] showed that wheel slip has a significant contribution to

sinkage. More recent works have captured the slip- and skid-induced wheel sinkage effect through

the introduction of a sinkage exponent scaled by slip, enabling more accurate prediction of wheel

sinkage for wheels experiencing nonzero slip [41, 42, 43, 44, 45]. [46] additionally incorporated

the slip sinkage induced during dynamic steering maneuvers by breaking the sinkage exponent into

a static component and a dynamic component that is a function of wheel angle and applied load. In

this document, “classic” terramechanics models refer to those derived from the work pioneered by

Bekker, Wong, and Reece. Generally, these techniques take the wheel geometry, slip ratio s, and

slip angle β , as defined in Figure 5.1, and use those to predict wheel forces.

Classic terramechanics models were developed for large wheeled vehicles and are scale-

dependent, so [47] and [48] added terms to the pressure-sinkage relationship to accommodate

small wheel radii as found on planetary exploration rovers. Additionally, the soil shearing behavior

assumed in terramechanics modeling is scale-dependent, as noted in [49], necessitating proper

calibration of terramechanics models before use on small wheels. Despite that, [50] found overall

behavior of stress distributions under small wheels conforms enough to the classic methods used in

[35] and [37] to provide useful predictions. While early researchers could only test the accuracy of

terramechanics models by measuring the overall force on the wheel, more recent work has enabled

the direct measurement of stress distributions [50] and soil failure under the wheel [51].

One major drawback of standard terramechanics models is evaluation time; the central equations

do not have a closed form, and are typically solved through an iterative approach. [52] proposes a

simplified, closed-version of classic terramechanics models, while [53] applies quadratic fits to key

equations to allow for closed-loop evaluation, both for wheels in slip. Similarly, [45] applies linear
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and quadratic fits to wheels in skid.

Most terramechanics models look at steady-state behavior, with the effect of wheel lugs, or

grousers, averaged over the surface of the wheel. [54] established design guidelines for grousered

wheels based on terramechanics experiments, which were expanded on in [55]. [56] develops a

dynamic terramechanics model which takes into account the time variation of pressure distribution

under a wheel due to grouser motion, and replicates the observed oscillations in forces. [43]

incorporates the average contribution of grousers to wheel locomotion with a detailed analysis of

grouser interaction mechanics, and uses this to help predict wheel sinkage due to slip, which is not

accounted for in classic terramechanics models that look only at static pressure. All of these works

look at wheels which are being driven straight, and do not consider skid for grousers.

The majority of terramechanics models consider only a wheel driving straight, but some work

has gone into predicting the forces on a wheel while it is being driven at an angle, such as during

steering maneuvers. In this state, the wheel experiences stresses in two additional directions not

experienced during nominal driving; a lateral shear stress on the wheel rim parallel to the wheel’s

axis of rotation, and a sidewall force due to the face of the wheel plowing into the soil. One of

the earliest attempts at modeling both this lateral shear stress and sidewall force was by [57], who

calculated the lateral shear stress separately from the tangential but with the same shear modulus.

The lateral shear stress beneath the wheel has been further explored by other researchers [58, 59, 53].

Several papers treat the tangential and lateral shear deformations separately, with separate shear

deformation moduli for each axis [58, 59, 60, 61]. Both [62] and [53] combined the lateral and

tangential shear deformations, and calculated the component of the stress along each axis by scaling

the total shear stress by the magnitude of the shear velocity along that axis. [63] also combined the

lateral and tangential shear deformations, and scaled each component based on the position on the

wheel and the sign of the slip angle. Similarly, [64] models the lateral shear forces experienced by a

wheel turning in place, but does not take into account the stress on the sidewall.

Numerous approaches have been taken to compute the sidewall stress, or bulldozing stress,

anchored in soil cutting theories derived from classic soil mechanics research, including the work
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of [65, 35, 66, 67], and [68]. Yoshida and Ishigami [69, 58, 70, 71] used an approach based on the

work of [66], though this was only experimentally validated up to a wheel slip angle of 30◦. [53]

the bulldozing stress from both the formulation of Terzaghi’s passive earth pressure presented by

[35] as well as by the approach [58] takes, but only validated their lateral wheel force up to a slip

angle of 16◦. Other approaches have been used but not directly validated through single wheel

tests, such as [59] and [72], which calculated bulldozing stress from Terzaghi’s soil bearing capacity

formulation as given in [65], and both [62] and [60], which computed bulldozing stress from [73].

[57] followed the theoretical methods in [68], but only applied the results to pneumatic tires. [55]

tested a variety of wheels at slip angles up to 30◦, but does not attempt to model the side forces.

The prediction of wheel stresses is governed by the wheel-soil interaction geometry, which

is driven by the sinkage. While the point along the wheel rim that first contacts the terrain (the

entrance angle) can generally be computed directly from the sinkage, the corresponding exit angle

on the rear of the wheel rim is harder to determine. The exit angle is either assumed to be near

zero as in [59, 42], and [43]; given as a pure function of the entrance angle as in [60] and [44]; or

given as a function of the exit angle and slip ratio as in [58], [62, 53, 50] (though [50] notes the

exit angle is constant in skid). [74] noted large deviation from expected contact geometry at high

slip ratios, and empirically modeled the entrance and exit angles as a function of soil and wheel

geometry. These approaches rely on either directly measuring this relationship or tuning it in the

model without external verification. None of these works have explored the impact of rover slip

angle on the determination of exit angle. Other methods involve simulating the terrain in addition to

the rover: [41] and [53] treated the terrain surface as static, while [59] and [72] fully represented

the terrain as deformable. While [75] showed FEM and DEM methods are capable of capturing

the terrain deformation and corresponding wheel-terrain interaction geometry, these methods are

computationally expensive and less suitable to real time prediction of wheel-terrain interaction

forces. [76] and [13] explored the shape of terrain deformed by a wheel explicitly, but this has not

been used to improve classic terramechanics modeling directly.

For the nonprehensile terrain manipulation and degraded mobility work proposed here, we
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require a terramechanics model capable of simulating relatively small wheels with grousers under-

going a full range of slip and skid conditions [-1, 1) and a full range of slip angles [0◦, 90◦]. This

requires the formulation and testing of a new terramechanics model, which is described in Chapter

5.

2.3.2 DEM and FEM methods

While traditional terramechanics models may suffer from computational time, they are faster than

discrete element methods, as shown in [77] and noted in [78]. However, what DEM methods lack

in speed they can make up for in predictive power, making them important for general prediction

of wheel performance but less suitable for use in real-time modeling. In [79], a DEM model was

used to predict wheel performance over non-smooth soil, which classic terramechanics models are

unable to do.

Soil Contact Modeling uses meshes to represent the wheel and terrain, but is more compu-

tationally efficient than standard FEM techniques, and is designed specifically for rover driving

simulations over rough terrain [80].

Resistive Force Theory takes a slightly different approach, treating wheels (or other locomotors)

as a superposition of flat plate sections and the soil as a fluid-like substance [81]. Notably, RFT

differentiates itself from terramechanics in capturing dynamic phenomena, not just steady-state

behavior. [82] found that while in some situations RFT yields similar results to DEM, it struggles to

capture grouser interactions correctly. [83] implemented RFT as well as the Material Point Method,

a continuum plasticity-based implementation, and found that while RFT and MPM outperformed a

terramechanics model significantly in predicting sinkage, all three models had fairly comparable

performance in predicting wheel forces.
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2.4 Terrain Modeling

There is a wealth of research in simulating the motion of terrain; most techniques fall into either

Finite Element or Discrete Element Methods (FEM & DEM), in which the soil is either approximated

as a continuum of connected vertices or treated as many small particles, respectively.

[84] and [85] combine FEM methods and DEM methods to take advantage of the faster solve

times for FEM in the majority of the material bulk, with detailed DEM simulations performed on

material close to the tool-soil interface. Demonstrations have focused on earthmoving applications

such as pushing soil with a blade, with no focus on predicting wheel performance. While many,

such as [86] use terramechanics theory from [35] or other fundamental soil mechanics to predict

soil motion, they are not designed for predicting wheel performance and have not been validated for

use in that area.

Other work on terrain modeling focused on driving performance simulations typically uses FEM

and DEM to incorporate soil motion into modeling of the forces on the wheel. The DEM methods

mentioned in Section 2.3.2 can be used for modeling the shape of terrain after deformation, though

some of the FEM techniques mentioned, including some RFT implementations, do not specify soil

movement. [75] uses information on Martian regolith to create DEM simulations of the interaction

between rover wheels and terrain with high fidelity, while [76] modeled the shape of a rut created

by a rolling wheel using FEM.

These methods are all more computationally expensive than classic terramechanics methods, and

thus more suitable for evaluation of standard mobility techniques than generation of new strategies.

2.5 Rover Control Incorporating Knowledge of

Terramechanics

There is a variety of work on using either terramechanics models or key terramechanics properties

to control rovers during rough terrain driving. There are not currently any off-the-shelf simulation
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methods available which have high fidelity terramechanics modeling or easy incorporation of custom

terramechanics models since the discontinuation of ANVEL. [87] uses ANVEL to simulate rover

locomotion over various types of rough terrain. Unfortunately, ANVEL is no longer accessible to

the public.

It is common for researchers to implement their own multibody simulation of rover motion to

test their terramechanics models on. [41] models the full dynamics of a rover, using terramechanics

as force inputs to the wheels, using a MATLAB toolbox called SpaceDyn. This was tested against

experimental data of the rover on flat terrain, and then used to simulate rover traversal over

rough terrain. [58] and [88] use a full kinematic model of the rover and the forces predicted by

terramechanics to simulate the rover’s motion. [81] uses a simplified terramechanics model and

a physics engine to implement a real-time simulation of a rover ascending a slope that is able to

predict the forces on the wheels, slip, and sinkage very well. [64] fuses a terramechanics model

with a terrain height map that incorporates soil mechanics properties to simulate the locomotion of

a six-wheeled rover with good predictive capabilities of the rover’s motion and driving forces.

The Soil Contact Model (SCM) developed in [80] is used for a multibody simulation of a rover,

though the full simulation is not validated in that publication. [89] shows that uncertainty in terrain

properties leads to poor predictive capability of rover simulation in the case of SCM.

16



Chapter 3

Classification of Nonprehensile Terrain

Manipulation Actions

The first step in developing nonprehensile terrain manipulation capabilities is to identify and classify

the possible manipulation actions that can be achieved with the actuators present on rovers or

with the addition of minimal tools. Identifying these manipulation actions and their relevance to

planetary exploration mission scenarios allows us to appropriately focus the work of developing

NPTM capabilities. We also pair robot operations with their corresponding NPTM actions, and for

each identify possible targets of the action, required hardware and software capabilities, and metrics

for completion of the action. This categorizations enables the quick identification of potentially

feasible NTPM actions for a given robot platform.

3.1 Scope

This work specifically targets wheeled platforms such as KREX-2 [90], VIPER [34], K10 Mini [91],

and Curiosity [92], shown in Figure 3.1. While later sections will focus on four-wheeled rovers, the

nonprehensile terrain manipulation mission scenarios and robot operations detailed here are not

dependent on the number of wheels and apply to six-wheeled rovers as well. Here it is assumed
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that any rover has individual drive actuators for each wheel, steering actuators for some wheels (but

not necessarily all), and the ability for the wheels to move vertically relative to each other. In most

cases this takes the form of a passive rocker or rocker-bogie suspension [90, 91, 92], but some rover

designs will have additional actuation built into the suspension [34]. The identified robot operations

allow for the addition of simple tools with up to two degrees of freedom beyond what is present on

the base rover.

Figure 3.1: KREX-2 rover (top left) [90], K10 Mini rover top right (image credit: author), VIPER rover
(bottom left) [34], and Curiosity rover (bottom right) [92].

Additionally, the primary target of this work is planetary exploration missions. While NPTM

strategies can be applied to terrestrial missions, the clearest use-case is in the context of weight-

limited rover missions. The focus is on missions with some kind of regolith and non-negligible

gravity, as that describes the current extent of wheeled rover exploration. The moon and Mars

are the most commonly visited extraterrestrial bodies, and this work should be viewed with those

destinations in mind. Low gravity bodies in our solar system (such as the Bennu asteroid) may have

regolith on their surfaces [93], but limited research has been conducted into the efficacy of wheeled

locomotion on their surfaces.
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3.2 Robot Actions and Mission Scenarios

Table 3.1 (end of section) identifies 15 robot actions of potential use to a planetary exploration

rover. A robot “action” refers to the high-level goal of the robot, such as digging a trench or

rolling a rock over. The mission scenarios described here take into account that there may be

additional robots or human explorers present in addition to the robot performing NPTM, and many

of the tasks identified aim to aid in the missions of other actors. The actions laid out in the first

column use rocks as a proxy for movable rigid bodies on a scale comparable to that of the rover.

The “purpose” column refers to three distinct categories: mobility, landing site/habitat prep, and

science. “Mobility” actions serve to augment the mobility of the rover or other actors, generally by

manipulating the environment to make terrain more traversable. “Landing site/habitat prep” focuses

on the preparation of the environment in anticipation of future tasks being performed there, such

as clearing an area of hazards in advance of the landing of a crewed mission. “Science” focused

tasks increase the ability of the rover to collect samples; specific science goals for planetary rover

missions are not explored here. These categories are intended to suggest potential applications

for NPTM actions, not restrict their uses; while the primary categories for trenching are prep and

science, the trenching action may be adapted for mobility purposes.

This table illustrates the variety of manipulation actions that a rover can take and their applica-

bility to mission scenarios. As noted in Section 2.1, several Mars missions have performed ad-hoc

terrain manipulation in the form of digging trenches and small holes with wheels [26, 27, 28]. This

table places those manipulation actions in context, and shows how only a small subset of what is

possible has been explored. For example, selection of a landing site free of obstacles is critical for

stationary lander missions, but a rover already on-site could be used to create safe landing sites,

opening up a wide array of terrains to potential scientific observation. Similarly, rovers can be used

to improve mobility for other, less mobile platforms or for human explorers through the construction

of paths and removal of obstacles. This would benefit small robots such as PUFFER [94], which

could be used for monitoring of an area while the larger rover travels elsewhere. In Section 6.1.4,
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two robot-teaming scenarios are demonstrated to this effect, with a larger rover clearing a path for a

smaller robot.

3.3 Robot Operations and Characteristics

Table 3.2 takes the actions identified in Table 3.1 and identifies the associated “robot operation” for

each, referring to low-level behaviors on the robot, such as rotating a wheel’s angle or raising a

scoop. A variety of simple tools are considered for addition to the rover, including drills, scoops,

plows, and sweeps, as shown in Figure 3.2. As this work aims to avoid increasing the mass and

complexity of rovers, only tools with up to two additional degrees of freedom (2DOF) are considered.

In particular, this excludes robotic arms. Plows like those seen on bulldozers could be attached to

the rover frame to facilitate movement of larger quantities of regolith. A “sweep” mechanism refers

to the attachment of a plow-like structure to a wheel below its steering motor, such that steering the

yaw of the wheel is used to actuate the sweep.

In breaking down the actuator requirements and sensor requirements for NPTM, Table 3.2

shows that there is much more that can be done with the manipulators and sensors most planetary

rovers already have. All mobile rovers NASA has deployed on planetary missions have wheels and

a rigid frame, which are the primary systems identified in the majority of robot operations listed.

Additionally, many planetary exploration rovers already possess drills and scoops for sampling

processes and would not require the additional manipulation listed for actions involving them [92].

While most planetary rovers may not have F/T sensing, all have visual sensing in the form of

cameras. Several of the actions listed in Table 3.2 identify a need for depth sensing. In some cases

this can be achieved with visual sensors through use of digital image correlation as in [95].

The development of NPTM capabilities is thus not problem of hardware but of a gap in

understanding; by building better models of how rovers interact with the environment we can enable

new robot actions.
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Figure 3.2: Examples of rover-mounted tools: KREX-2 with a front-mounted plow (upper left) [22], NASA’s
InSight lander’s scoop (upper right) [29], KREX-2 drilling (lower left), and illustration of K10 Mini with a
sweep bar (red) (lower right).

3.4 Selection of NPTM Actions from Tables

The identified nonprehensile terrain manipulation actions represent a broad array of robot behaviors

for interacting with regolith and rigid objects. As seen in Table 3.2, there are a great number of

NPTM actions which can be implemented with the addition of no hardware. This work focuses on

actions using only the rover wheels, with a particular focus on digging trenches, the first item in
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both tables. Digging a hole in soft soil with a wheel (the “dig hole” action), moving soil to make a

small ramp (“level pile (soil)” and “pile soil” actions), and pushing rocks to clear a path (“level pile

(rocks) action”) are all demonstrated in Chapter 6, while wheel-based trenching (“dig trench”) is

explored in greater depth.

As discussed in Section 2.1, existing rearrangement planning algorithms can be repurposed for

nonprehensile terrain manipulation of rocks and other solid objects. Manipulation of soft soil is less

well understood, and using a single wheel to manipulate soil as when trenching can be used for a

variety of mission scenarios.
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Chapter 3. Classification of Nonprehensile Terrain Manipulation Actions
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3.5. Conclusions

3.5 Conclusions

In this chapter, we have identified the scope of feasible nonprehensile terrain manipulation actions

for planetary rovers with minimal or no hardware modification, and classified these actions by their

relevant characteristics, such as hardware and environmental requirements. We have identified

wheel-based manipulation of soft soil, or trenching, as a NPTM action which is underexplored,

useful, and feasible with existing hardware.

In the following chapters, we develop the models needed to deeply understand trenching as a

form of NPTM. Chapter 4 develops a model of how terrain is deformed during trenching, Chapter

5 presents a new terramechanics model to predict the forces involved in wheel-based trenching,

and Chapter 6 demonstrates the soil flow model in a Mars-analog environment. Chapter 7 uses

the models developed in Chapters 4 and 5 to automatically develop full rover driving primitives

to achieve a specific trenching task, and Chapter 8 discusses potential extensions of the trenching

action for mobility.
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Chapter 4

Soil Deformation Modeling

Knowledge of the shape of terrain deformed by a wheel is essential to manipulation of terrain, and a

better understanding of wheel-soil interaction geometry can also aid terramechanics modeling. This

chapter develops a closed-form model for predicting the shape of a trench or rut formed behind the

wheel of a rover and demonstrates it for a small rover wheel in controlled experiments.

4.1 Nomenclature

Table 4.1 lists variables used to develop the soil flow model in this section.

4.2 Soil Flow Model Derivation

The geometry of the wheel-soil interface, Figure 5.1, is driven by the sinkage (h0) and driving

parameters (slip angle, β , and slip ratio, s).

