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Preface

’He’s got about two wheels on the ground. There’s a big rooster tail out of all four wheels. And
as he turns, he skids. The back end breaks loose just like on snow.... Man, I’ll tell you, Indy’s
never seen a driver like this... Hey, that was a good stop. Those wheels just locked.”

- Charlie Duke, Apollo 16

il



Dedication

To Chris Coche and Walter Hanner, whose passions for engineering ignited my own.

il



Acknowledgments

First and foremost, I must thank Dave for his continual ability to ensure I could stay in grad
school, support my degrees, and dream up the multitude of hair-brained schemes I have been able
to leap between in my years at the SSL. Your laboratory and your own way of encouragement
has enabled me to push my passions into my career spanning from some of the best SCUBA
diving there ever may be to spacesuits, habitats, rovers, robots, and just about anything else a
space-obsessed young kid could look to the stars and imagine. Thank you.

Mom and Dad, thank you for the unending support and push behind me that kept me going
and through the finish line. From Devo to Rusty, you always made sure I had everything I needed
to let me do what I needed to do, and do it right. I just kept swimming and somehow we made it.
But you saw the path, especially when I couldn’t and it’s taken a lot from each of us to get here.
I sincerely appreciate it and I cannot thank you enough. Sono Affamato.

Sean, thank you for introducing me to the world of photography, for which many of my
last-minute presentations and conference papers have greatly benefited, even though my hard
drive space may not have. Oh, and for being a great brother and supporter.

Chris, thank you for being the person in my life who continually motivates me to work as
hard as I possibly can towards the things I want in life. Your endless positivity, encouragement,
and understanding self have helped me through each of my struggles in accomplishing this and

I hope you know how much I appreciate all you’ve done for me. I look forward to the coming

v



years of us finding ways to teach ourselves the things we never knew how to do, and struggling
through it together on Facetime.

Romeo and Rahul, I truly have you two to thank for making a large portion of this research
possible. Without your software and willingness to support the data collection I needed, and stay
up late or show up on weekends to help me get data and run the robots this absolutely would
not have happened. But also thank you for being encouraging every time my model spat out
nonsense, for leaving many a random thing on my desk, and for acting like the silly unserious
friends I sometimes needed to keep the mood light and the project rolling forward. Hours away
and my software can support that are now words I live by.

I must also thank all of the wonderful people (in no particular order) I have had the pleasure
of working with over my years at the SSL. Lem, thank you for being the voice that took a chance
on me and brought my into the lab. No, I won’t stop, thank you very much. Thank you to Kate,
Chris, and Nick for being the guiding voices and teaching me how the lab worked and how to
write update slides very quickly on a Friday. I have had the great fortune of working with so
many fellow graduate students over the years - thank you to all of you.

Some of you fellow grad students I have had the pleasure of seeing at 3:30am just a few too
many times, so I fear I must now speak to you directly. Daniil and Nicolas, BioBot (and nearly
every single other project I've worked on at the SSL) would not have been possible without you
and I sincerely thank you.

There are so many other people that BioBot would not be what it is today without. Thank
you to Meredith for being the best suit lead the team could have asked for and a ray of positivity
within the project. Thank you Ryan for offering to help every single time you could have, and

supporting the absolute best you possibly could.



To the array of undergraduate students who have dedicated their time and considerable
efforts to the bettering of BioBot including but certainly not limited to Chandler, Spencer, Rowan,
Ian, Robbie, and Wyatt and every other person who touched our project. Each one of you made
BioBot better, and have made a lasting impact.

Lastly, thank you to all my friends, fellow graduate students in other labs, and everybody
else who I had the opportunity to work, learn, and travel with. To everyone who supported me

and encouraged me all these years, I am incredibly thankful.

Vi



Table of Contents

Preface Ii
Dedication i
Acknowledgements v
Table of Contents Vil
List of Tables X
List of Figures X
List of Abbreviations XV
Chapter 1:  Introduction 1
1.1 Suspension ArchitecturesReview . . . . . . . . . . ... ... . 0 3
1.1.1 Heritage Suspension Architectures . . . . . . .. .. ... ... ... .. 4
1.1.2 Prototype, Earth-Analogue, and Un own Active Wheel-Articulation Fo-
cused Rover SuspensionSystems . . . . . . . ... ... .. 7
1.1.3 Suspension Architectures Summary . . .. .. ... ... ... ... .. 13
1.2 Design Tools and Methodologies For Articulated Suspension Systems . . . . . . 14
1.2.1 Kinematic Simulation and Optimization . . . . .. ... ... ... ... 15
1.2.2 Spring Damper Inclusive Rover Suspension Analysis . . . . . ... ... 16
1.2.3 Quasi-Static Assumption . . . . . . ... 17
1.3 Earth-Analogue Vehicle Design Approaches for Mobility Systems Testing . . . . 18
1.3.1 SimilarityLaw . . . . ... e 19
1.3.2 Equivalent Size, EquivalentWeight . . . . . .. ... .. ... ..... 20
1.3.3 Matched Capability . . . . . . ... ... . . ... 20
1.4 Suspension Approaches Summary . . . . . . . . . . . e 21

Chapter 2: ~ System Design and Validation of Independently Articulated Suspension Us-

ing a Sum-of-Moments Framework for the BioBot System 24
2.1 Introduction . . . . . . . L 25
2.1.1 Articulating Extraterrestrial Roving Vehicle Concepts . . . . . . ... .. 27
2.1.2 Applications Beyond Spaceight . . . . . .. ... ... .. ....... 28
2.1.3 Motivation and Contribution . . . . . . .. ... ... .. .. .. ..., 29
2.2 Modeling . . . . . . 30
2.2.1 VERTEX Suspension Developmentlissues . . . . . ... ... ...... 31
2.2.2 Motivation. . . . . . L e 34
2.3 Method . . . . . . . . e 35



2.3.1 SeriesElastic Actuator . . . . .. ... ... .. ... 37
2.3.2 Parallel Spring (PS) . . . . . . . . . .. . 40
2.3.3 WheelForceMoment . . . . . . . .. . ... 47
2.3.4 Total SystemMoment. . . . . . . ... ... 51
2.3.5 SystemOptimization . . . . . . .. . .. . ... 52
2.3.6 As-BuiltSystemUpgrades . . . . ... ... .. ... ... ... 56
2.4 Force Sensingand Validation . . . .. ... .. .. ... ... .. .. ..., 60
2.4.1 Load Cell Integration and Calibration . . . . ... ... ... ...... 62
2.4.2 DataCollectionand Analysis . . . . . . . .. . ... ... .. ... ... 63
2.4.3 Operational Characteristics . . . . . . . .. ... ... ... .. ..... 67
2.4.4 Validation of Kinematics and Regime Transitions . . . . . . . ... ... 70
2.5 Resultsand DiSCUSSION . . . . . . . . . 71
2.5.1 System Failure Mitigation . . . . . .. ... ... ... .. .. ... 71
2.6 Conclusion . . . . . . 75
Chapter 3:  Lagrangian Formulation 76
3.1 Introduction . . . . . .. L e e 77
3.2 Method . . . . . . . 79
3.21 KineticEnergy . . . . . . . ... 85
3.2.2 Non-Conservative FOrces . . . . . . . . . . o i i i i 85
3.2.3 Potential Energy . . . . . . . .. 91
3.2.4 Compliance Mechanism Considerations . . . . . .. ... ... .. ... 100
3.2.5 Lagrangian Approach Summary . . . ... . ... ... ... ...... 104
3.3 AppliedKinematics . . . . . . . . . 106
3.3.1 Potential Energy - Gravity Offset Springs . . . . .. .. ... ...... 106
3.3.2 Sprung, Unsprung, and Swingarm-K.E.&P.E. . . . . ... .. ... .. 107
3.3.3 Potential Energy - Series ElasticElement . . . . ... ... ....... 112
3.3.4 Non-Conservative Forces - ReactionMoments . . . . . ... .. ... .. 115
3.3.5 Non-Conservative Forces-Damping . . . . . . .. .. ... ... .... 116
3.3.6 Bushing Contributions . . . . . ... ... ... ... ... .. .. ... 118
Chapter 4:  Validation and System Improvement 122
4.1 Model Validation . . . . . . .. . 123
4.1.1 Quasi-Static Experiment . . . . .. ... L 123
4.1.2 ML-Based Parameter Identication . .. ... .. ... ......... 127
4.1.3 Dynamic Validation . . . . . .. ... .. .. ... 136
4.1.4 ML-Based Optimization . . . .. .. ... ... ... ... .. ..... 147
Chapter 5:  Conclusions and Future Work 152
5.1 Contributions . . . . . . . .. 152
5.2 LessonslLearned. . . . . . . . ... 153
53 Future Work . . . . . . . e 155
Al Suspension Parameters . . . . . . . . . ... 158
Bibliography 161