When driving at steady state, all soil displaced by the wheel must flow around and back behind

it. Displaced soil is either moved by plowing, where it flows around the sides of the wheel, or by

entrapment in the grousers due to rotation of the wheel. The volume of sand in any unit length along

the wheel’s tracks must be equal to the volume of sand per unit length in front of the wheel (with no
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4.2. Soil Flow Model Derivation

Symbol Value Units

h0 Sinkage m
s Slip ratio
ω Rotational speed of wheel rad/s
vx Translational velocity of wheel m/s
β Slip angle ◦

r Radius of wheel m
b Width of wheel m
hg Height of grousers m
µ Fraction of wheel surface covered by grousers
φ Soil angle of repose ◦

Atot Total area of soil displaced by wheel m2

Ael Elliptical portion of displaced soil m2

AL1 Soil displaced to the left m2

AR1 Soil displaced to the right m2

Arot Soil displaced by grousers m2

ζ Volume fraction of grousers
hL2 Height of left soil pile on side of wheel m
hR2 Height of right soil pile on side of wheel m
hL3 Height of left soil pile after reflow m
hR3 Height of right soil pole after reflow m
d Depth of trench m
w Width of wheel at intersection with soil m
p Width of trench bottom m
m Height of step in trench m
q Width of step in trench m

Table 4.1: Soil flow model variables used in this section.

compaction, an assumption we test in Sec. 4.3). As such, here we consider an infinitesimal slice

of soil volume and refer to it as a planar soil area. At steady-state operation, all parameters that

determine the planar soil area (e.g. β ,s,h0) are constant. We classify the resulting trench shape into

pointy bottomed, flat bottomed, [96], and stepped, as seen in Figure 4.1.

To calculate the resulting profile, we use the constraints imposed by the angle of repose, which

is the maximum slope angle of the soil [97], and by conservation of area. The calculation, shown in

Figure 4.2, breaks the soil flow into four phases: 1) Soil Separation, 2) Grouser Soil Removal, 3),

Inward Flow, and 4) Transported Pile Deposition.

1) Soil Separation: First, the area of soil interaction, Atot , is assumed to be equal to the projected
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Chapter 4. Soil Deformation Modeling

Figure 4.1: Example trenches from the model validation experiments with a pointed bottom (left), flat bottom
(center-left), and stepped geometry (center-right).
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Figure 4.2: Illustration of the soil flow model from behind the wheel. a) The planar soil area (4.1) and
division of soil into left and right piles around the wheel, with AL1 = Ael (in green) (4.2). b) Arot (blue) is
removed from the right section (AR2, green) (4.3) and the soil is piled to either side of the wheel (4.4). c)
Piles flowing back into the trench, with the red and green areas equal (4.5) - (4.7). d) The resulting trench
with a pointed bottom. e) The resulting trench with a flat bottom (4.8) - (4.10). f) The formation of a step
from Arot (4.11) - (4.18).

area of the wheel perpendicular to direction of travel, Figure 4.2 a), as determined by the sinkage

h0, slip angle β , wheel radius r, and width b,

Atot = Ael(r,h0,β )+h0bcosβ (4.1)

where Ael is the area of the semi-elliptical cross-section.

The sand is then separated into the piles that flow to the left and right of the wheel, AL1 and AR1,

respectively. We assume, without loss of generality, that the wheel is turned to the right. For large
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4.2. Soil Flow Model Derivation

and small slip angles (β < 10◦ or β > 80◦), the soil is assumed to split evenly around the wheel,

creating a symmetric trench. For intermediate angles, the soil flow is assumed to split about the

leading edge of the wheel, Figure 4.2 a),

AL1 = Ael, AR1 = h0bcosβ (4.2)

2) Grouser Soil Removal: The soil flows past the wheel via two mechanisms: “plowed” sand,

which flows around the left and right of the wheel, and “grouser transported” sand which is moved

by the rotation of the wheel. The amount of soil transported by the rotation of the wheel is,

Arot = 2πrζ µhgb
ω

vx
, (4.3)

where ζ is the volume fraction of the grousers (fraction each grouser filled with soil), µ is the

fraction of the surface area covered by each grouser, hg the grouser height, ω the angular speed of

the wheel in rotations/s, and vx the forward velocity of the wheel as in (Figure 5.1). This area is

bounded by the amount of soil encountered by the grousers on the rotating surface of the wheel.

For small angles (β < 10◦), this soil is drawn equally from both the left and right piles, and is

bounded by Atot . For larger angles, it is drawn from the pile in the direction of rotation, AR1. The

right and left areas after the grouser transported sand is accounted for, in the low angle case, are

AR2 = AL2 = (Atot −Arot)/2, while for larger angles, AR2 = AR1 −Arot ,AL2 = AL1.

Determining where sand transported by rotation goes also depends upon the slip angle β of the

wheel. For high angles ( tanβ > b/(2
√

2rh0 −h2
0)), when the front and rear corners of the wheel

align), Arot is added to the opposite volume of plowed soil (so AL2 = AL1 +Arot). For intermediate

and low angles, Arot is set aside for now.

Soil piled on either side of the wheel, of area AR2 and AL2, is placed initially in triangles with an

angle φ , the angle of repose of the soil, Figure 4.2 b). The height of the initial soil piles is given by,

hL2 =
√

2AL2 tanφ , hR2 =
√

2AR2 tanφ . (4.4)
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Chapter 4. Soil Deformation Modeling

3) Inward Flow: The soil that was piled against the wheel then flows back into the trench behind

the wheel, Figure 4.2 c). The profile is assumed at first to have a pointy bottom (p = 0) with a final

height of hR3 and hL3 on each side and a maximum depth of d, and is determined by solving a set of

constraints,

h2
R3 +h2

L3 = d2 −Arot tanφ (4.5)

2hR3 +2hL3 +2d = hR2 +w tanφ +hL2 (4.6)

2hR3 +d = hR2 +
w−bcosβ

2
tanφ (4.7)

where w = bcosβ + 2sinβ

√
2rh0 −h2

0 is the width of the wheel at its intersection with the soil

surface. First, the area of the sand is preserved, (4.5). Next, the soil is assumed to move along

the steepest gradient, meaning only inward flow, maintaining the width of disturbed terrain, (4.6).

Finally, the deepest part of the resulting trench, of depth d, is assumed to align with the leading

corner of the wheel, Figure 4.2 d), (4.7).

The depth of the pointy bottom trench is then checked against the wheel sinkage h0 – the trench

cannot be any deeper than the deepest part of the soil removed. If the predicted trench is too deep,

then the trench has a flat bottom and the soil profile is recalculated with a known trench depth of h0,

as shown in Figure 4.2 e).

The heights of the soil piles on the side are then recalculated:

hR3 =−h0 +

√
h2

0 −
(

d2

2
−dhR2 −

h2
R2
2

− w−bcosβ

2
d
3

tanφ

)
(4.8)

hL3 =−h0 +

√
h2

0 −
(

d2

2
−dhL2 −

h2
L2
2

− w−bcosβ

2
d
3

tanφ

)
(4.9)

The final width of the trench is thus given by

p = (h2
L3 +h2

R3 −d2)/(d tanφ) (4.10)
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4.2. Soil Flow Model Derivation

4) Transported Pile Deposition: We now consider the soil transported by rotation, Arot . The

equations above give the final trench profile for the high angle case ( tanβ > b/
(

2
√

2rh0 −h2
0

)
),

as we have already taken the rotated soil into account.

In the low angle case, β < 10◦, the area transported by rotation Arot is placed on the profile,

centered along the wheel axis. The new profile then has a flat bottom, whose depth is increased

until all of Arot is accounted for. If the original trench had a pointy bottom, the new maximum depth

is given by,

d2 = d −
√

Arot tanφ (4.11)

while if the original trench had a flat bottom, the new maximum depth is given by,

d2 = d +
p tanφ

2
−

√(
p tanφ

2

)2

+Arot tanφ (4.12)

In the intermediate angle case (β > 10◦ and tanβ < b/(2
√

2rh0 −h2
0) ), the soil is piled from

the bottom up until either a stepped or flat-bottomed trench is created. A step with width q and

height m is formed with area equal to Arot , as seen in Figure 4.2 f). Soil is piled in a step with

rightmost edge hitting where the right edge of each grouser meets the soil. It is piled until its height

reaches the leftmost edge of the wheel, and is then expanded further to the right. If Arot is large

enough that the step runs into the right side of the trench, a flat bottom forms.

As the furthest edge of the grouser is located at bcosβ

2 , the step must have width q of at least

p
2 +

bcosβ

2 . Note that if our initial trench is pointy, p = 0 and q = bcosβ . If the initial trench profile

was flat the height m of the step is then given by,

m =
Arot

q
(4.13)

If the initial trench profile was pointed, the height of the step is given by

m =
Arot

q
− q tanφ

4
(4.14)
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Chapter 4. Soil Deformation Modeling

In both cases, the height of the step is limited by the farthest point on the trench on which the

grousers are able to dump sand. If m exceeds this limit,

mmax = (2r sinβ +bcosβ − p)
tanφ

2
(4.15)

Then we set m = mmax and make the step wider, with q given by

q =
Arot

mmax
(4.16)

for the initially flat trench and

q =
2mmax

tanφ
−

√(
2mmax

tanφ

)2

− 4Arot

tanφ
(4.17)

for the initially pointy trench.

If the step of the initially flat trench becomes wide enough to run into the other side of the trench,

the step width is then given by,

q =
1
2

2+
4m

tanφ
−

√(
2p+

4m
tanφ

)2

−4
(

p2 +
4Arot

tanφ

) (4.18)

If the step is so wide as to cover the entire bottom of the trench, the trench’s profile is computed

using the same equations as for the low angle case, (4.11) and (4.12).

4.3 Soil Flow Model Validation

We demonstrate the effectiveness of the soil flow model presented in Sec. 4 with a set of trenching

experiments conducted in the soft-soil testbed in Carnegie Mellon’s Field Robotics Center.

The goal of these experiments is to qualify the model as a whole by showing that the overall pre-

dicted soil profile closely matches that seen in experiments. In addition, some specific assumptions
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4.3. Soil Flow Model Validation

Figure 4.3: The single-wheel soil flow testbed setup. For each trench, the wheel is lowered to a fixed sinkage
(h0) and moves across level sand at a fixed slip ratio (s) and slip angle (β ).

are investigated:

• Minimal soil compaction occurs

• The depth of trench follows the model

• The small and large slip angle transition points (β < 10◦ and β > 80◦) for soil division are

reasonable.

In each trial, the wheel is set to a fixed sinkage h0, slip angle β , and slip ratio s, and then driven

through a prepared smooth soil bed in a straight line with a forward velocity vx of 3 cm/s. Consistent

soil preparation is achieved via jigs affixed to the testbed for loosening and leveling the sand. The

resulting trench is imaged with a LIDAR scanner at 12 locations along its length, 5-10 cm apart,

with each sample yielding a profile comprised of 300-400 unique points. The experimental setup is

shown in Figure 4.3 and the video attachment, and Table 4.2 contains relevant soil properties and

wheel geometries. The wheel geometry was chosen to match the K10 mini rover [91], Figure 3.1,

which was used for preliminary trenching experiments.
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Chapter 4. Soil Deformation Modeling

Sym. Description Value

φ Angle of repose [ ◦ ] 29
c Cohesion [Pa] 0

r Wheel radius [mm] 48.0
b Wheel width [mm] 50.0
hg Grouser height [mm] 5.0
ζ Grouser volume fraction 0.1

Table 4.2: Sand parameters (top) and rover parameters (bottom) used in this section. Angle of repose is
known for the sand used (Soil Direct #90), other values are typical as given in [53]. Rover parameters match
that of the K10 mini rover.

Trench Type Avg. Error Median Error Depth Error Compaction
[mm] [mm] [mm] [%]

All trenches 2.9 2.1 3.5 4.29
β = 0◦ 2.1 1.9 5.7 23.1

β = 22.5◦ 3.3 2.3 4.0 7.19
β = 45◦ 3.1 1.9 2.5 -9.3

β = 67.5◦ 2.6 2.0 2.6 -3.02
β = 90◦ 3.6 2.2 2.8 3.47

s =-1 3.5 2.3 3.4 5.76
s =-0.5 3.4 2.8 4.0 1.13
s = 0 3.3 2.1 4.1 17.12
s = .8 2.2 1.3 2.4 -2.48
s = .9 2.7 1.5 3.5 -1.0

h0 = 5mm 2.7 1.9 4.1 9.41
h0 = 15mm 2.7 2.1 3.6 1.9
h0 = 25mm 3.5 2.4 2.7 1.56

Table 4.3: Quality of soil flow model fit for all trials with the grousered wheel. Each row is an average over
all other test conditions with the listed quantity held constant. Compaction is area change over Atot .

LIDAR scans of the flat prepared surface have a standard deviation of 0.6 mm, which is less than

the typical feature scale in these experiments. Calibration scans of alignment jigs are used to correct

for rotation and offsets of the LIDAR scanner and testbed mounts. Experiments iterate over a repre-

sentative range of wheel sinkages (h0∈{5,15,25} mm), slip ratios (s∈{−1,−0.5,0,0.8,0.9}), and

slip angles (β ∈{0◦,22.5◦,45◦,67.5◦,90◦}), for a total of 69 trenches and 828 sampled profiles1.

1Note that the following trenches at the maximum sinkage were not completed due to excessive deflection of the test
rig, indicating conditions where a rover would certainly get stuck: β = 67.5◦ for s =-1 & -0.5, and β = 90◦ for s =-0.5

34



4.3. Soil Flow Model Validation

Error Frequency
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Figure 4.4: Frequency of error in trench profile across all trials. 50% of points had less than 2.1 mm errors,
80% less than 4.9 mm, and 90% less than 6.8 mm

Figure 4.5: Plots of measured (blue) and model-predicted (red overlay) trenches for varied slip angle and slip
ratio at fixed sinkage of h0 = 15mm. All 12 measurements of each trench are shown, showing the consistency
of the trench. Note that the model captures the steps at the β = 22.5◦ angle, the filled in trench at β = 0◦

with high slip ratios, and the overall width and depth of most trenches.

For each, the average error, δ , of the trench model is evaluated by finding the average Euclidean

distance from each measured point along the soil profile to the model profile generated with

parameters listed in Table 4.2, and then taking the average error in 0.8mm wide bins. This is the

smallest bin size such that no bin is empty. Each bin is equally weighted in determining the overall

δ for the trench, to eliminate any bias arising from non-uniform distribution of sampled points. This

error is given by,

δ =
1

nbins

nbins

∑
i=1

1
ni

ni

∑
j=1

|yactual,i, j − yexpected,i, j| (4.19)

The average error for each trench is reported in Table 4.3, as is the median error between bins

through 0.9.
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Chapter 4. Soil Deformation Modeling

and the error on the maximum depth of the trench. Finally, these scans are also used to evaluate

compaction, by comparing the net area of soil loss post-trenching to the area of soil disturbed by the

wheel as predicted by the model, Atot . A slice of the data for h0 = 15 mm is shown in Figure 4.5.

Model fit: The qualitative trench fit was very good, with most qualitative trench shapes (flat

vs. pointy, stepped or unstepped) successfully predicted by the model, Figure 4.5. The average

error over all trenches was 2.9 mm, with the maximum error at any individual point 18.2 mm. The

frequency of error magnitudes can be seen in Fig 4.4.

The model fit was best for low and intermediate sinkages, and worst for high sinkages. Interest-

ingly, the model performed well at high slip. This supports our quasistatic assumption, as the soil

does not behave significantly differently at higher rotational speeds and thus any dynamic effects

are small.

Compaction: The average compaction for all trenches was 4.29%, but this conceals more

interesting behavior. Trench compaction was the most significant for trenches with β = 0◦ and

trenches with s = 0. In these cases, the wheel does not displace the soil as much as it rolls over, and

exerts more force in the vertical direction, compacting it. At intermediate angles (β = 45◦,67.5◦)

and very high slip (s = 0.8,0.9), the compaction is negative. This corresponds to the sand getting

aerated by the wheel.

Total depth: The overall average error on the deepest part of the trench was comparable to the

average error of the trench fit as a whole, as seen in Table 4.3. The error on the maximum depth

was about 3mm for most trenching configurations; however, the model was particularly good at

predicting trench depth for trenches with intermediate or high β and particularly poor for low β .

Small and large angle soil split rule: The transition points in the soil division rule described

in Sec. 4 occur at β = 10◦ and β = 80◦. The angles tested on either side of these cutoffs (β =

{0◦,22.5◦}, β = {67.5◦,90◦}) match the model well. Shifting the transition points to β = 25◦

and β = 75◦ such that the β = 22.5◦ and β = 67.5◦ trials are in the low and high angle regimes,

respectively, gives worse fits. This suggests that the transition points do lie within the ranges

[0◦,22.5◦] and [67.5◦,90◦]. However, more experiments are needed to refine these points.
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Increase h
0
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Nominal

Shape

Figure 4.6: Nominal trench shape for h0 = 12 mm, β = 45◦, and s = 0, and the effect of varying each
parameter individually from this case. Note that sinkage changes the shape of the trench’s bottom, while slip
angle and ratio affect the shape of the trench’s sides.

4.4 Insights into Trenching from Soil Flow Model

Numerical results based on this model were generated by testing different slip ratio and slip angle

values using the parameters listed in Table 4.2.

Trench Shape: A surprising variety of qualitatively distinct trench profiles emerge from the

variation of slip angle, slip ratio, and sinkage. This model allows us to predict the shape of the

trench, which may have a flat bottom or pointed bottom, smooth sides or a step, and piles of sand on

both sides or just one side. We are able to select driving parameters (e.g. s, β ) to achieve a desired

trench geometry – for example, one might choose to dig a trench with all soil piled to one side, so

that a cable can then be laid in the trench and reburied with a single pass. Figure 4.6 illustrates the

effect of driving parameters on trench shape, and Figure 4.7 shows the range of shapes possible for

a single sinkage.

Grouser Effect: In preliminary tests it was observed that even wheels without grousers were

capable of transporting soil by rotation. An ungrousered wheel can be used to dig in the same

manner as a wheel with grousers, but the amount of soil moved by rotation is more difficult to

predict, and likely depends on surface properties of the wheel as much as geometry. Further

investigation in this area is needed.
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Pointy, step

Flat, no step

Pointy, no step

Figure 4.7: Phase plot of trench shape for h0 = 10mm generated from the soil flow model. Flat trenches have
p > 0, and stepped trenches have q > 0.