viii



2.1

2.2
2.3

3.1

WP W

List of Tables

Condensed table of slope statistics from the Lunar Surface Data Book's Example
EVA Traverses. A = 7.3.1 Large Logistics Transfer, B = 7.3.2 Long Uncrewed
Science Traverse, C = 7.3.3 Traverse into crater/PSR Table 0-3, D = 7.3.12 Tra-

verse Table 0-4 . . . . . . . . e 29
Roll and pitch statistics from dataset in Figure2.29 . . . ... .. .. ... ... 65
Variability between each swingarm range of motion. FR = Front Right, FL =

Front Left, RR = Rear Right,and RL=RearLeft . .. .. ... ... ...... 65
Variables in Figure 3.4 from lefttoright . . . . .. .. ... .. ... ...... 83
Regimes for the Lagrangian formulation based on pivot motion, crossover, and
tensionconditions. . . . . ... 105
Frame assignment logic for the reference frames as shown in Figure 3.15. . . . . 112
Parameters used for tRover class. . . .. .. .. ... ... ... ... ... 158
Parameters used for tReismatic _SEAclass. . . .. ... ... ... .. .. 159
Parameters used for tiBravity _Offset Spring class. ... ... ..... 160



11
1.2
1.3

1.4
15
1.6
1.7

1.8
1.9
1.10
1.11
1.12
1.13

1.14

1.15
1.16

1.17

1.18
1.19
1.20

1.21

1.22
1.23
1.24
1.25
1.26

List of Figures

SSL's Raven rover, built as an astronaut transport rover for analogue eld testing. 4
BioBot during initial eld testing onthe UMD campus . . . .. ... ... ... 4
US Patent No. 4,840,394 "ARTICULATED SUSPENSION SYSTEM” - held by

NASA. Precursor suspension system to traditional rocker-bogie [2] . . . . . . .. 5
JPL's Mars Exploration Rover in testing, featuring Rocker-Bogie suspension[3] . 5
Lunokhod-1 annotated mockup vehicle [13] . . . . . ... ... ... ... ... 6
Lunar Roving Vehicle mobility subsystem drawing [14] . . . . . . . ... .. .. 6
NASASs VIPER rover demonstrating suspension articulation, leveling chassis on
arockinatestbed[18] . . . .. .. .. . ... 7
NASA's Resource Prospector active suspension with passive spring damping [20] 8
Annotated drawing of NASAs Chariot suspension system[21] . . ... .. ... 8
Articulating chassis design of the CMU Nomad rover[24] . ... .. ... ... 9
CMU's SCARAB rover conforming to terrain during eld trials[25] . . . . . .. 9
Annotated diagram of the active SherpaTT suspension system|[26] . . . . .. .. 10
Large articulation range of motion, hydraulically-driven, wheel concept for off-

road logger/loader [29] . . . . . . . .. 11
AWLFC concept showing a separated, active articulated rocker-bogie style log-

ging suspenisonconcept[30] . . . . . . ... e 11
Marsokhod rover in testing with NASAAMES [31] . . . . . .. ... ... ... 11
Annotated drawing of the EX1 suspension design, featuring passive spring damp-

ing combined with a rocker suspensionsystem. . . . . . ... ... ... .... 12
Side pro le of the VERTEX rover carrying the umbilical-tending arm (ARM-

LiSS), featuring it's high range of motion articulated suspension system with
passive springdamping . . . . . ... e 14
ExoMars-style rover withinthe DRLROT[41] . . . . . . . . . . ... ... ... 15
Lumped-parameters spring/damper model for LRV analysis [17] . . . . . .. .. 16
Articulating suspension design, based on a 4-bar linkage - utilizes a linear as-
sumption in the suspension analysis presented [51] . . ... ... .. ... ... 16
Nonlinear spring integration example with a swingarm-based suspension system

[56] . . . e 17
Spring-damper drawing of the VERTEX suspensionsystem . . . . . . ... ... 17
1/3 scale model of a rocker-style suspensionrover [64] . . .. .. .. .. .... 19
Linear suspension model use in a scaled-rover context[65] . . .. ... ... .. 19
NASA's Chariot, a full-size analogue vehicle, in testing with two test subjects [21] 21
BioBot during testing with a test subject connected to the umbilical, ready to

begin a surface traverse simulation . . . . . ... .. .. ... ... .. ... 21



2.1 BioBot driving in a eld with the umbilical-tending manipulator deployed to a
nominal walking state. VERTEX drives alongside the test subject as they walk
alongapreplannedroute. . . . . . . . ... 25

2.2 VERTEX roving vehicle side pro le showcasing suspension system. The fully
independent suspension features a series-elastic actuator with a parallel dual-rate
spring damper. . . . . . L e e 26

2.3 VERTEX rst suspension system diagram. Note the suspension rotates a swingarm
that which the linear actuator and gas strut are mounted on to achieve the range

ofmotion. . . . . . . L 31
2.4 Initial suspension system during preliminary VERTEX build stages with the rst
SUSPENSION SYSTEM. . . . . . . o o 32

2.5 Example scenarios moving from negative to positive swingarm angle showing

variability in sine losses between the gas strut and linear actuator. The swingarm

is shown from left to right in this plot, moving from a 'low' position (as seen in

Figure 2.3) to a 'high' position (as shown in Figure 2.4). The gas spring force

and lever arm used to calculate its moment contribution are depicted in the image. 33
2.6 Sine loss effect on the moment the gas strut produces about the swingarm's pivot. 34
2.7 Spring-damper diagram of nal BioBot suspension con guration. Labeled com-

ponents: A) Series-elastic element, B) Linear actuator, C) Dual-rate spring sys-

tem, D) Swingarm. Swingarm is at 0°, level with the chassis. Positive direction

indicated by arrow around swingarmpivot. . . . . . ... ... 36
2.8 Series elastic actuator side pro le, with force path from elastic element to swingarm

illustrated including sine loss angles and fulcrum lever arms at an example swingarm

angle. Retention mechanisms to resist tension loading additionally present. . . . . 38
2.9 Maximum series-elastic actuator moment contribution across all swingarm angles 40
2.10 Maximum moment contribution as a function of preload and spring rate in the

series-elasticelement. . . . . . . . .. ... 41
2.11 De ection of the integrated dual-rate spring damper with nalized settings. . . . 43
2.12 Spring force and moment sum of the as-integrated dual-rate spring damper across

swingarmangle . . . . . .. e e 44
2.13 Sensitivity of the moment curve across a variety of preload (in) settings. . . . . . 44
2.14 Effect of changing crossover (in) on the dual-rate spring damper moment sum . . 45
2.15 Bottom spring rate (Ibf/in) adjustment effect on dual-rate moment contribution . . 45
2.16 Top spring rate (Ibf/in) adjustment effect on dual-rate moment contribution . . . . 46
2.17 CAD drawing depicting the wheel position at maximum extension of the caster

angle adjustmentsystem . . . . ... .. 47
2.18 VERTEX rover during its rst eld excursion, showing the caster angle adjust-

ment system is in its minimum angle state. . . . . . .. .. .. ... ..., 49
2.19 VERTEX at steady state on at ground demonstrating a single wheel lift con g-