4.5 Conclusions

In this chapter we have developed a new closed-form model of how terrain is deformed by a driving

rover wheel, using only soil mechanics principles and simplifying assumptions. We showed how

several distinct types of trench shapes form and how to mathematically predict them. We then

experimentally validated this model on a wheel in sand, and showed we can predict the resultant

trench shape. This model enables the trenching action described in Chapter 3 and can be used to

improve terramechanics models, which will be explored in Chapter 5.
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Chapter 5

Terramechanics Modeling

During terrain manipulation, rover wheels are pushed beyond their intended usage and thus be-

yond the scope of most models concerning them. As detailed in Section 2, there are no existing

terramechanics models which cover small wheels with grousers at nonzero slip angle in negative

slip (skid). Furthermore, while formulations for wheel forces are valid at high slip angles, none have

been experimentally verified beyond 40◦. Therefore, in this section we present a new model for

predicting the forces on a wheel during terrain manipulations which fall outside of normal driving

maneuvers, as well as a set of terramechanics experiments to validate it.

5.1 Nomenclature

See Table 5.1 for a full list of variables used in this section along with their meanings and units.

5.2 Terramechanics Model Development

All values described in this section are given in a wheel-fixed reference frame unless otherwise

noted, with the positive x-axis pointed forwards, y-axis out from the face of the wheel, and z-axis

pointing up, as shown in Figure 5.1. A wheel traveling with a forward velocity vx and lateral velocity
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Symbol Value Units
Wheel state

vx,vy Translational velocity along x, y axes m/s
v Net translational velocity along direction of travel m/s
β Slip angle ◦

s Slip ratio
ω Wheel angular velocity rad/s

Wheel geometry
r Radius of wheel m
rs Shearing radius of wheel m
µ Grouser area ratio
hg Grouser height m
b Width of wheel m

Terramechanics variables
h0 Sinkage of wheel m
h Height of a point relative to the bottom of wheel m
θ Angular location of point on wheel ◦

θ f ,θr Front, rear angles where wheel enters, exits soil ◦

θm Angle of max normal stress under wheel ◦

θe Equivalent angle ◦

θ0 Shear flow transition angle in skid ◦

σn Normal stress on wheel surface kPa
σb Bulldozing stress on side face of wheel kPa
Rb Bulldozing resistance on unit width blade kN/m
q Soil surcharge pressure kPa

τL,τT Lateral, tangential shear stress under wheel kPa
jL, jT Lateral, tangential soil deformation m

v jL,v jT Lateral, tangential shear rate m/s
Tuning parameters

a0,a1 Empirical max stress angle coefficients
b0,b1 Empirical exit angle coefficients

ζ Grouser transport volume fraction
Soil properties

c Cohesion stress kPa
φ Internal friction angle ◦

ρ Soil specific weight kN/m3

K Shear modulus m
n Sinkage exponent
k Sinkage modulus kN/mn+2

Xc Destructive angle ◦

Table 5.1: Terramechanics variables used in this section.
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Figure 5.1: Definition of key geometry and state variables for terramechanics models. Descriptions of
variables can be found in Table 5.1.

vy has a net travel velocity v =
√

v2
x + v2

y and a slip angle given by

β =− tan−1 vy

vx
(5.1)

For a wheel rotating at an angular velocity of ω , the slip ratio is given by

s =


(rsω − v)/(rω) for |rsω|> |v| (slip)

(rsω − v)/(v) for |rsω|< |v| (skid)
(5.2)

where rs is the radius at which soil failure occurs along the wheel rim. For a wheel with grousers of

height hg and wheel inner rim radius of r, the shearing radius is assumed to be rs = r+hg. For a

smooth wheel, this radius is assumed to be the wheel’s radius.

The wheel-soil contact geometry is primarily defined by two parameters: the wheel’s sinkage

and soil exit angle. The wheel’s sinkage h0 is the vertical displacement along the z-axis relative

to the undisturbed soil surface, as measured at the shearing radius. By convention, angles on the

wheel are measured clockwise from vertical in the x-z plane (i.e. about the negative Y axis, from
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the negative z-axis), as shown in Figure 5.1. In general, a location on the wheel can be defined by

its angle as determined by height h from the bottom of the wheel with θ =±cos−1(1−h/rs). The

entrance angle θ f of the wheel is the angle to the point where the wheel first contacts the undisturbed

soil on the front, and the exit angle θr is the angle to the point where the wheel leaves the soil at

the rear. The entrance angle is thus given by θ f = cos−1(1−h0/rs). The sinkage and exit angle

are both functions of the wheel state, including a dependence on slip angle and slip ratio. The exit

angle can significantly impact the performance of the terramechanics model, but it is typically either

empirically tuned or assumed to be uniformly zero for simplicity. In Section 5.2.1, we implement

both the standard empirically-tuned method of predicting the exit angle and present a new method

to determine θr with less tuning.

5.2.1 Prediction of wheel-soil contact geometry

[37] established that the location of the maximum normal stress σn under the wheel, θm can be

approximated as a linear function of slip s, with θm = θ f (a0 +a1s), where θ f is the entrance angle

and a0 and a1 are empirically determined constants for a given wheel and soil, with 0 ≤ a0 ≤ 1,

0 ≤ a1 ≤ 1, and a0 +a1 ≤ 1.

The exit angle θr is analogously determined by θr = θ f (b0 +b1s), with −1 ≤ b0 ≤ 0, −1 ≤

b1 ≤ 0, and b0 + b1 ≥ −1. [50] noted that both the maximum stress angle θm and exit angle θr

are constant in skid, calculated based on the entrance angle at zero skid, θ f |s=0. We refer to these

values as θm0 and θr0, respectively. With this, the maximum stress angle is given by

θm =


θ f (a0 +a1s) (slip)

θm
∣∣
s=0 = θ f

∣∣
s=0a0 = θm0 (skid)

(5.3)

42



5.2. Terramechanics Model Development

A
L1

A
R1

w

r

h
0

a) b) c)

d) e) f )

A
L2

A
R2

A
L2 

+ A
R2

A
Rot

h
l h

r

A
Rot

d

d θ
r

Figure 5.2: Illustration of the soil flow model used to determine exit angle θr. (a) The projected area of the
wheel is used to separate the terrain into soil contacting the wheel face, AL1, and wheel rim, AR1. (b) The soil
caught in the grousers, Arot is separated out, and the remaining soil is piled to the sides of the wheel. (c) The
soil is allowed to flow behind the wheel. (d) The soil caught in the grousers is deposited onto the soil profile.
(e) The region of the rear rim contacting the soil profile is identified, and the average depth along that portion
is identified. (f) The average depth along the contact region is converted to exit angle θr. Figure adapted from
[13].

and the exit angle is given by

θr =


θ f (b0 +b1s) (slip)

θr
∣∣
s=0 = θ f

∣∣
s=0b0 = θr0 (skid)

(5.4)

Previous works have not explored the possible dependence of a0, a1, b0, and b1 on slip angle β ,

so each value is tuned separately for every slip angle. Section 5.4.3 explores the dependence of a0

and a1 on β .

The exit angle can alternately be determined through knowledge of the terrain shape behind the

wheel. In [13], we developed a closed-form model of the steady-state shape of the rut behind a wheel

for non-cohesive soils. In this soil flow model, which is presented in Chapter 4 and summarized

in Figure 5.2, the soil is either caught in the wheel’s grousers or pushed to the sides of the wheel,

allowed to pile up, and then flowed back as the wheel passes through, with soil coming to rest at its

angle of repose φ . This model relies on a single tuning parameter ζ describing the fraction of sand

caught in the grousers which is ultimately transported within them, and otherwise uses only the soil

angle of repose φ , wheel geometry, and driving state variables.
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The trench shape output by the soil flow model can be used to identify the exit angle. The

contact angle can vary along the width of the wheel’s rim, so a weighted average of the depth along

the rear wheel rim is used to determine the exit angle θr. This formulation is able to identify the exit

angle for any slip angle β and slip ratio s, eliminating the need for the tuning parameters b0 and b1.

The terramechanics model described in this section is evaluated in Section 5.4 with both the

classic slip-tuned definition of exit angle, (5.4), as well as with this soil flow model.

5.2.2 Pressure-sinkage relationship & normal forces on wheel

The forces on a wheel are largely governed by the normal stress and the shear stress on the wheel

rim and sidewall. The normal stress σn is zero at the entrance angle θ f and at the exit angle θr, and

it takes a maximum value at an angle of θm, the location of which is governed by the wheel’s slip.

[35] observed that the normal stress at a point on the wheel rim can be described by

σn = khn (5.5)

for a given depth h, where k and n are the sinkage modulus and sinkage exponent, respectively, and

are theoretically intrinsic soil properties based on the pressure-sinkage relationship of a flat plate.

k is commonly broken into a constant term and a wheel width dependent term as in [38], though

[47] noted that additional corrections are required for small radius wheels as the stress distribution

diverges from that of a flat plate. Proper identification of each of these parameters requires testing a

wide parameter space of wheel geometries; for simplicity in this section the values of n and k are

identified separately for each wheel.

A constant value of n only accounts for static sinkage of the wheel and does not accurately the

capture slip sinkage and skid sinkage phenomena. Thus, this model treats n as a linear function of

slip ratio in both the slip regime, as in [41] and [43], and the skid regime, as in [44]. The sinkage

44



5.2. Terramechanics Model Development

exponent n for a given wheel and soil is

n =


n0 +n1s (slip)

n0 −n2s (skid)
(5.6)

where n0, n1, and n2 are all positive. For a rotating wheel, the normal stress is zero at the edges

of the contact region given by the entrance angle θ f and exit angle θr, and reaches a maximum at

some angle θm, which is a function of the slip ratio and other factors. The normal stress at a given

angle θ along the wheel is given by applying (5.5) with h = rs − rs cosθ at the grouser tips and

h = r− r cosθ on the wheel rim, giving

σn(r) = krn(cosθe − cosθ f )
n (5.7)

where θe is the equivalent angle, which is defined in front of and behind θm as

θe =


θ for θm < θ < θ f

θ f − θ−θr
θm−θr

(θ f −θm) for θr < θ < θm

(5.8)

The equivalent angle formulation ensures that the stress reaches a maximum value at θ = θm and

that the effective depth at the exit angle is zero, so that the normal stress vanishes to zero at the

edges of the contact region. The total normal stress is a weighted average of the stress at the grouser

tip radius, σn(rs), and the radius of the surface of the wheel, σn(r), yielding

σn = µσn(rs)+(1−µ)σn(r) (5.9)

where µ is the grouser area ratio, or the fraction of the wheel’s surface taken up by the grousers,

and is one for a smooth wheel, as in [53].
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5.2.3 Shear forces on wheel

The shear stress under the wheel is tangential to the wheel’s surface and broken into two components:

lateral, τL, which is parallel to the wheel’s y-axis, and tangential, τT , which is perpendicular to the

y-axis. Shear forces at each point on the wheel are a function of the normal stress σn applied to the

same point on the wheel, as originally defined by [39] for two dimensional soil failure, such that

τ = (c+σn tanφ)(1− e− j/K) (5.10)

where c is the soil cohesion, φ is the soil friction angle, K is the shear modulus, and j is the shear

displacement a unit of soil undergoes before reaching the given angular position on the wheel.

The scaling of the shear stress τ along each component, τT and τL, is based on a fusion of

approaches. As in [58], the tangential and lateral shear deformations are combined into a single net

shear deformation, scaled by a single modulus K. The magnitude of each component is scaled by

the relative magnitude of the shear velocity as in [53], such that the shear stress is zero when the

shear velocity is zero. This yields

τi =
v ji√

v2
jT + v2

jL

(c+σn tanφ)
(

1− e−
√

j2T+ j2L/K
)

(5.11)

where i ∈ {T,L}, v jT and v jL are the shear velocity of the soil tangential to the rim in the x-z

plane and shear velocity along the y-axis, respectively, and jT and jL are the corresponding shear

deformations. Each shear deformation is obtained by integrating the shearing velocity of the soil, or

the velocity difference between the wheel surface and soil at its interface, with respect to time. For

each shear velocity, the corresponding shear deformation is

ji =
∫ t

0
v jidt (5.12)
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The tangential and lateral shear velocities for a wheel in positive slip as defined in (5.2) are given by

v jT = rsω − vx cosθ Tangential, slip (5.13)

v jL =−vy Lateral, slip (5.14)

When the wheel is in slip, the soil under the wheel is always flowing from front to back in

parallel to the wheel’s rim in the x-z plane. In skid, a portion of the soil under the wheel’s surface is

instead pushed along the front of the wheel, flowing opposite to the wheel’s rotation, as described in

[36]. This results in a transition point within the wheel-soil contact area where the tangential shear

velocity is zero, which is identified by the angle θ0. We approximate θ0 as a function of slip ratio as

in [43], as

θ0 = θ f

(
1+

ωrs − v
2v

)
(5.15)

In the front region, the shear velocity in skid is given by

v jT = rsω − vx cosθ +Kvvx (5.16)

where the coefficient Kv can be determined as in [36] by setting the tangential shear deformation jT

equal to zero at θ0. The shear velocity in skid for the rear region of the wheel is the same as in slip,

as given in (5.13). The lateral shear velocity is equivalent in slip and skid, as in (5.14). Thus the

tangential and later shear velocities for a wheel in skid are

v jT =vy Tangential, skid, θ < θ0 (5.17)

v jT =− vx cosθ +
sinθ f − sinθ0

θ f −θ0
vx Tangential, skid, θ > θ0 (5.18)

v jL =vy Lateral, skid (5.19)

Using the substitution ω = dθ

dt , the tangential shear deformation at a point θ can be found by
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Figure 5.3: Side view of a wheel with detail of the bulldozing stress (left) and closeup of a single unit-width
blade for calculating bulldozing stress (right).

integrating (5.12) with either (5.13), (5.17), or (5.18) to get

jT =



rs(θ f −θ)− (sinθ f − sinθ) vx
ω

Slip

rs(θ0 −θ)− (sinθ0 − sinθ) vx
ω

Skid, θ < θ0(
sinθ f −sinθ0

θ f −θ0
(θ f −θ)− (sinθ f − sinθ)

)
vx
ω

Skid, θ > θ0

(5.20)

The lateral shear deformation is the distance a particle of soil on the wheel gets displaced along the

lateral direction. Using the same ω = dθ

dt substitution, we integrate (5.12) with (5.14) or (5.19) to

get

jL =
∫

θ f

θ

v jL

ω
dθ = (θ f −θ)

vy

ω
Slip and skid (5.21)

Note that when ω = 0, jL is infinite. If the wheel’s rotation does not move a particle into and out of

contact with the wheel at the edges, it will (in theory) stick to the wheel and continue to move with

it indefinitely, representing an infinite shear deformation. This results in a lateral shear deformation

of τL = c+σn tanφ .
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5.2.4 Sidewall forces on wheel

When the wheel is angled relative to its direction of travel there are forces on the side face of the

wheel. The most commonly used method of determining the force on the side face was presented

by [58] and derived from [66], but we take a different approach here based on soil cutting theory

that is more widely used than [66]. In this work, we determine the bulldozing stress σb for a point

at depth z on the side face of the wheel from [38]’s formulation for passive earth pressure

σb = ρzcot2 Xc +qcot2 Xc +2ccotXc (5.22)

for soil density ρ , cohesion c, destructive angle Xc = 45◦−φ/2 (which defines the line along which

shear failure propagates through the soil in front of the blade, as seen in Figure 5.3), angle of internal

friction φ , and weight of the soil surcharge above the undisturbed soil surface plane q.

The pressure due to this surcharge is given by the weight of the soil piled along the wheel’s side

surface which reaches the point where the shear line meets the soil surface and has angle of repose

φ , as shown in Figure 5.3. Based on this, we derive the soil surcharge as

q =
1
2

ρzcotXc tanφ (5.23)

The force on a unit-wide blade Rb is taken by integrating the passive earth pressure σb over the

depth of the wheel, where the depth of the bottom of the wheel at a given angular location is hb,

yielding

Rb = |sinβ |
∫ hb

0
ρzcot2 Xc +

1
2

ρzcot3 Xc tanφ +2ccotXcdz

= |sinβ |
(

1
2

ρh2
b cot2 Xc(1+

1
2

cotXc tanφ)+2hbccotXc

) (5.24)

The term |sinβ | is included to incorporate the inclination of the wheel’s face relative to the direction

of travel, as this formulation is not dependent on velocity. The profile of the undisturbed soil along

the wheel’s side surface is assumed to follow a straight line between the entrance and exit angles θ f
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and θr. The depth hb measured to this undisturbed soil surface is given by

hb =
sinθ − sinθr

sinθ f − sinθr
(cosθr − cosθ f )rs − (cosθr − cosθ)rs (5.25)

[58] uses an alternate method to determine the bulldozing resistance based on [66]. However, the

two formulations are slightly different, with each paper’s formulation for Rb given by

Rb = ρh2
b cot2 Xc (1+ cotXc tanφ)+2hbccotXc [58]

Rb =
1
2

ρh2
b cot2 Xc (1+ cotXc tanφ)+2hbccotXc [66]

The equations above have been rearranged for visual similarity, and simplified using the fact that

tan(Xc+φ)= tan(π/4−φ/2+φ)= tan(π/4+φ/2)= tan(π/2−(π/4−φ/2))= tan(π/2−Xc)=

cotXc. Compared to [66], [58] is off by a factor of 1
2 in the first term and therefore has gained an

additional term of 1
2ρh2

b cot2 Xc (1+ cotXc tanφ). The formulations by both [58] and [66] differ from

the version derived here from [38], with Hegedus having an additional term of 1
4ρh2

b cot3 Xc tanφ

compared to Wong.

5.2.5 Net forces and moments on wheel

The net forces on the wheel surface can be found by integrating the stresses given in equations (5.5)

and (5.11) over the wheel, giving

Fx = rsb
∫

θ f

θr

−σn sinθ + τT cosθdθ (5.26)

Fy = rsb
∫

θ f

θr

Rb sinβ

b
cosθ + τLdθ (5.27)

Fz = rsb
∫

θ f

θr

σn cosθ + τT sinθdθ (5.28)
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Note that [58] integrates the bulldozing stress differently, such that the sidewall force given in (5.27)

is instead given by

Fy = rsb
∫

θ f

θr

1
b

(
1− 1

rs
h(θ)cosθ

)
Rb sinβ + τLdθ (5.29)

which does not correspond to integrating horizontally across the wheel’s surface as would be

consistent with the definition of bulldozing resistance as derived from [66].

The moments on the wheel are similarly given by

Mx = r2
s b

∫
θ f

θr

−τL cosθ +
Rb sinβ cosθhCOP

rsb
dθ (5.30)

My = r2
s b

∫
θ f

θr

−τT dθ (5.31)

Mz = r2
s b

∫
θ f

θr

−τL sinθ +
Rb sinβ sinθ cosθ

b
dθ (5.32)

where hCOP is the height of the center of the bulldozing pressure for an individual unit-width blade

as shown in Figure 5.3, and for the bulldozing stress in Equation 5.24 is given by

hCOP =
1
3h2

bρ cot2 Xc(1+ 1
2 cotXc tanφ)+ 1

2hbccotXc
1
2hbρ cot2 Xc(1+ 1

2 cotXc tanφ)+ ccotXc
(5.33)

Equations 5.26 – 5.32 assume the wheel’s sinkage h is known. If instead, the vertical load

Fzapplied is known, the sinkage can be found by performing a binary search over possible sinkage

values until the applied load matches the computed load within a given tolerance ε , such that

|Fzapplied −Fz| ≤ ε (5.34)
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Figure 5.4: Labelled image of the single wheel terramechanics testbed (left) and grousered wheel in the
testbed at the end of a single test run (right).

5.3 Experimental Validation of Terramechanics Model

5.3.1 Terramechanics testbed

Figure 5.4 shows the terramechanics testbed used to measure forces and sinkage of a wheel operating

at fixed slip angle and slip ratio. The testbed is based on NASA Ames Research Center’s terrain

manipulation testbed developed by Loic Tissot-Daguette as shown in [98]. It allows a wheel to be

driven at a forced slip angle and slip ratio along a prepared sandbox while recording forces and

torques on the wheel and the wheel’s sinkage.

The testbed consists of a main belt-driven x-axis gantry mounted to long linear rails, with a

frame constructed from slotted aluminum profile connected by 3D printed brackets. The gantry has

shorter vertical linear rails to allow for free vertical translation, an actuated rotational axis to control
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wheel angle, and a hub motor for driving the wheel. Thus, the wheel can be driven at a fixed slip

ratio and slip angle, with load applied by weights loaded into the main gantry. A Bota Systems

Rokubi Serial 6-axis force-torque sensor is mounted between the wheel angle motor and the wheel

driving hub motor [99]. The x-axis rails also support a rake and smoothing mechanism, which

is used for repeatable soil preparation between experiments. For each trial, the soil preparation

mechanism sweeps the full length of the testbed, raking the soil with tines separated by 3 cm and

covering the full width of the testbed. The soil preparation mechanism also incorporates a blade at

the rear, so that the soil is smoothed and leveled to the same state for every trial.

A full set of tests was run on two wheels, grousered and smooth, shown in Figure 5.5 with

the parameters given in Table 5.2. Each wheel was run at all combinations of the slip ratios {-1,

-.7, -.5, -.2, 0, .2, .5, .75, .9} and slip angles {0◦, 15◦, 30◦, 45◦, 60◦, 75◦, 90◦}, with three trials

performed for each run.1 For both wheels over all test conditions, repeat measurements of the

same trial had an average spread of below 1.9N for force measurement and below 3mm for sinkage

measurements. All forces are relative to a wheel-fixed frame of reference as shown in Figure 5.1.

The sinkage is measured relative to the prepared soil surface, and does not reflect the depth of soil

pile buildup in front of the wheel, with a larger sinkage value corresponding to the wheel being

embedded deeper into the soil. The testbed contains Soil Direct #90 sand [100]. Forces and torques

are measured while the wheel travels 850 mm across prepared sand, with force data extracted from

the steady-state portion of the wheel’s motion. For most runs, steady-state motion occurred from

500mm to 750mm. In several low slip angle, low slip ratio trials the sinkage was high enough that

the wheel drive motor hub contacted the sand, increasing the observed forces. The trials at slip

angles of 75◦ and 90◦ did not reach steady state sinkage over the full length of the testbed and are

thus excluded from analysis here but included in the data set for completeness.

1The raw and processed data for all trials can be found at
https://github.com/robomechanics/3d-terramechanics
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Figure 5.5: Wheels used in terramechanics experiments. Grousered (left) and smooth (right) wheels tested.

r (mm) b (mm) hg (mm) µ

Smooth Wheel 62.5 60.0 0 1
Grousered Wheel 57.5 60.0 5 .5

Table 5.2: Wheel geometry parameters for terramechanics experiments.

5.3.2 Soil characterization and model tuning

As only some key terramechanics properties for the Soil Direct #90 sand used were provided in

datasheets, the remaining values were obtained though a combination of measurement and tuning,

the results of which can be found in Table 5.3. The soil’s specific weight ρ was measured at 13.03

kN/m3 by measuring the volume and density of a sample of soil from the testbed with the soil in a

loosely packed state. φ was provided in soil datasheets, and the testbed was modified to measure

the sinkage modulus k of the soil. For this measurement, the testbed’s wheel was replaced with

circular plates with 60mm, 80mm, and 100mm diameters. In order to measure the pressure-sinkage

relationship of the sand, the same soil preparation was used as in the single wheel tests and each

plate was inserted slowly into the soil while measuring sinkage and load on the plate. The measured

sinkage modulus k was 8000 kN/mn+2. The classic sinkage exponent n was measured as well,

though this value was not used as the model described here formulates the sinkage exponent as a

function of slip ratio and slip angle.

Hand tuning was used to select values for the cohesion c and shear deformation modulus K as
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Wheel k φ ρ c K n0 n1 n2
(kN/mn+2) (◦) (kN/m3) (kPa) (m)

Smooth 8000 29 13.03 1.0 0.021 1.46 0.01 0.55
Grousered 8000 29 13.03 1.0 0.021 1.46 0.01 0.74

Table 5.3: Soil parameters for terramechanics tests. k, φ , and ρ were measured, all other values were tuned.

in [101] and [44], along with the sinkage exponent coefficients n0, n1, and n2 for both wheels, with

the values reported in Table 5.3.Note that while the static component of the sinkage exponent n0 is

a soil property, the wheel’s sinkage due to slip and skid depend on the wheel’s grouser design and

other wheel-specific factors, and thus these values differ between the two wheels tested here. Hand

tuning was performed by starting from typical values for sand and incrementally varying values to

improve the error on the model’s prediction of Fx, Fy, and the sinkage h over all tests.

As high slip angles have not been investigated in depth in existing work, the relation between

slip angle and a0, a1, b0, and b1 is not known, and it cannot be assumed that these values are

independent of slip angle. MATLAB’s fmincon was used to determine a0, a1, b0, and b1 for each

slip angle β separately. This was done by minimizing the sum squared error of the forces on the

wheel driving at a given slip angle over all measured slip ratios via the following procedure, with

other soil parameters set to typical values:

1. Set initial parameter guesses

2. Set wheel sinkage to measured value

3. Compute expected forces Fx, Fy, Fz from terramechanics model

4. Compute sum squared error of forces normalized to measured values of Fx, Fy, Fz

The resultant values are given in Table 5.4, though the number of parameters required to run

the model can be greatly reduced from those listed here, as discussed in Section 5.4.3. Notably,

the values of b0 and b1 are not used in the model implementation that uses soil flow to predict exit

angle, and a0 and a1 can be fit as linear functions of β .
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β a0 a1 b0 b1 ζ

Smooth wheel
0◦ 0.20 0.70 -0.48 -0.00 0.10
15◦ 0.22 0.70 -0.47 -0.01 0.10
30◦ 0.57 0.20 -0.51 -0.01 0.10
45◦ 0.63 0.17 -0.46 -0.15 0.10
60◦ 0.72 0.13 -0.54 -0.13 0.10

Grousered wheel
0◦ 0.27 0.67 -0.66 -0.18 0.20
15◦ 0.29 0.65 -0.50 -0.41 0.20
30◦ 0.47 0.45 -0.44 -0.56 0.20
45◦ 0.62 0.30 -0.51 -0.49 0.20
60◦ 0.71 0.21 -0.53 -0.47 0.20

Table 5.4: Tuning parameters for terramechanics model. a0, a1, b0, and b1 were tuned with the optional soil
flow model disabled.

5.4 Terramechanics Modeling Results and Discussion

5.4.1 Force prediction

The model detailed in Section 5.2 can be seen overlaid on the data collected in Section 5.3 in Figure

5.6.2 In general, the load on a wheel is known and we wish to determine the wheel’s sinkage and

tractive forces, so here we take the measured vertical load on the wheel for each trial, perform a

binary search over sinkage to match the applied load, and plot the resultant forces along the x and y

axes along with the predicted sinkage. The model performance is presented both with classic tuning

of the exit angle (green, solid), and with the soil flow model-based exit angle calculation presented

in Section 5.2.1 (red, dashed). Additionally, [58]’s implementation of sidewall force is shown for

sake of comparison (blue, dotted).

The model captures the trends of wheel-soil interaction forces for both wheels, with better

performance in slip than skid for forces along the wheel’s x-axis. For the smooth wheel, the average

error in predicted force along the x-axis over all slip ratios ranged from 8.3 - 16.1% of the applied

vertical load without the soil flow model, and 22.3 - 35.4% with the soil flow model, as reported

in Table 5.5 for each slip angle tested. The model performed similarly on the grousered wheel,

2The code for generating the plots in this section can be found at
https://github.com/robomechanics/3d-terramechanics
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Figure 5.6: Performance of the terramechanics model at predicting forces and sinkages for a given slip
angle and applied load on smooth and grousered wheels. The model is shown with the new exit angle
formulation derived from soil flow (red, dotted) and with the standard tuned exit angle (green, solid). [58]’s
implementation of bulldozing force is presented for comparison (blue, dashed).
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with ranges of 7.1 - 12.1% error and 15.6 - 27.2% error for without and with the soil flow model,

respectively.

The model performed well at prediction of forces along the wheel’s y-axis, which are dominated

by the bulldozing force on the sidewall. For the smooth wheel, the average error in force along the

y-axis over all slip ratios ranged from 9.0 - 23.2% without the soil flow model and 4.9 - 11.1% with

the soil flow model, excluding β = 0◦, which nominally has Fy = 0. The model had comparable

performance at predicting sidewall force on the grousered wheel, with 2.3 - 19.7% error and 0 -

9.3% error without and with the soil flow model, respectively. The y-axis forces are comparable to

those predicted by [58], but not identical.

Overall, the addition of the soil flow model to predict the exit angle moderately reduced

predictive quality of the model for forces along the x-axis but increased predictive quality of forces

along the y-axis.

5.4.2 Sinkage prediction

The model has excellent prediction of wheel sinkage both with and without the soil flow model,

with less than 7.9% average error relative to wheel radius for each slip angle. Sinkage prediction

was accurate on both wheels in both slip and skid, as seen in Figure 5.6 and Table 5.5.

5.4.3 Extrapolation of tuning parameters

As noted in Section 2, previous works incorporating nonzero slip angle have not investigated the

impact of slip angle on the location of the maximum stress angle θm or the exit angle θ f . The soil

flow model presented in Section 5.2.1 and validated in [13] answers this question for exit angle, but

does not address the maximum stress angle.

In this work, we have separately tuned values of a0 and a1 for each slip angle β tested, with the

maximum stress angle defined for a given slip angle and slip ratio in (5.3). While tuning discrete

values of a0 and a1 is sufficient for model validation, continuous definitions of a0, a1, and θm0 are

necessary for a full model that is continuous over all possible values of β .
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Smooth wheel
Slip Angle Fx Error (%) Fy Error (%) h0 Error (%)

Without soil flow model
0◦ 8.3 ± 25.7 -2.9 ± 2.3 2.2 ± 11.9

15◦ 14.7 ± 39.7 -9.0 ± 10.5 0.0 ± 14.2
30◦ 11.5 ± 26.8 -11.5 ± 20.0 -0.7 ± 4.5
45◦ 16.1 ± 26.1 -19.2 ± 26.6 -1.7 ± 3.6
60◦ 16.1 ± 19.2 -23.2 ± 26.9 -1.6 ± 5.8

With soil flow model
0◦ 22.3 ± 32.8 -2.9 ± 2.3 -3.1 ± 13.4

15◦ 31.2 ± 46.1 -8.1 ± 12.0 -5.9 ± 15.6
30◦ 29.5 ± 36.5 -8.1 ± 20.8 -6.4 ± 7.6
45◦ 33.6 ± 36.6 -11.1 ± 24.1 -7.9 ± 5.9
60◦ 35.4 ± 26.3 -4.9 ± 21.4 -7.7 ± 5.0

Grousered wheel
Slip Angle Fx Error (%) Fy Error (%) h0 Error (%)

Without soil flow model
0◦ 7.1 ± 21.2 -2.3 ± 2.6 5.5 ± 6.8

15◦ 9.7 ± 25.2 -9.1 ± 8.7 3.3 ± 6.7
30◦ 11.5 ± 24.9 -12.4 ± 17.2 2.2 ± 6.8
45◦ 12.1 ± 23.6 -15.5 ± 22.1 3.5 ± 10.0
60◦ 10.3 ± 25.9 -19.7 ± 33.4 4.8 ± 14.2

With soil flow model
0◦ 15.6 ± 32.3 -2.3 ± 2.6 1.6 ± 6.4

15◦ 23.8 ± 38.5 -8.3 ± 10.2 -2.6 ± 6.4
30◦ 25.9 ± 41.0 -9.3 ± 17.0 -4.2 ± 4.3
45◦ 26.9 ± 38.2 -6.0 ± 17.6 -2.5 ± 5.7
60◦ 27.2 ± 38.4 0.0 ± 22.0 -1.6 ± 12.6

Table 5.5: Force and sinkage percentage errors for the terramechanics model on the grousered and smooth
wheels. Subsections of table (sections of rows) for the three different model combinations. Forces are
normalized to the applied load and sinkages to the wheel radius.

The values of a0 and a1 obtained in Section 5.3.2 for both wheels are shown in Figure 5.7.

A linear fit as a function of slip angle β approximates the values of a0 and a1 very well for the

grousered wheel, but less well for the smooth wheel, as shown in Figure 5.7. For the grousered

wheels and soil tested in this work we can then use continuous definitions of a0 and a1 to apply

the model presented here to arbitrary slip angles. Further experiments which directly measure the

stress distribution under wheels are needed to conclusively determine the impact of steering angle

on normal stress, but a linear approximation can be used for this implementation.
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Figure 5.7: Tuned values of a0, a1, and θm0 and linear fit to approximate to intermediate slip angles on both a
smooth and grousered wheel.

5.5 Conclusions

In this chapter we present a terramechanics model capable of describing wheel-soil interaction forces

over all possible slip and skid states, including slip angle, which has been previously unexplored. In

addition to fusing existing terramechanics and soil failure models, we introduce a closed-form soil

flow model to better determine the wheel-soil contact geometry without extensive measurement and

tuning. We also present a terramechanics dataset covering a range of states previously unexplored,

particularly high slip angle, on two small wheels in sand. This dataset is used to validate the

terramechanics model on all slip ratios and on slip angles up to 60◦. In tuning the maximum stress
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angle relationship, we observed that the parameters describing the maximum stress angle follow a

linear dependence on slip angle. Further work directly measuring the stress distributions under a

wheel at high slip angle is needed to confirm this relationship. Furthermore, the model proposed

here is validated on a limited dataset consisting of two wheels and a single soil type, with a single

applied load; additional testing is required for verification of applicability to a broader range of

wheel geometries and soils.

The model presented in this chapter enables prediction of wheeled mobile robot mobility during

off-nominal driving scenarios. This includes unintended mobility changes, such as the failure of a

steering actuator or driving actuator, in which case the rover may experience skid conditions with a

high slip angle or a variety of slip ratios simultaneously on different wheels. Off-nominal driving

scenarios also include the intentional use of wheels for manipulation of terrain, such as by digging

trenches. With the ability to model both slip and skid conditions for a wheel at arbitrary slip angles,

it is now possible to automatically generate driving strategies to both recover from mobility failures

and enable safe driving during intentional off-nominal driving conditions.
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Chapter 6

Hardware Demonstrations of Off-Nominal

Driving

Thus far, we have laid out a roadmap for Nonprehensile Terrain Manipulation (NPTM) and created

models needed for both trenching and driving with failed actuators, but have not ourselves shown

that either are possible on hardware. In this chapter, we show off-nominal driving on full size

rovers. We begin with NPTM demonstrations in a Martian analog environment, showing a large

rover excavate trenches, dig holes, and clear paths for a smaller robot. We then assess the impact of

actuator failure on the mobility of VIPER in depth through a series of quantitative and qualitative

driving tests, and then demonstrate hand-tuned driving strategies to compensate for two types of

failure on a rover the same size as VIPER.

6.1 Field Demonstrations of Nonprehensile Terrain

Manipulation

In this section we demonstrate wheel-based soil manipulation on a large rover in a Martian analog

environment, illustrating various applications for NPTM. The KREX-2 rover was used to dig
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trenches as an example of continuous excavation, dig holes while stationary to determine the soil’s

angle of repose, and carve a small ramp into terrain to allow a smaller rover to cross an obstacle.

We conducted field demonstrations of nonprehensile terrain manipulation at NASA Ames

Research Center’s Roverscape and in the Atacama Desert in Chile. The Atacama Desert is a

common Martian analog, with almost no annual rainfall and no plant or animal life in many

areas. For these tests, the KREX-2 rover [90] was outfitted with inflated rubber tires for all

experiments unless noted otherwise. The approximate wheel geometry is described in Table 6.1.

All demonstrations described here are performed using a single rover wheel to manipulate terrain.

These demonstrations show the application of several robot actions described in Tables 3.1 and 3.2,

and how they can be applied to mission scenarios. Additionally, the trenching actions performed are

also used to test the soil flow model developed in Chapter 4 on unprepared natural terrain.

6.1.1 Wheel-based trenching

We performed four demonstrations of the “trench digging" action in soil in Chile’s Atacama

Desert, with the aim of both achieving large amounts of soil motion and providing another data

set to compare the model developed in Chapter 4 against. The soil was soft, dry, and relatively

noncohesive, with a fragile crust layer less than 1 cm thick. The testing site was selected for its

level, undisturbed ground and soft soil, and there was no preparation of or traffic over the testing

site in advance of experiments. The KREX-2 rover can be seen in Figure 6.1 after completing a

trenching test.

Terrain was mapped with a FARO® LIDAR scanner [102] (Figure 6.2) before and after each

test, with fiducial markers mounted to the rover used to align the rover’s initial and final position

and orientation to scans. The rover’s position and velocity were tracked using a Leica Total Station

and a single rover-mounted reflector prism during each trenching action [103]. The location of

the prism relative to the fiducial markers was fixed, and used to correlate the rover’s speed and

position information with the terrain maps. Each test was recorded with a GoPro HERO camera

[104] mounted to the rover chassis and an off-board video camera.
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Chapter 6. Hardware Demonstrations of Off-Nominal Driving

Figure 6.1: KREX-2 after digging a trench in unprepared soil in the Atacama Desert. This trench was dug
with the rover speed at 20 cm/s, the digging wheel rotated 90◦ from the direction of travel, and the digging
wheel’s speed at 50 cm/s. The white streaks present in the rover’s track are due to halites in the soil.

Four trenching actions were tested, with the rover driving in a straight line while trenching with

its rear right wheel for all four, as seen in Figure 6.2. The rover’s travel speed for each test was

approximately 20 cm/s with the rear right wheel spinning at 50 cm/s, with slip angles of 0, 30◦, 60◦,

and 90◦. The speeds and angles of the other wheels were hand tuned in the field to allow the rover

to drive straight while trenching. Chapter 7 describes how to automate this process.

Each trenching action was run for 20 seconds. Between the rover’s speed and time to reach a

steady state trench geometry, each test resulted in a steady-state trench of approximately 2.5 meters.

Despite being dug at the same wheel speeds and in the same terrain, four very distinct trench

geometries were formed, as seen in Figures 6.3 and 6.4. Trenches ranged from 18 cm wide and 1.3
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Figure 6.2: Setup of trenching experiments in the Atacama Desert. The KREX-2 rover (left) was driven over
unprepared soil, with the FARO® LIDAR (center) scanning before and after and video recording of each
test (right). Not pictured is the Leica Total Station used to track the rover’s position and speed during testing
[103].

r Wheel radius [cm] 23
b Wheel width [cm] 15.2
hg Shearing radius [cm] 25.3

Table 6.1: Wheel geometry parameters for trenching experiments with KREX-2 in the Atacama Desert. The
shearing radius is an estimate that incorporates lug height on the wheels.

cm deep with the trenching wheel at 0◦ to 38 cm wide and 10.6 cm deep with the wheel at 90◦, with

soil piled up to 1/3 of the wheel diameter. The width and depth of each trench are reported in Table

6.2. Note that trench width here is measured as the width of the region where the soil has been

excavated below surface level, and does not include the pile up off to the left side of the trenches.

We compared the observed trenches to those predicted by the soil flow model described in

Chapter 4 using the same analysis techniques. We present the results of the trench prediction in

Figure 6.4 and Table 6.2. For each trench, the wheel sinkage and wheel location relative to the

trench were manually extracted from LIDAR scans, along with projections of sections of the trench

onto a 2d plane seen in blue in Figure 6.4. We estimated the cohesion to be zero, and measured the

soil angle of repose on several purpose-constructed soil piles; this process is described in Section

6.1.3.
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Figure 6.3: Trenches dug by the KREX-2 rover in the Atacama Desert with 1 foot ruler for scale. The wheel
angle for each trench, from left to right, was 0◦, 30◦, 60◦, and 90◦.

Figure 6.4: LIDAR scans of trenches dug by the KREX-2 rover in the Atacama Desert (blue) overlaid with
predicted trench shape (red). The wheel angle for each trench, from left to right, was 0◦, 30◦, 60◦, and 90◦.

The trench shape results had good qualitative agreement between the model prediction and the

observed trench shapes. The average error in predicting the profile’s shape ranged from 0.5 cm for

the 0◦ trench to 3.0 cm to the 90◦ trench. There is some sideways shift in the shape possibly due to

error in aligning the wheel location to the trench from scans, and the model tends to underpredict

soil transport from the right side of the wheel to the left, which likely accounts for most of the error

in the 90◦ trench. Note that the wheel geometry used to dig these trenches does not exactly align

with the theoretical wheel geometry in the soil flow model, as KREX-2’s rubber tires are rounded

and have large treads rather than uniform grousers, and fully accounting for the wheel’s shape and

tuning the volume fraction ζ would enable better trench shape prediction. Additionally, the 30◦

model prediction shows the formation of a step in the slope which does not appear distinctly in the

scanned trench shape. Despite this, the shapes of the trenches predicted qualitatively describe the

trenches observed.

The trenches dug also illustrate how NPTM can be used to aid scientific surveying and sampling.

In Figures 6.1 and 6.3 the color difference between the surface and subsurface soil is clearly visable,

and in the excavated tracks faint white streaks can be seen. These streaks are due to the presence of

halites in the soil, which blend in with the soil and rocks in the undisturbed terrain. Trenching while
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Trench Type Trench Width Trench Depth Avg. Error Median Error Depth Error
[cm] [cm] [cm] [cm] [cm]

β = 0◦ 18 1.3 0.5 0.5 0.9
β = 30◦ 24 4.6 1.2 1.1 2.1
β = 60◦ 34 7.8 1.5 1.4 1.8
β = 90◦ 38 10.6 3.0 1.9 0.4

Table 6.2: Trench geometry and quality of soil flow model fit for the four trenches dug by KREX-2 in the
Atacama.

driving can be used to survey subsurface soil over long travel distances without stopping to sample.

With these demonstrations, we have shown that the “trench digging" NPTM action can move

meaningful amounts of soil, aid scientific sampling, be performed without getting stuck, and can be

modelled with the soil flow model described in Chapter 4.

6.1.2 Multipass trenching

Next, we conducted multiple trenching passes over the same terrain, with the aim of seeing how

much increase in soil motion can be gained. The trench dimensions are reported in Table 6.3, and

images of the three passes along with LIDAR scans of the trench can be seen in in Figure 6.5.

Multiple passes over the same trench had moderate increase in trench size from the first to second

pass, but a smaller change from the second to third pass, which can be seen in Figure 6.5. While

each trench varied in width along its length due to deviation in the rover’s heading, the width of the

trench following the first pass was 27 cm, which increased to 29 cm on the second and 30 cm on the

third pass.

Maintaining a trajectory along trenched terrain is difficult without active control of rover heading,

as the trenching wheel tends to slip into the deepest part of the trench, where it moves little soil.

Closed-loop control of trenching via visual odometry, which we perform in Section 7.3.1, would be

needed for effective re-excavation of trenches. For an objective like subsurface sampling, a single

trenching pass is best, as multiple passes have diminishing returns in excavation area and require

more advanced control. Notably, the trench dug by three passes with the trenching wheel at 60◦ was
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Pass Number Trench Width [cm] Trench Depth [cm]

1 27 6.0
2 29 6.5
3 30 7.7

Table 6.3: Dimensions of a trench dug in multiple passes by KREX-2 in the Atacama. The trench was
excavated with the digging wheel inclined at 60◦ to the direction of travel.

Figure 6.5: KREX-2 performing three trenching passes over the same terrain in the Atacama Desert (top
row), and LIDAR scans of all three runs (bottom). All three passes were performed with the wheel at a slip
angle of 30◦ with a rover body velocity of 20cm/s and wheel rim velocity of 50cm/s. The trench had a width
of about 27 cm after the first pass (left), a width of 29 cm after the second (center), and a width of 30 cm after
the third pass (right).

both shallower and narrower than the trench dug by a wheel at 90◦ in Section 6.1.1, suggesting that

the driving primitive used to trench may have larger impact than repeated passes.

6.1.3 Hole digging

In addition, a hole digging action was demonstrated, as described in the second rows of Tables

3.1 and 3.2. Seven holes/soil piles were constructed by moving a single wheel with the rover

stationary to estimate soil angle of repose as in [26], as seen in Figure 6.6. Maximum slope angle

measurements on these soil piles were taken with a handheld inclinometer, with an average value of

φ = 33.5◦. This value was used in the model evaluations performed in Section 6.1.1, and thus has

clear use in aiding scientific work and mobility planning.
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Figure 6.6: KREX-2 with five soil piles dug in the Atacama desert with the purpose of displacing soil to
measure its angle of repose (left), and closeup of KREX-2 digging one of the holes (right).

6.1.4 Robot teaming

KREX-2 also demonstrated robot teaming scenarios with MiniRHex, an open-source miniature

hexapod robot about the size of a brick [105]. In a mission context, a larger rover could use

nonprehensile terrain manipulation to construct paths for smaller rovers performing monitoring or

other tasks over a set area.

In the first demonstration, shown in Figure 6.7, a ridge of rocks is assembled in NASA Ames

Research Center’s Roverscape on otherwise level and compacted terrain. As seen in the first two

frames, MiniRHex is unable to cross the rocks, flipping over and landing on its back when it tries to

do so. The third frame shows KREX-2 executing the 7th action in Tables 3.1 and 3.2, leveling a rock

pile, by using a wheel to clear a path through the rocks. In the final frame, we see that MiniRHex is

then able to cross the rock ridge without falling over.

The second demonstration was conducted in the Atacama Desert, where a naturally occurring

step of about 20 cm in the terrain was located. The sharp step, seen in Figure 6.8, was formed by

water runoff and has a steep vertical face, but is made of relatively friable soil that crumbles under

significant force. While KREX-2 is able to easily drive over obstacles this size, MiniRHex flipped

over backwards and got stuck when attempting to climb it, as seen in the first two frames of Figure

6.8. KREX-2 then used its wheel to construct a ramp in the step by crushing the terrain, seen in the
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Figure 6.7: Images from a video of KREX-2 helping MiniRHex traverse a pile of rocks by moving them.
Video recorded at NASA Ames Research Center’s Roverscape. MiniRHex tries to cross the rocks (upper left)
but is unable to and flips over (upper right). Once KREX-2 clears rocks from the path (lower left), MiniRHex
is able to climb through (lower right).

third frame, which then allowed MiniRHex to climb up to the higher terrain, as shown in the final

image. This action was a combination of the “pile soil" and “level pile" actions in Tables 3.1 and

3.2, with soil moved from the top portion of the step to the bottom portion. For this test, KREX-2

had a tensegrital wheel design with a radius of 29 cm, which are slightly larger than its usual 23 cm

rubber tires [106, 107].

These two robot teaming scenarios demonstrate how actions for moving rocks and soil can be

used by a large rover to increase the mobility of a smaller robot. One can imagine a large rover

like KREX-2 systematically clearing paths for a MiniRHex-sized rover to drive along performing

monitoring or observation tasks, allowing the larger rover to traverse elsewhere, assured of the

smaller robot’s safe mobility.
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Figure 6.8: Images from a video of KREX-2 helping MiniRHex traverse a natural step in terrain due to water
flow in the Atacama Desert. MiniRHex tries to climb the step (upper left) but is unable to and flips over
(upper right). Once KREX-2 crushes a ramp into the step (lower left), MiniRHex is able to climb the obstacle
(lower right).

6.2 Impact of Actuator Failure on Mobility for VIPER

NASA’s Volatiles Investigating Polar Exploration Rover will soon launch to the lunar surface

to search for water [34]. VIPER has a four-wheeled actuated suspension, as seen in Figure 6.9.

Each wheel has an in-wheel drive motor and individual actuators for steering and raising/lowering

the suspension [108]. This mobility system has twelve actuators, enabling advanced locomotion

techniques such as wheel-walking and swimming-like gaits [54, 109] but potentially at a higher

mobility cost in the case of actuator loss than might occur on a similar six-wheeled rover with a

passive suspension. We performed both quantitative and qualitative assessments of rover mobility

in the form of drawbar pull tests and motion-tracked driving with VIPER prototype Moon Gravity

Representative Unit 3 (MGRU3), shown in Figure 6.9.
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0.1 m

1 m
0.2 m

Figure 6.9: Moon Gravity Representative Unit 3, a mobility prototype for VIPER (left) and illustration of the
actuators and joints referred to in this section (right). The actuators referred to in this section are the rear
(dark blue) and front (green) drive actuators, steering (light blue), and suspension (red) actuators.

6.2.1 Experimental setup for VIPER mobility testing

All tests were conducted on MGRU3 in GRC-1 lunar simulant [110] at NASA Glenn Research

Center’s Simulated Lunar Operations (SLOPE) Lab. MGRU3 has flight software, motors, gearboxes,

and joints, and has a lower mass than VIPER to simulate lunar equivalent weight. There are many

potential failure modes for the actuation of an active suspension; each of the twelve motors

can potentially fail in a “locked” (fixed position) state such as in the case of a rock jam, or an

“unpowered” state such as in a power loss or actuator damage event [9]. In addition, in the case of a

stuck suspension or steering actuator the position at which an actuator fails can massively alter the

mobility impact. A subset of potential failure modes were explored due to limited testing time, with

a mixture of more operationally likely failure states and an attempt at representative coverage. The

following failure states were tested individually: free-rolling drive actuator, stuck drive actuator,

suspension locked with single wheel raised, and a single steer actuator locked at a fixed nonzero

angle. VIPER’s suspension can be set to either maintain a fixed pose or move according to force

thresholds for a coarse form of force control; unless otherwise noted, all tests were run with the

suspension set to maintain a fixed posture with all wheels held at a neutral (0◦) angle to the body.

An illustration of the experimental setups is shown in Figure 6.10. For all tests, soil preparation

72



6.2. Impact of Actuator Failure on Mobility for VIPER

50 - 350N

0.2 m/s

Tethered Drawbar Pull Tests Free Driving Tests

GRC-1 simulant

0.2 m/s
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Figure 6.10: Experimental setup for testing the impact of joint actuator failure on VIPER. Drawbar pull
tests were performed in a tethered configuration (left), and qualitative drive tests were performed untethered
(right), with both tests in GRC-1 simulant [110]

consisted of manual loosening and raking of simulant between runs. The rover’s position and

velocity were recorded by 3D motion capture using markers mounted to the rover, and the rover’s

actuator speeds and positions were recorded internally. Quantitative driving tests were performed

by having the rover drive for either 30 seconds or until it left the prepared soil area. For drawbar

pull testing, a fixed load was applied to the rover chassis via a tether to induce slippage, with tether

load and length measured. The applied load began at 50N and was increased every 20 seconds in

50N increments. Nominal driving performance with all actuators operational was measured with

the same experimental setup as a mobility benchmark. For each test, the rover was driven open-loop

with a nominal speed of 10 cm/s, with speed and position control on individual actuators but no

closed-loop control on the full rover’s state.

6.2.2 Qualitative drive testing on VIPER

Stuck drive motor: MGRU3 can be seen after attempting to drive with a nonrotating (stuck) rear

left drive actuator in Figure 6.9 (green). The affected wheel embedded several centimeters into the

soil, putting significant drag on the rover, while the driving wheels excavated a large amount of soil

without gaining meaningful traction. The rover dragged the affected wheel behind while pivoting

about it, resulting in less than a meter of forward progress when the rover should have driven 3m, as

can be seen in Figure 6.11.
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Figure 6.11: Trajectories followed by MGRU3 driving with various failed actuators. The rover barely moved
with a nonrotating drive motor (green) but was able to make forward progress with other tested failure modes.

Unpowered drive motor: MGRU3 was able to drive normally with a single unpowered motor, as

seen in Figure 6.11 (yellow) – mobility performance on flat ground was not visibly different from

nominal driving, but the reduced thrust available to the rover may be a problem on slopes, which is

explored in Section 6.2.3.

Stuck steering actuator: Fixing MGRU3’s rear right steering actuator so that the wheel is pointed

30◦ outward, as shown in Figure 6.12, resulted in very slight drift in heading but did not impede

the rover’s ability to make forward progress, as seen in Figure 6.11 (red). A steering actuator

stuck at a moderate angle would have a larger impact on steering performance than normal driving

performance, as was observed on Opportunity [9].

Stuck suspension: The rear right wheel was lifted at a 45◦ angle to simulate the failure of a

suspension actuator. Due to the design of VIPER’s suspension, it is most likely that if one of these

actuators were to fail it would occur in the fully raised state rather than the fully lowered state.

While MGRU3 was able to maintain forward motion with only three wheels touching the ground,

it pitched between the two support triangles formed by its wheels, as seen in Figure 6.13. This

motion would make driving VIPER via either teleoperation or visual odometry extremely difficult

and could cause further damage to other parts of the rover through repeated impact. Despite this,
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Figure 6.12: MGRU3 driving with its rear right steering actuator stuck at 30◦ on the rear right wheel.

Figure 6.13: MGRU3 driving with a suspension joint stuck in a raised position pictured before moving (left)
and immediately after driving started (right), with the rover tipped backwards onto the affected actuator.

the rover was able to drive straight, as shown in Figure 6.11 (blue).

6.2.3 Drawbar pull testing on VIPER

The same failure states were tested again with a drawbar pull load applied to the rover via a cable

to simulate slope climbing. Drawbar pull loads began at 50 N and increased in approximately

50 N increments. Additionally, the unpowered front wheel trial was run a second time with the

suspension’s force control method enabled. For a given drawbar pull force FDBP and rover weight

Wrover, the equivalent slope angle α is given by

α = tan−1
(

FDBP

Wrover

)
(6.1)
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To compute slip, the rover’s body velocity was measured at the geometric center of its body

using 3D motion capture. In the tests conducted here, all wheel speeds were set to a rim velocity of

10 cm/s, with the exception of the trials where the wheel was not rotating (stuck) or allowed to spin

freely (unpowered).

The overall rover slip was computed as an average of the actual measured speed of the three

unaffected wheels. Given that the disabled drive motor tests result in the affected wheel going

slower than the commanded drive speed and all other wheels were traveling at the same velocity,

the maximum slip on all wheels is equivalent to the average slip on unaffected wheels for these

tested scenarios. As VIPER’s operational limit on slope climbing is to maintain wheel slip below

40% [111], keeping both the maximum and average unaffected wheel slip below that value is more

conservative than looking at the average slip value across all wheels, which can mask slip variation

between wheels.

The induced wheel slip for each equivalent slope angle tested can be seen in Figure 6.14. Note

that the discontinuity and double measurement for the nominal trial at a 10◦ slope angle is due to

that trial being separated into two runs, while all others were recorded in a single continuous run.

Nominal (unaffected) driving had the lowest amount of slip on all slopes, ranging from 0.02 on an

equivalent slope of 3◦ to 0.59 on a slope of 19◦.

We can draw several conclusions from this data, which shows both the impact of various failure

modes and the relative importance of different types of mobility testing. The impact of actuator

failure on slope climbing ability depends greatly on which actuator is affected.

Stuck or unpowered drive motor: Loss of a rear or front drive motor was associated with a

200% increase in slip on slopes of 15◦, and a 25x increase on shallow inclines of 3 degrees. While a

locked front wheel showed similar traction reductions to an unpowered wheel in these tests, the

rover was unable to maintain a straight heading; rover heading had to be manually adjusted during

data recording to keep the rover on its path. Use of the suspension to balance forces on the wheels

with an unpowered front wheel reduced slip on the 3◦ slope to 0.2 from 0.6 but had a more modest
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Figure 6.14: Plot of slip vs. slope angle for VIPER rover driving with failed actuators.

impact on steeper slopes.

Stuck steering actuator: Locking a steering joint increased slip 25x on shallow inclines but only

0-50% increase on other slopes, but the rover was unable to maintain a straight heading and had to

be manually readjusted during trials to keep it in the testbed.

Stuck suspension: Locking a suspension joint into a raised position only increased slip by 0-50%,

with minimal impact on low angles. Given that the rover rocked back and forth between the wheels

in the free driving test, the tether may have increased the stability of the rover.

While both the drawbar pull tests presented here and the free driving tests in Section 6.2.2 were

performed on the same hardware in the same soil, the impact of joint failure on MGRU3’s mobility

varied between the two tests for certain affected actuators. In particular, the unpowered wheel had

little effect on the free driving tests but a dramatic slip increase in the tethered tests. The rover was

nearly unable to progress with a stuck drive actuator in the free driving tests, but had lower slip than

the unpowered wheel tests when tethered. Additionally, the rover’s heading drift due to a stuck

steering motor was much larger in tethered tests than free driving tests. The relative difference in
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performance between the tethered and untethered tests for the drive motor failure modes suggests

that both free driving tests on flat ground and drawbar pull tests to simulate slopes are needed to

fully assess rover mobility. Neither testing mode showed lower or higher mobility impact for all

tests, so for conservative assessment of rover mobility both free driving and drawbar pull tests

should be performed.

Depending on the affected portion of the mobility system, actuator loss could be mission ending

for VIPER. Without compensation, the average slip on MGRU3’s wheels was above VIPER’s

operational limit of 40% for both unpowered and stuck drive motors for all drawbar pull tests. Even

a stuck steer actuator, which still allowed the rover to make forward progress, would hurt VIPER’s

mobility by making it yaw unexpectedly. Should VIPER experience mobility actuator loss of any

kind, operational constraints in the form of slope limits would need to be reasessed, and new driving

strategies would likely be required. In later sections, we develop the techniques needed to perform

these tasks and mitigate mobility loss.

6.3 Field Demonstrations of Rover Wheel Failure

Compensation

As shown in Section 6.2, the loss of steering, driving, and suspension actuators limits rover mobility,

and in extreme cases can fully disable the rover. In this section, we present two examples of

a rover using a hand-tuned strategy to compensate for failure of a mobility actuator in order to

demonstrate the feasibility of these techniques on rovers on the scale of KREX-2, VIPER, and

Curiosity. In Chapter 7, we use the models created in Chapters 4 and 5 to automatically generate

mobility degradation compensation strategies for a smaller rover.

6.3.1 Stuck steer motor

The trenching tests described in Section 6.1 also serve as demonstrations of driving straight with a

steering actuator that has gotten stuck at 30◦, 60◦, and 90◦. As seen in Figure 6.15, the rover was
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able to drive straight with the rear right wheel stuck at all three angles using hand-tuned driving

strategies. When driving with its rear right wheel pointed straight forwards, the rover’s travel

velocity was 30 cm/s, and the hand-tuned driving primitives at other steering angles attempted to

match this. The rover was able to maintain speed with its steer motor stuck at 30◦ and 60◦ with

travel speeds of 28 cm/s and 23 cm/s respectively, as seen in Table 6.4, but moved at a much slower

16 cm/s when the wheel was stuck at 90◦.

Figure 6.15: KREX-2 driving with a stuck steer motor in the Atacama Desert with hand-tuned compensation.
The rear right wheel is stuck at 30◦ (left), 60◦ (center), and 90◦ (right).

Steer Angle Rover Speed [cm/s] Avg Slip

β = 30◦ 28 -.05
β = 60◦ 23 .08
β = 90◦ 16 .39

Table 6.4: Travel speeds and slip for KREX-2 operating with a stuck steer motor. Note that average slip
values include the affected wheel.

The rover was able to maintain close to zero slip at the two smaller steer angles, but encountered

40% slip at the 90◦ steering angle. As these driving primitives were hand tuned we can’t guarantee

that these driving strategies are optimal, but the impact of a failed steering motor is clearly dependent

on the angle at which it gets stuck.

6.3.2 Stuck drive motor

A nonrotating wheel is one of the worst-case mobility system failure in terms of mobility impact,

as seen in Section 6.2, so we sought to show that it is possible for a rover on the same scale as

79



Chapter 6. Hardware Demonstrations of Off-Nominal Driving

VIPER to recover. In this section, we show KREX-2 recovering forward driving mobility with a

stuck drive actuator by compensating with its other three wheels. For this demonstration, KREX-2

was outfitted with cylindrical wheels composed of PVC tubing fit onto the outside of rubber tires, in

order to have the wheel-soil interface be more similar to rigid wheels on flight rovers like VIPER

and Curiosity. The dimensions of the PVC wheels and rover weight in this configuration are given

in Table 6.5. The wheel surface was covered in sandpaper with an adhesive backing to give KREX-2

better traction. The demonstration was conducted in NASA Ames Research Center’s Roverscape,

in extremely compactible, poorly sorted crushed granite. Between trial runs, the full driving track

was loosened with a powered rototiller to a depth of several inches, deeper than the observed wheel

sinkage of KREX-2. The soil was then raked to a visually smooth and level state. During each run

the rover’s position and body velocity were measured with a Leica Total Station as in Section 6.1.1.

r Wheel radius [cm] 26
b Wheel width [cm] 20

W Rover weight [kg] 280

Table 6.5: KREX-2 parameters for wheel failure compensation demos.

When driven with a rear wheel held in a fixed position, as in the case of a rock jam or stuck

brake mechanism, KREX-2 yaws about the stuck wheel and veers off track, as seen in the left

image in Figure 6.16 and in the plot of the rover’s trajectory in Figure 6.17. When a hand-tuned

feedforward (open-loop) compensation strategy is applied, changing the speeds and angles of the

other three wheels, KREX-2 is able to maintain a relatively straight heading and stay on track, as

shown in Figures 6.16 and 6.17.

KREX-2’s forward travel speed with compensation was 6.4 cm/s, with an average slip ratio

on the unaffected wheels of 0.66, and a maximum slip ratio of 0.94 on the front left wheel. This

represents a very large amount of slip for a rover, and is above the 40% slip threshold set for

VIPER’s operations [111]. The loss of thrust from the stuck wheel and the drag it induces are major

impediments to KREX-2’s locomotion, though it is able to retain some mobility with the hand-tuned

driving strategy.
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Figure 6.16: KREX-2 rover driving with a stuck drive motor without compensation (left) and with open-loop
compensation (right).

While KREX-2 drove much straighter using a compensated driving strategy than without,

variation in the rover’s heading and horizontal position can still be observed throughout the rover’s

trajectory, as seen in the curve of the rover tracks in Figures 6.16 and 6.17. This is likely due to a

combination of several factors; variation in soil preparation, wear on the rover’s wheels, and the

hand-tuned nature of the selected driving strategy.

This demonstration shows that recovery from failure is possible for planetary exploration rovers

on the scale of VIPER and Curiosity. However, it also shows the limits of ad-hoc compensation

strategies; even with hours of hand-tuning on the exact hardware and environment of interest, it

is extremely difficult to fully balance the forces and moments induced on the rover by a disabled

wheel. In the next chapter, we address this by presenting methods to automatically generate driving

strategies to overcome actuator failure.

81



Chapter 6. Hardware Demonstrations of Off-Nominal Driving

Figure 6.17: KREX-2 drive trajectories with the rear right wheel stuck (nonrotating). All trajectories are
open-loop, with no steering controls used.

6.4 Conclusions

In this chapter, we showed that rovers can retain mobility while manipulating the soil and after

experiencing failure, but that hand-tuned driving strategies are limited. First, we demonstrated

multiple NPTM actions on a full-size rover in a Martian analog environment, showing that driving

while trenching is both feasible and can move meaningful amounts of soil, with the exposure of

subsurface halite deposits as a direct example of NPTM’s potential for scientific sampling. We also

used NPTM to determine a key soil property by digging holes to measure the angle of repose and

showed path clearing for a small robot in terrain with loose rocks and terrain with friable but steep

terrain steps.

We then performed a series of tests on VIPER to measure the mobility loss due to drive system

degradation and found that the loss of any actuator negatively impacted tractive ability, but the loss

of a drive motor was the most catastrophic. We used hand-tuned driving strategies on KREX-2 to

compensate for the failure of a steering actuator and a drive motor, which resulted in straight driving

trajectories but at very high slip, and took significant time testing on hardware in-situ to properly

tune.
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We have shown here that off-nominal driving for intentional manipulation and degraded mobility

are both feasible, but are practical only with a way to automatically develop new driving strategies,

which we detail in Chapter 7.
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Chapter 7

Rover Control for Off-Nominal Driving

In Chapter 6 we demonstrated hand-tuned driving primitives for trench digging and recovery from

mobility failures. These demonstrations showed it is feasible to drive while trenching or with

degraded mobility, but were not generalizable to different contexts and did not allow for closed-loop

control of steering. In this chapter, we take the models developed in Chapter 4 and Chapter 5

and embed them in an optimization framework for generating steady-state driving strategies. By

carefully selecting constraints for the optimization problem, we can generate driving strategies for

nominal driving, driving while trenching, and driving with varied types of degraded mobility.

During nominal operation, wheeled vehicles will drive with all wheels pointed straight forwards

and driving at the same velocity. Steered driving is generally accomplished through a set method

that is dependent on the kinematics of the vehicle, such as skid steering, Ackermann steering,

point turns, or swerve driving. However, when a rover is performing manipulation with a wheel

or is experiencing failure of one or more mobility actuators, it will not drive straight when driven

normally and may not have the necessary steering capabilities. As the terramechanics model

developed in Chapter 5 can be used to determine the forces and wheel-soil contact geometry of a

single wheel experiencing arbitrary slip and steering angles, it can in turn be used to predict the

motion of a full rover, and thus develop feasible driving strategies. In this chapter, we first propose

an optimization-based approach for finding feasible, energy-efficient driving strategies for planetary
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rovers in off-nominal conditions as well as a steering control approach via the same method. We

then show how to use the optimization to achieve soil manipulation objectives and compensate

for specific types of mobility failure. Finally, we demonstrate driving primitives generated by the

optimization on a miniature rover.

7.1 Nomenclature

See Table 7.1 for a full list of variables used in this section along with their meanings and units.

Symbol Value Units
Rover and wheel state

β Slip angle ◦

ω Wheel angular velocity rad/s
h Wheel sinkage m

W Load on each wheel N
vx,vy Translational velocity along x, y axes m/s

v Net translational velocity along direction of travel m/s
Rover parameters

r Radius of wheel m
b Width of rover wheel m
hg Grouser height m
lr Rover rocker length m
hr Height of rocker pivot from wheel center m
wr Width of rover between wheel centers m

Wrover Weight of rover N
Terramechanics parameters

a0,a1 Empirical max stress angle coefficients
b0,b1 Empirical exit angle coefficients
ac,as Constant coefficients within a0 and a1

acβ ,asβ β -dependent coefficients within a0 and a1 1/◦

θ f ,θr Front, rear angles where wheel enters, exits soil ◦

θm Angle of max normal stress under wheel ◦

ζ Grouser transport volume fraction

Table 7.1: Table of variables used in rover driving optimization.
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Figure 7.1: Mini rover used to test off-nominal driving strategies. The rover has two rockers with a passive
pivot, with independent steer and drive motors for each wheel. The rover’s center portion bearing the
electronics is fixed to the right rocker, and it is tethered for power and communications. A RealSense T265
tracking camera is used to obtain the rover’s position and orientation.

7.2 Optimization for generating off-nominal driving strategies

In this section we present an optimization-based approach for generating rover driving strategies,

starting by looking at a rover driving straight over flat ground. We then detail how to use the

optimization technique to generate driving primitives for trenching objectives or degraded mobility

systems. The system analyzed is a small four-wheeled rover about the size of a microwave, pictured

in Figure 7.1, and is referred to in this section as the “mini rover”.

In setting up the overall optimization strategy, we first define the decision variables the opti-

mization is given to work with and how those get converted into the full state of the rover. Next,

we discuss the constraints that force the optimization to choose a kinematically feasible driving

strategy. Finally, we go over the objective function.

7.2.1 Decision variables

When a rover is driving, the only true free variables are the speed and angle of each wheel; the

vehicle will eventually reach a steady state with constant wheel sinkages, travel velocity, and rover
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angular velocity. As the terramechanics model developed in Chapter 5 is not closed-form and only

looks at a single wheel at a time, we cannot directly solve for those final state values. We can,

however, take a given rover state and check if it is at steady state. To simplify the problem, we set

the rover’s angular velocity to zero and set the rover’s travel velocity to our desired speed, which is

3 cm/s here. We then only have decision variables corresponding to each wheel separately. For each

wheel, we have the wheel’s rotational speed ω , slip angle β , and sinkage h. We additionally include

the individual wheel’s vertical load W . While we could choose either h or W and solve for the other

iteratively, doing so induces problematic numerical discretization, which is explained in detail in

Section 7.2.7. Thus rather than including a numerical sinkage finding, as we did in Chapter 5, here

we let the optimization routine solve for the driving strategy and sinkage simultaneously.

We therefore have sixteen decision variables, and our solution x takes the form

x = [ωFR ωFL ωRR ωRL βFR βFL βRR βRL WFR WFL WRR WRL hFR hFL hRR hRL] (7.1)

where the subscripts FR, FL, RR, and RL respectively refer to the front right, front left, rear

right, and rear left wheels in the rover body frame.

The decision variables are subject to lower and upper bounds that constrain them to feasible

values, such that

0 ≤ ω ≤ ωmaxmotor (7.2)

−π

2
≤ β ≤ π

2
(7.3)

0 ≤W ≤ Wrover

2
(7.4)

hg ≤ h ≤ 3
2

r+hg (7.5)

where ωmaxmotor is the maximum speed of the drive motor, Wrover is the total weight of the rover, and

hg is the height of the grousers.

Every time the optimization uses x to check for feasibility of the constraints or evaluate the
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cost function, it must first go from the decision variables to the full state of the rover by using the

terramechanics model to calculate the forces and moments on the rover. First, we find the velocity

of each wheel in its own reference frame, vx and vy as illustrated in Figure 5.1, from the rover

velocity, vxrover and vyrover , so that for each wheel i ∈ {FR,FL,RR,RL} we have

vxi = vxrover cosβi + vyrover sinβi (7.6)

vyi = vyrover cosβi − vxrover sinβi (7.7)

In Section 5.4.3 we showed that for the soil and wheels used here, we can define a0 and a1, the

parameters for determining the shape of the normal stress, as a linear function of the slip angle β .

Using the fits from Section 5.4.3, we calculate a0 and a1 for each wheel i at an arbitrary slip angle

β by

a0i = ac +acβ βi (7.8)

a1i = as +asβ βi (7.9)

With a0 and a1 set for each wheel, we find the maximum stress angle θm for each wheel that is

in slip with Equation 5.3. For wheels in skid, we find the maximum stress angle, as in Equation 5.3,

by finding the maximum stress angle for a slip ratio of zero at our given slip angle β . To do this,

we temporarily set the slip ratio to zero and perform a binary search over wheel sinkage until the

applied load matches the computed Fz for the wheel, from which we calculate the entrance angle

θ f = cos−1(1−h/rs) based on the shearing radius of the wheel rs and then use Equation 5.3 to find

θm for skid.

7.2.2 Constraints for driving straight

Our constraints derive from the requirement that the rover is at steady state for a feasible driving

strategy. With our state-dependent soil geometry values set, we compute the forces (Fx, Fy, and
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Figure 7.2: Free body diagram of the mini rover while driving. All labeled forces and moments are in the
rover frame. Note that the moment balances on the left and right rockers are performed separately due to the
passive pivot between them.

Fz) and moments (Mx, My, and Mz) on each wheel as in Section 5.2.5. To compute these, we set

the sinkages to the values given in x and compute the resulting forces. Next, we compute the net

forces and moments on the entire rover with the following equations, where individual forces and

moments from each wheel have already been transformed into the rover’s frame of reference. The

free body diagram for each axis can be seen in Figure 7.2. The angles of the right and left rockers,

φR and φL, relative to horizontal, are determined by the sinkages of each wheel and the rover rocker

length lr, and given by

φR =sin−1
(

hRR −hFR

lr

)
(7.10)

φL =sin−1
(

hRL −hFL

lr

)
(7.11)

For a rocker pivot height from wheel center hr and width between axles wr, we have

ΣFx =FxFR +FxFL +FxRR +FxRL = 0 (7.12)

ΣFy =FyFR +FyFL +FyRR +FyRL = 0 (7.13)

ΣFz =FzFR +FzFL +FzRR +FzRL −Wrover = 0 (7.14)

ΣMx =MxFR +MxFL +MxRR +MxRL +(FyFR +FyRR)cosφRhr +(FyFR −FyRR)sinφRlr/2

+(FyFL +FyRL)cosφLhr +(FyFL −FyRL)sinφLlr/2
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+(−FzFR +FzFL −FzRR +FzRL)wr/2 = 0 (7.15)

ΣMyR =(−FxFR −FxRR)cosφRhr +(−FxFR +FxRR)sinφRlr/2+(−FzFR +FzRR)cosφRlr/2

+(FzFR +FzRR)sinφRhr = 0 (7.16)

ΣMyL =(−FxFL −FxRL)cosφLhr +(−FxFL +FxRL)sinφLlr/2+(−FzFL +FzRL)cosφLlr/2

+(FzFL +FzRL)sinφLhr = 0 (7.17)

ΣMz =MzFR +MzFL +MzRR +MzRL +(FxFR −FxFL +FxRR −FxRL)wr/2

+(FyFR −FyRR)lr/2cosφR +(FyFL −FyRL)lr/2cosφL = 0 (7.18)

where the subscripts FR, FL, RR, and RL respectively indicate forces or moments on the front right,

front left, rear right, and rear left wheels in the rover body frame. Note that as the rockers are free

to pivot relative to each other, the moments about the y-axis are treated separately for each rocker,

designated ΣMyR for the right side rocker and ΣMyL for the left side rocker. In the above equations

we neglect the roll of the rover for simplicity as it is sufficiently small. At steady state, the sum of

all of the forces and moments should be zero, so by setting Equations 7.12–7.18 equal to zero we

have a set of nonlinear constraints.

Because we are allowing the optimization to select both the individual wheel sinkages and load

distribution on the wheels, we also need a constraint to ensure that our loads and sinkages match up

for each wheel. To accomplish that, we add the constraints (where Fz is computed from the sinkage,

slip angle, and rotational speed through the terramechanics model)

FzFR −WFR = 0 (7.19)

FzFL −WFL = 0 (7.20)

FzRR −WRR = 0 (7.21)

FzRL −WRL = 0 (7.22)
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If we take these equations and substitute them back into Equation 7.14, we can restate it as

ΣFz =WFR +WFL +WRR +WRL −Wrover = 0 (7.23)

This new constraint is a linear function of x, which is easier for the solver to handle than Equation

7.14, which relies on the output of the terramechanics model and is therefore highly nonlinear.

We now have all of the constraints necessary to ensure our rover’s motion is fully defined and at

a steady-state. With this set of constraints, we can generate feasible strategies for a rover to drive

straight forward.

7.2.3 Objective function

The next step is to select a suitable objective function. While any value for the cost will allow us to

find a feasible driving strategy, it will not necessarily select a sensible one. Here, we minimize the

actuator effort required to drive, which also serves as a rough proxy for minimizing the power. By

taking the square of the torque on each wheel, we have a cost function that minimizes the overall

power needed to drive. The objective function is therefore

c(x) = M̄2
yFR

+ M̄2
yFL

+ M̄2
yRR + M̄2

yRL (7.24)

where M̄ is the wheel torque, which is the moment about the wheel’s y axis. In Section 7.2.7, we

discuss rescaling the objective function by a scalar to improve convergence.

Putting this all together into an optimization problem,

min Objective function, c(x), (7.24) (7.25)

w.r.t. Decision variables, x, (7.1)

s.t. Bounds, xLB ≤ x ≤ xUB, (7.2)− (7.5)

Force Balance, ΣFx = 0, ΣFy = 0,ΣFz = 0, (7.12), (7.13), (7.23)
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Moment balance, ΣMx = 0, ΣMyR = 0, ΣMyL = 0, ΣMz = 0, (7.15)− (7.18)

Vertical load balance, Fz −Wz = 0, (7.19)− (7.22)

The resultant set of wheel angles and speeds is an open-loop driving primitive that will make the

rover drive straight.

7.2.4 Constraints for steering while driving

While rovers such as Curiosity and Perseverance use feedforward driving strategies and only close

the loop on heading with visual odometry every meter [32], many terrestrial wheeled robots use

closed-loop controls to maintain heading. We can generate steering controllers for following a

course using the same optimization technique by changing only our constraints. To control for the

rover’s heading, or yaw angle, we simply offset the moment balance about the vertical z-axis by a

small amount Mzo f f set , replacing Equation 7.18 with

ΣMz =MzFR +MzFL +MzRR +MzRL +(FxFR −FxFL +FxRR −FxRL)wr/2

+(FyFR +FyFFL −FyRR −FyRL)lr/2−Mzo f f set = 0 (7.26)

We use the same strategy to generate a steering controller for the rover’s side slip by adding a

small force offset Fyo f f set along the y-axis, replacing Equation 7.13 with

ΣFy = FyFR +FyFL +FyRR +FyRL −Fyo f f set = 0 (7.27)

As we may later not be able to assume symmetry when one wheel is either trenching or degraded,

we generate the left and right steering controls for both yaw and y position separately by solving

the optimization problem with both positive and negative offsets for each value. We then take that

solution and subtract the original driving primitive to get a steering controller which we rescale with

PID control on the rover’s yaw or y error and add to the feedforward driving primitive.
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Rover parameters
r Radius of wheel 5.8 cm
b Width of rover wheel 5 cm
hg Grouser height 0.5 cm
lr Rover rocker length 32 cm
hr Height of rocker pivot from wheel center 11.2 cm
wr Width of rover between wheel centers 33.1 cm

Wrover Weight of rover 34.3 N
v Rover travel velocity 3 cm/s

Terramechanics parameters
ac Constant coefficient within a0 0.24
aβ β -dependent coefficient within a0 1/129.1◦

as Constant coefficient within a1 0.69
asβ β -dependent coefficient within a1 -1/133.5◦

ζ Grouser transport volume fraction .2
Offset forces

Mzo f f set Yaw moment offset for steering control ±0.2 Nm
Fyo f f set y force offset for steering control ±1.0 N

Table 7.2: Rover and soil parameters for nominal driving optimization.

We now have the tools needed to generate a feedforward driving strategy and feedback controllers

for both the rover’s yaw and y position. We solve these optimization problems with the rover

parameters and force/moment steering offsets listed in Table 7.2 and with the soil parameters listed

in Table 5.3 except where otherwise noted.

The steering controllers generated here were used as a default steering approach for trenching

objectives and degraded driving conditions. The resultant steering controller in yaw has the rover

speed up the wheels on one side and slow them down on the other. The controller for y turns all

steering motors in the desired direction with a small speed-up. In both cases the optimization was

able to find controllers that match intuition. These methods are the default feedback steering control

used in experiments in Section 7.3.

7.2.5 Control for wheel-based trenching

With the trench shape model developed in Chapter 4, we can easily factor trench geometry into both

our constraints and our objective function. For example, we could specify that we want a trench
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with a flat bottom by setting the width of the trench base to be nonzero as an optimization constraint

or maximize the width of the trench bottom by including it in the objective function. For these

experiments, we choose to make a trench with a “clean” side, where the soil is entirely scraped

away on one side of the wheel and piled onto the opposite side, such that no soil reflows in on the

clean side. To do this, we specify an additional constraint that the height of the soil pile to the right

of the wheel hR2, as defined in Equation 4.4, is zero for the wheel being used to trench. Here we

select the rear right wheel to dig, and so we add the constraint

hR2,RR = 0 (7.28)

We can also add inequality constraints, such as requiring that the trench depth d, as defined in

Equations 4.5–4.12, be at least a minimum amount. In these experiments, we require the trench to

be at least as deep as half of the wheel’s width b by specifying

b/2−d ≤ 0 (7.29)

Here, we use the same objective function as before, Equation 7.24, seeking to minimize the

energy used in digging while we drive. The optimization problem, Equation 7.25, was solved with

these additional constraints and the values outlined in Table 7.2, with the exception that ζ was set

to 1. Both a feedforward driving primitive as well as yaw and y position steering controllers were

computed and tested along with the steering controls generated for nominal driving. The steering

controls generated relative to the feedforward trenching-while-driving primitive are denoted as the

“optimal” steering controls in Section 7.3.1, as they were designed specifically to minimize actuator

effort about that set point.

7.2.6 Control for driving with degraded mobility

We also use the same techniques to enable rovers to drive with degraded mobility by incorporating

the mobility failure(s) as additional optimization constraints. For example, a wheel jammed by a
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rock would be represented by setting that wheel’s rotational speed to zero, or a motor that has lost

power could be represented by setting the wheel torque to zero. Here, we detail how to represent

two failure modes and generate driving strategies for them, which are later tested in Section 7.3.

First, we look at the case of a single wheel that needs to be run at a lower speed than the desired

travel velocity for the full rover. This could be due to reduced available power or a need to reduce

strain on the wheel while it warms up or recirculates lubricant, such as with drive motor degradation

experienced by Spirit and Opportunity [9]. The second degraded mobility case is that of a rover

with a steering actuator stuck at a fixed angle, such as what happened to Opportunity’s front right

wheel [9]. For both of these scenarios, we keep our objective function set to minimize actuator

effort and treat the rear right wheel as the affected actuator.

For the speed-limited wheel, we use the same constraints as in our nominal straight-driving

optimization and add an additional inequality constraint such that the rim speed of the wheel does

not exceed the assigned speed limit, vlim. As we are looking at the rear right wheel, this gives

ωRRrs − vlim ≤ 0 (7.30)

We re-solve the optimization problem with this added constraint, using the values specified in Table

7.2, and additionally solve it with y force and yaw moment offsets to compute the “optimal” steering

controls that do not require higher speeds on the affected wheel.

A rover with a steering actuator stuck at a constant angle θ f ail needs an additional equality

constraint of

βRR −θ f ail = 0 (7.31)

Again, we solve the optimization problem with this additional constraint, and then separately solve

it with the force and moment offsets to get steering controllers that do not require different wheel

angles on the affected wheel. The feedforward and feedback controls generated are tested in Section

7.3.
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7.2.7 Nuances of optimization for complex problems

A number of difficulties arise when complex models such as those used in terramechanics are treated

with traditional optimization methods. There are several aspects of the terramechanics model used

here which make embedding it in an optimization problem difficult:

• Numerical integration

• Mode transitions

• Internal iterative loops

• Decision variable and constraint scaling

• A small feasible space

In this section, we break down how each of these aspects impacts the implementation of the

terramechanics-based optimization in Equation 7.25, and discuss how we solved these problems.The

solver used for this problem was MATLAB’s fmincon with the interior-point algorithm in Feasibility

Mode.

Numerical integration: As the full terramechanics models presented in Chapter 5 are not closed-

form, Equations 5.26 – 5.28 and 5.30 – 5.32 must be numerically integrated to compute the forces

on a wheel at a given sinkage and evaluate the constraints and objective function. Additionally, this

means that we do not have an analytical gradient for either the constraints or objective function, and

must numerically compute the gradient of both for each step of the optimization process using finite

differences. As numerical integration is a discrete process, this necessarily makes the gradient of an

objective function or constraint function built on terramechanics nonsmooth. For finite differences

to perform properly on models with numerical integration, the step size for differentiation must be

large enough that nonsmoothness due to numerical integration does not impact the local shape of

the gradient. Furthermore, fmincon automatically rescales the finite difference step size in each

component based on a typical value of x. Here, we increase the step size from the typical value of
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10−10 to 10−6 so that the finite differentiation is large enough to not get caught by nonsmoothness

from numerical integration but small enough to capture local gradient shape.

Mode transitions: The terramechanics model in Chapter 5 covers both slip and skid but uses

different soil shearing behavior in those two regimes. Additionally, the soil flow model in Chapter 4

has discrete shape transitions dependent on the wheel’s speed and slip angle (such as the transition

in how the soil splits around the wheel as its slip angle crosses 10◦, as explained in Section 4.2). As

solvers find local optima, discrete transitions in the gradient can lead to the solver getting “stuck” in

an infeasible or sub-optimal region. By selecting initial conditions which are close to a feasible

solution, we remove the need for the solver to cross regions of the terramechanics model with

discontinuities to find a feasible solution, which makes it easier to solve the optimization problem.

Non-strategically selected initial conditions, such as starting from x = 0, do not result in the solver

finding a feasible solution.

We employed two strategies to select a good initial condition. The first strategy is selecting

a “reasonable” initial point based on intuition and experience. This method was sufficient for

the generation of the feedforward trenching strategy and stuck steer motor combination. For the

trenching strategy, we began with initial conditions that we knew would produce a good-sized

trench with the y forces and z moments balanced due to symmetry, with the front wheels pointed

forward and driving at 4.5 cm/s, and the rear wheels pointed symmetrically outward at ±60◦ and

driving at 12.5 cm/s. For the stuck steer motor, we used initial conditions with the stuck wheel set

at its fixed angle of 50◦ pointed outwards and all four wheel drive speeds set to 3.5 cm/s, which was

the wheel drive speed obtained from solving the straight driving optimization problem. We set the

wheel loads to be equally distributed among all four wheels and the wheel sinkages to be rs/4 for

all optimization problems solved, as we expect the force balance on the wheels to be relatively even

and rs/4 is close to the sinkage observed on the mini rover when driving in the testbed. With these

initial conditions, we were able to solve both the stuck steering and trenching problems.

The second method of improving the solution likelihood is to use initial conditions that are the

97



Chapter 7. Rover Control for Off-Nominal Driving

output of a similar optimization problem. This method was employed to solve the speed-limited

wheel problem, which was much harder to find a feasible solution for than the other two problems.

This was done by starting with a speed limit on the affected wheel that was closer to the rover travel

velocity of 3 cm/s and then iteratively using the output as the initial conditions to a new optimization

problem with a slightly lower speed limit. By this method, the affected wheel’s speed was slowly

reduced to 1.5 cm/s. It was unable to be reduced further, as the mini rover is not able to both balance

the yaw moments and produce enough traction at lower speeds. This method was also employed

to speed up the solution of the yaw and y position steering problems for each driving mode, by

taking the output of the feedforward driving problem as the initial condition to each of the steering

problems.

Internal iterative loops: In Chapter 5, the sinkage for a wheel with a given load W is found using

a binary search over possible sinkages until the vertical load Fz is matched within a given numerical

tolerance ε , as in Equation 5.34. When included in an optimization, the numerical accuracy ε set

for the binary search creates steps in the sinkage, which makes the constraint and gradient functions

nonsmooth, as shown in Figure 7.3. Additionally, having an internal loop slows down the solver. To

avoid this, we allow the optimization to perform sinkage finding by including the wheel sinkage as

a decision variable along with the vertical load and incorporating the force balance on each wheel

as a constraint, Equations 7.19–7.22.

However, there is a single internal iterative loop that cannot be eliminated by this method;

the definition of θm0 (and θr0, when the trench model is not used to determine soil exit angle) is

dependent on the sinkage of the wheel at zero slip, θm
∣∣
s=0, as given in Equation 5.3. As the sinkage

at zero slip is dependent on the applied wheel load and the wheel’s slip angle, θm0 must be evaluated

for each iteration of the optimization. As this internal loop is only used to determine a portion of

the wheel-soil contact geometry, the overall value of the objective and constraint functions are less

sensitive to the numerical accuracy of this sinkage-finding loop than they would be for an iterative

loop to find sinkage of the entire wheel.
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Figure 7.3: Discretization visible in one of the constraint functions due to the tolerance of binary search for
finding wheel sinkage. Values shown here are for constraint (7.16) looking at a 2d slice of possible values of
x, as the full dimension of decision variables is too high to visualize.

Decision variable and constraint scaling: For the four-wheeled rover used in this work, we have

sixteen variables - the rotational speed, steering angle, vertical load, and sinkage of each individual

wheel. Each of these values has different units and they do not scale proportionally to each other

with rover size. Without performing any rescaling, the optimization routine is less sensitive to

decision variables that are typically smaller, as the step sizes in those directions will be closer to

zero. The optimization would stop based on the small step size without fully optimizing these

variables, which left it unable to find feasible solutions.

fmincon allows the user to specify typical values of the decision variables to automatically

rescale finite difference step sizes, which we used here. For our rover, we have the following

typical values for the elements of x: ω = v/rs = 0.4762 radians/second; β = 10◦ = 0.1745 radians;

W =Wrover/4 = 8.6 N; and h = rs/4 = 0.0158 m. These values span multiple orders of magnitude,

and so for the trenching problem and stuck steer motor problem we rescaled the W and h values by

a factor of 100 so they would be on the same scale as the other variables.

While fmincon accepts typical values of x to rescale the finite difference step sizes, it does not use

those values to scale any other solver tolerances. This means that the constraint tolerance, which is

a single scalar, is applied to all constraints equally. As our constraints contain forces, moments, and
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sometimes wheel speeds or angles, we again have a wide variation in scale; a constraint tolerance of

10−6 on the vertical force balance for a wheel with a 8.6 N load represents allowable error of 0.01%,

while the same tolerance applied to a speed limit of 1.5 cm/s = 0.2381 rad/s would represent an

allowable error of just 0.0004%. Therefore, we rescale the constraints by individually multiplying

them by scalars within the constraint function so that they allow the same relative error, or so that

we can change the tolerance for various values to reflect how important each equality constraint is.

Here, we were able to solve most of the optimization problems with uniform constraint tolerances of

10−6, but for the trench problem we set the constraint tolerance on trench dimensions to be within 1

mm, to reflect that it does not need to be precisely accurate, unlike the force and moment balances

on the rover.

A small feasible space: As we are attempting to find steady-state conditions on a complex

mechanism, there are many equality constraints that must be concurrently satisfied. As such, the

feasible space is small, and even “feasibility” modes built into solvers do not always find feasible

solutions that exist.

As noted above, using initial conditions close to a feasible solution helps the solver but does

not guarantee finding a solution. In problems with narrow feasibility regions where the objective

function and constraint function have opposing gradients, the solver can find a feasible solution and

then later lose feasibility while searching for an optimal solution. fmincon encountered this issue

for the trench problem, as it struggled to maintain a clean-sided edge and balance the forces at the

same time. It would find feasible solutions only to lose feasibility later in the solving process and

never regain it.

To solve this issue, we needed to make fmincon place a greater weight on feasibility than on

optimality. By decreasing the scale of the objective function we force the solver to weight constraints

more heavily, leading to an increased chance of finding a feasible solution at the cost of it being less

likely that the solution is optimal. For the trench problem, we weighted the objective function by

10−2, which allowed it to find and maintain feasibility.
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7.3 Experimental Testing of Optimization-Based Control

Testing of the optimization-based control strategies was performed with the mini rover in the same

soft soil testbed used in Section 4.3. Both the soil and grousered wheels used in this experiment

are the same as those used in the terramechanics model validation described in Chapter 5. Key

geometry parameters for the wheel can be found in Table 5.2, and key soil parameters can be found

in Table 5.3. The mini rover pictured in Figure 7.1 has four wheels with independent steering

and drive actuation and a passive pivot between the two rockers. The drive wheels are actuated

with Dynamixel XM-430 servo motors, and steering is done with Dynamixel AX-18A motors.

Live tracking of rover position and orientation is done by a RealSense® T265 tracking camera,

which is mounted to the rover’s right rocker. The T265 uses a combination of feature tracking

through the depth camera and measurements from an internal IMU to measure 6-DOF position

and orientation. When enabled, feedback control of the rover’s heading and horizontal position

was implemented as PID control on the measurements from the T265. The rover is tethered for

power and communication. Rover communications and controls operate at 5Hz, with speed and

position control of individual motors handled within each Dynamixel at a much higher rate. The

Figure 7.4: Full rover control test setup in CMU’s soft soil testbed. Realtime state estimation is performed by
a RealSense® T265 tracking camera with IMU mounted to the front of the rover.
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experimental setup can be seen in Figure 7.4.

For each driving scenario tested the sand surface is prepared with an automated loosening and

smoothing mechanism, and the rover is driven straight forward at 3 cm/s for five seconds before

beginning the driving scenario. Rover position and orientation are initialized relative to the rover’s

starting location.

7.3.1 Trenching control experiments

Figure 7.5: Mini rover digging a trench with several driving strategies. From left to right: feedforward
trenching primitive only, feedforward with nominal feedback control, feedforward with optimal feedback
control.

The trenching strategy generated in Section 7.2.5 was run on the mini rover using three different

control methods: feedforward only, nominal feedback steering controls, and optimized steering

controls. The tracks left by each trial can be seen in Figure 7.5, with all three cases driving straight

and digging a clean-sided trench with the rear right wheel. The error on the rover’s heading (yaw)

and horizontal (y) position can be seen in Figure 7.6. The rover drove very straight while trenching

in all three control schemes, with less than 3◦ deviation in yaw and less than 5 cm of side slip

over a 1.5m travel distance. Using feedback controls (blue and green) marginally improved y error,
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though the rover did not need feedback control to stay on course for this short trial, as seen from the

low errors on the feedforward-only trial (red). This shows that trenching can be safely achieved

without feedback control by using model-generated feedforward trenching primitives, which enables

wheel-based trenching on rovers without visual odometry such as Curiosity and Perseverance.

Figure 7.6: Comparison of yaw and y position errors for open and closed loop trajectory following while
using the rear right wheel to dig a clean-sided trench. FF: uses a feedforward driving strategy generated by
optimization. FB: feedback control enabled, with default steering unless noted and “optimal” steering relative
to feedforward strategy for Opt FB. All three methods are able to maintain heading while digging a trench.

A detailed image of the trench dug by the wheel (blue) along with its predicted shape (red) can

be seen in Figure 7.7. The optimization was set to give a trench depth of at least half the wheel’s

width, or 2.5 cm, and a clean edge on the right side of the rear right wheel. The qualitative shape

of the predicted trench matches that of the observed trench, with a clean-sided edge on the right

side. However, the overall depth of the trench was off, with the model predicting a 2.6 cm deep

trench and and observed depth of 1.5 cm. This discrepancy is likely due to an under prediction of

the wheel’s sinkage, possibly due to either a difference in predicted applied load from the actual

load, or from the terramechanics model in Chapter 5 being tuned on a slightly higher rover weight

than that of the mini rover.
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Figure 7.7: Photograph of trench dug by the mini rover while driving with closed-loop steering controls (left),
alongside LIDAR scan of the same trench (blue, right) overlaid with its predicted shape (red, right). The
rover successfully produced a clean-sided trench, but with a lower depth than expected.

7.3.2 Speed-limited wheel experiments

For the case of the speed-limited wheel, the rover’s rear right wheel was set to a maximum rim speed

of 1.5 cm/s, which is half of the rover’s target travel speed of 30 cm/s. The tracks left by the rover

with no compensation, feedforward compensation only, and feedback compensation optimized for

use with the feedforward compensation can be seen in Figure 7.8, while the yaw and y error are

plotted for these and additional feedback strategies in Figure 7.9.

Figure 7.8: Mini rover driving with a speed-limited wheel. From left to right: driving without compensation,
feedforward with no feedback control, feedforward with optimal feedback control.
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Figure 7.9: Comparison of yaw and y position errors for open and closed loop trajectory following with the
rear right wheel limited to 15 cm/s. FF: uses a feedforward driving strategy generated by optimization. FB:
feedback control enabled, with default steering unless noted and “optimal” steering relative to feedforward
strategy for Opt FB. Note that the rover is able to drive straight with any form of compensation; feedforward
compensation alone is sufficient.

With no compensation, the rover immediately began to pull right, veering off the prepared soil

track within 1 m of driving. All compensation strategies greatly improved the rover’s ability to main-

tain heading (yaw) without side slip (y error), as seen in Figure 7.9. Without compensation (yellow),

the rover’s yaw and y position continuously increased. With all combinations of feedforward and

feedback compensation (blue, green, red, and dark blue), the rover was able to maintain heading

within 6◦ and horizontal position within 3 cm over a 1.5 m run. For this failure scenario, feedback

control alone was worst at maintaining a heading; the error in yaw when using only feedback control

(dark blue, Figure 7.9) was about 6◦, while with a feedforward compensation strategy the yaw error

stayed below 3◦, with or without feedback control. There was less difference in control strategies

when looking at the rover’s side slip (y position), though the error was slightly higher with only a

feedforward term (red).

However, the rover did not perfectly maintain its target velocity; while both feedforward and

feedback control methods were able to keep the rover moving faster than the skidding wheel’s speed

of 1.5 cm/s with travel velocities of 2.1 to 2.4 cm/s, this is considerably slower than the target speed
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of 3 cm/s. The rover was not actively controlling for forward velocity, but the travel velocities

observed here are slower than those predicted by the terramechanics model, which expected that the

feedforward term would be able to maintain 3 cm/s.

From these trials, we can see that in the case of a speed-limited wheel, such as in the case of

limited available motor power, not only can we find a feasible driving strategy for what would

otherwise prevent the rover from following a course, feedforward-only driving strategies are

sufficient. This means that rovers without visual odometry such as Perseverance and Curiosity can

recover from a mobility failure in the form of a speed-limited wheel by using feedforward-only

driving primitives.

7.3.3 Stuck steering motor experiments

As seen in the tracks in Figure 7.10 and the error magnitudes in Figure 7.11, failure of a steering

actuator at 50◦ has less of an impact on mobility than a driving wheel with limited speed. Without

compensation (yellow), the rover drifted 13 cm to the right over a 1.6 m run, with a roughly linear

increase in yaw error ending at 3◦. While feedforward compensation (red) greatly reduced the y

error from 13 cm to 4 cm, it increased the yaw error to 15◦ by the end of the trajectory. For this

scenario, feedback control with the default steering controller was able to maintain the rover’s

heading without using the feedforward term (dark blue). When the feedforward compensated

driving strategy was used, the default steering controller showed comparable yaw error to the

uncompensated driving (green), while the optimal steering controllers generated for the feedforward

driving strategy (blue) performed the best.

Overall, we see that without any compensation a stuck steering actuator results in considerable

side slip on the rover’s trajectory and that while a feedforward-only strategy is able to mitigate this

side slip it may result in an increased error in yaw. The use of feedback control to maintain rover

heading improves the outcome, though using a feedforward-only strategy may be sufficient for short

drive distances.

106



7.3. Experimental Testing of Optimization-Based Control

Figure 7.10: Mini rover driving with a stuck steering motor. From left to right: driving without compensation,
feedforward with no feedback control, feedforward with optimal feedback control.

Figure 7.11: Comparison of yaw and y position errors for open and closed loop trajectory following with the
rear right steering actuator stuck at -50◦. FF: uses a feedforward driving strategy generated by optimization.
FB: feedback control enabled, with default steering unless noted and “optimal” steering relative to feedforward
strategy for Opt FB.

7.3.4 Mobility system failure insights from optimization

In Section 6.3 we showed that on flat ground a rover can compensate for the impact of failed mobility

actuators through novel control strategies; here, we investigate the impact of the same failures on
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the rover’s ability to ascend slopes. We simulate slope climbing by changing the constraints on

the rover’s force balance, similar to how the drawbar pull tests in Section 6.2.3 experimentally

simulated slope by applying a load resisting the rover’s motion. To simulate various slope angles, the

optimization problem described in Section 7.2 was solved with two of the force balance constraints

changed to account for the change in the direction of gravity relative to the rover’s frame of reference,

with equations 7.12 and 7.23 replaced respectively by

ΣFx = FxFR +FxFL +FxRR +FxRL −Wrover sinα = 0 (7.32)

ΣFz =WFR +WFL +WRR +WRL −Wrover cosα = 0 (7.33)

for a given slope angle α . With these restructured constraints, we re-solve the optimization problem

for different modes of impacted or nominal mobility and find the driving strategies for successfully

ascending slopes of a given angle. In addition, we can gain insight into three areas of interest: the

maximum slope angle a rover can possibly ascend, the amount of slip induced on a given slope,

and the relative power needed to climb a slope. With this information, it is possible to set safe

operational limits on a rover driving with an impacted mobility system without the need to run a

large number of drawbar pull tests such as those conducted in Section 6.2.1.

The optimization problem was solved repeatedly with slope constraints for slope angles of 0◦

to 25◦ for nominal driving, driving with a speed-limited wheel, and driving with a stuck steering

motor. For the speed-limited wheel and stuck steering actuator, the conditions are the same as

those explored in Section 6.3, with the speed-limited wheel driving at half the rover’s travel speed

and the steer motor stuck at 50◦. Figure 7.12 shows both the slip induced while driving as well as

the predicted mechanical power needed to drive at each slope angle for each driving mode, with

mechanical driving power given as the sum of the products of the wheel torque My and angular

velocity ω for each wheel, P = ΣMyω .

Two values are given for the slip ratio in Figure 7.12: the maximum slip on any wheel and the

average slip across all wheels not experiencing failure. Wheels experiencing failure are excluded

108



7.3. Experimental Testing of Optimization-Based Control

Figure 7.12: Plot of slip vs. equivalent slope angle (left) and power usage vs. slope angle for driving with
failed actuators. Slip ratio is plotted as an average of the slip ratios on all non-impacted wheels as well as
the maximum value of all wheels. Power is given by the sum of mechanical power (wheel torque × angular
velocity) from each individual wheel.

from the slip average because they are often in skid, which would make the average slip seem

lower; looking at the slip on only unaffected wheels is therefore more conservative when looking at

induced slip on the full rover. We see that the mini rover is able to ascend slopes up to 24◦; beyond

that, the optimization is unable to find a feasible solution. The difference in slip ratio between the

average and maximum slip ratios is because the front and rear wheels were run at different speeds,

which is necessary to balance the moments about the y-axis on each rocker when moving uphill.

The induced slip increases sharply for a wheel with a steer motor stuck at 50◦, with 40% average

slip on flat ground compared to only 15% slip on flat ground for nominal driving. The speed-limited

case fares even worse, with 69% average slip and a maximum wheel slip of 76% on flat ground.

The generated slip values can be used to set operational limits for slopes; for example, if we

limit average slip on the mini rover to 50% in order to minimize entrapment risk, we expect the

rover to be able to safely ascend slopes up to 12.5◦ with normal driving conditions. We would limit

the rover to slopes up to 2.5◦ with a stuck steering actuator, and would not be able to maintain drive

speed with a speed-limited wheel – it would be necessary to slow the entire rover to reduce slip to

an acceptable level.

Similarly, we can set terrain limits based on power consumption. The mini rover consumes
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about the same amount of power driving normally up a slope of 17◦, driving up a slope of 5◦ with a

stuck steering motor, and driving on flat ground with a speed-limited wheel. The nonlinear increase

in power consumption with slope angle also suggests that it may be more efficient to climb slopes

at a nonzero attack angle, such that the rover effectively covers a longer but shallower slope, as

explored in [112].

7.4 Conclusions

In this chapter we developed an optimization framework for automatically generating driving

strategies for rovers under off-nominal conditions, enabling both nonprehensile terrain manipulation

via trenching and compensation for mobility system degradation. We then generated example

driving strategies and demonstrated them on hardware. For trenching, we were able to automatically

generate a motion primitive that excavates a trench while driving straight. The trenching primitive

performed well, with the rover able to drive straight both with and without feedback control. We

then considered a rover with a reduced drive motor speed, again automatically generating both

feedforward and feedback compensation strategies. The rover, which veered off track without

compensation, was able to drive straight with both feedforward-only control and feedback control.

Finally, we considered a stuck steering motor and automatically generated driving primitives for

it. The feedforward-only strategy reduced side slip error but had some yaw error compared to

uncompensated driving, and all methods of feedback control were able to keep the rover driving

straight.

We then generated curves showing rover wheel slip and power consumption for increasing

slope angles for both failure modes explored, showing that our new driving primitives have reduced

locomotion capabilities compared to an unaffected rover.

We explored only three types of constrained driving problems here, though this method can be

used for any type of off-nominal driving that can be represented through a combination of rover

state and forces. For example, we could optimize to minimize load on a wheel that is losing tread,
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use constraints to limit the forces on a weakened steering joint, or remove a single wheel from the

force balance entirely to represent a suspension like VIPER’s getting stuck in a raised position.

With the methodology presented here, we can not only develop strategies to compensate for

failure within mobility systems but explore the limits of the generated driving primitives and set

operational constraints for our new driving techniques without needing a full test campaign, enabling

the ability to adapt to degrading hardware without significant mission delays.
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Chapter 8

Conclusion

8.1 Summary and Contributions

In this document we have expanded the capabilities of current and future planetary exploration

rovers by directly enabling use of their wheels as manipulators and mitigating the impact of hardware

degradation on mobility through the development and implementation of new soil models.

First, we proposed Non-Prehensile Terrain Manipulation (NPTM) as a strategy for augmenting

the capabilities of planetary exploration rovers. We classified the different NPTM actions a rover can

perform with minimal or no hardware additions, and identified the necessary metrics for performing

and evaluating the success of these actions. The tables developed in this work were used to select

wheel-based trenching as a candidate NPTM action to explore in-depth and serve as a path forward

for the further development of rover NPTM capabilities.

We then created new soil models to fill identified gaps in the literature and enable both NPTM

and recovery from degraded mobility. First, we addressed the motion of soil flow around a wheel,

which is necessary both for wheel-based trench digging and for improving terramechanics modeling

by predicting wheel-soil contact geometry. We created a closed-form solution to terrain shape

following the passage of a trenching or driving wheel that can quantitatively and qualitatively
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describe the geometry of the resulting trench. The model was demonstrated both in a controlled lab

environment and on undisturbed soil in the Atacama Desert. We then built a new terramechanics

model on the foundations of classic terramechanics methods, with the new model covering a range

of slip angles and slip ratios previously unexplored in the literature. The terramechanics model

incorporates the soil flow model to determine the wheel-soil interaction geometry based on soil

mechanics, eliminating the need for two standard tuning variables in the process. This model was

validated on two wheels driving in soft soil in a purpose-built terramechanics testbed.

Trenches up to 1/3 of wheel diameter were dug by the KREX-2 rover’s wheels in naturally

occurring soil in the Atacama Desert, showing the potential for wheel-based trenching to move

meaningful amounts of soil. Multiple passes over the same trench were shown to have diminishing

returns. Wheel-based hole digging was used to facilitate the measurement of the soil angle of repose,

illustrating how NPTM can be used to aid scientific sampling. Additionally, first-of-their-kind

demonstrations of NPTM for rover teaming scenarios were performed in the Atacama Desert and

NASA Ames Research Center’s Roverscape, in which a large rover was able to directly enable

passage through difficult terrain by a smaller robot.

We quantitatively and qualitatively assessed the impact of mobility system degradation on

driving for the VIPER lunar rover in lunar simulant at NASA Glenn SLOPE Lab through drawbar

pull and untethered driving tests. Ad hoc methods of compensating for actuator failure were

demonstrated on the KREX-2 rover in the Atacama Desert and NASA Ames Roverscape, with the

rover able to both drive straight with a steering actuator pointed outwards at several angles and with

a wheel nonrotating. These tests show the feasibility of compensating for degraded mobility and

motivated the need for tools to automatically generate safe driving strategies.

Finally, we created a numerical optimization framework to automatically generate motion

primitives for off-nominal driving. Utilizing the terramechanics and soil flow models previously

developed, the optimization framework was used to generate both open-loop driving primitives

and closed-loop position controllers for multiple modes of off-nominal driving. First, wheel-based

trenching was performed, with the optimization successfully determining how to dig a clean-
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sided trench useful for subsurface soil observation while maintaining mobility. The optimization

framework was then used to enable a rover to recover from both a wheel unable to drive at full

speed and one stuck at a high steering angle. In both cases the rover was able to recover mobility;

notably, even feedforward-only driving strategies can mitigate mobility failure, allowing for direct

implementation of this technique on rovers without visual odometry or other means of closed-loop

position control. Enabling rovers to continue operations following a wheel actuator failure could

easily mean the difference between mission success and failure.

Taken together, the methods and results presented in this thesis have provided deeper insight

into the interaction between rover wheels and granular media, and in doing so have increased the

mobility and manipulation capabilities of rovers without any hardware changes.

8.2 Future Work

In this work we have performed foundational work in two key areas of off-nominal driving for

rovers, and in doing so have identified new avenues for exploration. Here, we detail the next steps

needed to realize the full potential of both NPTM and degraded mobility compensation.

Nonprehensile terrain manipulation as a whole is ripe for future development – of fifteen

identified robot actions in Table 3.1, we have touched on a few and developed only trenching in

depth. Autonomous reshaping of large swaths of terrain with wheels or rover-mounted tools is

relevant to in-situ resource utilization [113], and discrete object manipulation methods as developed

by [22] should be merged with soft soil modeling and manipulation methods to work in a wider

variety of terrains.

Additionally, wheel-based manipulation of soft soil may be able to increase rover mobility in non-

degraded modes via improved methods of climbing slopes. Uncontrolled lateral and longitudinal

slip are serious threats to rover mobility on steep slopes of soft soil. The risk of entrapment, rollover,

and inability to ascend or descend a slope to reach a destination can easily result in mission failure.

Using trenching techniques to intentionally control wheel sinkage could allow rovers to prevent slip
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while traversing, ascending, and descending slopes. By extending the models developed in Chapters

4 and 5 and applying the same techniques described in Chapter 7, new mobility techniques can be

developed. These techniques would effectively use the “dig trench" action described in Table 3.2,

but with the purpose of controlling sinkage and similar mission scenarios to the “level slope" action

in Table 3.1.

Rovers may be able to descend extremely steep soft slopes in a controlled manner by intentionally

entering a high sinkage state with one or multiple wheels, effectively “plowing” down the slope as

in [114]. Updated terramechanics and soil flow models would be required to fully simulate driving

on a slope, and the same type of numerical optimization used in Chapter 7 could be used to control

rover orientation on slopes, or allow some wheels to provide anchoring while others control driving.

In [62], a reconfigurable suspension was used to reduce a rover’s roll while traversing slopes, which

decreased downhill slip during driving. Additionally, in the same work and in several other works,

yaw control was also used to decrease downhill slip. Intentional sinkage of uphill wheels may

be able to gain some of the benefits of roll control without the need for a specialized, actuated

suspension.

In this work we have focused on optimizing rover motion control for given platforms; we also

now have the tools to optimize platform design for specific tasks. By adding in rover geometry such

as wheel radius, grouser size, or suspension dimensions as decision variables in the optimization,

we can redesign rovers to be better suited to both trenching and driving, or design them to minimize

the impact of degradation of mobility systems. One challenge of this is the semi-empirical nature

of the terramechanics model used; the relation of sinkage moduli and pressure distribution shape

variables to wheel geometry would need to be tested at a wider range of wheel scales. Use of the

terramechanics and soil flow models developed here would also require validation for wheels at the

scale of VIPER or Perseverance before use on space hardware, and the model would need additional

testing to be fully validated up to slip angles of 90◦.

Thus far, we have considered only steady-state motion; a dynamic understanding of wheel-soil

interaction would enable automatic generation of a broader range of locomotion and manipulation
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techniques, such as those developed in [109]. As classic terramechanics methods are not well-suited

to dynamic modeling, a different approach such as Resistive Force Theory [81, 115] may be more

appropriate when combined with full three dimensional modeling of soil flow [113, 116]. However,

these methods are far more computationally expensive than the closed-form soil model and classic

terramechanics model presented here and would be difficult to use in an optimization for that reason.

Further work on efficient modeling of soil movement and wheel-soil interaction forces is necessary

to enable novel dynamic motion primitive generation.

Rovers may someday slalom down sandy slopes or ride down on avalanching sand, or au-

tonomously construct landing pads and lunar habitats from regolith. Future planetary rovers may

have four wheels, six wheels, legs, neither legs or wheels, or something in between, but the explo-

ration of the solar system will continue to be led by mobile robots pushing the bounds to go where

no one has before.
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