Uration . . . . . . . e e e 50
2.20 Total moment sum of the suspension model with the 200/400 Ib-in rate dual-rate

parallel spring damper integrated. . . . . . . . .. .. ... ... 0. 51

Xi



2.21 Generalized coordinates used to de ne component placements in the optimization
scheme. The A, B, C labels correspond to the diagram in Figure 2.7, with the "U”
subscript corresponding to upper mounting points, and "L” subscript to lower
mounting points(x; y) coordinates are measured from the swingarm pivot|and
coordinates are lengths measured down the swingarm from the same point. . . . . 53

2.22 Close perspective of the arrangement of the series-elastic elements on the VER-

TEX suspension system. For system compactness, these elements were placed
offset of the main suspension plane and require careful consideration to ensure

the nominal ranges of motion are not compromised. . . . . . . .. ... .. ... 54
2.23 Comparison between the best single-rate spring replacement and the best dual-
rate spring replacementresults. . . . . . . ... ... L L o o 56

2.24 Dual rate spring modi cation exhibiting lack of rebound and controllability at

steady state conditions due to higher than expected sprung mass during electron-

ics integration phase. Top rate 150 Ib/in, bottom rate 200 Ib/in. Increasing the

dual-rate damper's preload returned the system to positive static stability. . . . . . 57
2.25 Heavy chassis modi cations required for upgraded suspension including removal

of old structure and welding of new supports to support dual-rate spring dampers. 59
2.26 Chassis after modi cation to remove old mounts and create new structure . . . . 60
2.27 Compression/tension load cell sensor replacing the series-elastic element in the

VERTEX suspension system . . . . . . . . . .. .. ... .. 61
2.28 Calibration curve for transforming recorded voltages from the load cell and am-

pli er to forces exerted on the cell. The red Galil curve recorded voltages from

the onboard Galil motion control system, and the blue Fluke curve used manually

measured and recorded values from a Fluke 117 multimeter. . . . . .. .. ... 62
2.29 Subset of data collected on an experiment run, cycling the chassis between max-

imum and minimum height while maintaining as low pitch and roll values as

possible. Note that startup and shutdown transients have been removed from

the beginning and ending of the approximately 300 second run. In the labeling,

"FR” designates the "Front Right” suspension corner, and "SW” abbreviated for

"SWINGArM”. . . . L e e e e e e e e 64
2.30 Overlaid angles and angular rates for all four swingarms plotted across time from

the dataset shown in Figure 2.29. FR = Front Right, FL = Front Left, RR = Rear

Right,and RL=RearLeft . ... ... ... ... .. .. .. ... ....... 66
2.31 2D plot depicting relationship between swingarm angle and swingarm velocity,

colorized by force experienced by load cell. Positive force is tension, and negative

forceiscompression. . . . . . . 67
2.32 Strut length for the original gas struts plotted across swingarm angle showing
varied rate in length change as swingarm travelsupwards . . . . ... ... ... 68

2.33 Wheel moment and parallel spring-damper moment plotted together. Wheel mo-
ment is inverted to more clearly see the point of transition where the series-elastic
actuator does not provide counteractive force to the wheel-moment and instead is
placed undertension. . . . . . . . ... 70
2.34 VERTEX suspension system at steady state with both series elastic elements re-
moved from the vehicle's right side. This indicates the point of no-load in the
series elastic element, and the point of transition between tension/compression. . 72

Xii



2.35 VERTEX during a crane lift to remove vehicle from trailer. . . . . . .. .. ... 73
2.36 Failure of the linear actuator structural housing after crane lift. The two pieces of

the linear actuator are highlighted withinthe ellipses. . . . . . .. ... ... .. 74
3.1 BioBotconceptduring rst eldtrial . . . .. ... ................ 78
3.2 VERTEX suspension system high-leveldiagram . . . . . ... .. ... ..... 81
3.3 BioBotalternatevide . . . .. . . .. ... 82
3.4 \Variable-Labeled BioBot Suspension lllustration . . . . . . ... ... ... ... 83
3.5 CGallocationdiagram . . . . . . . . . . ... 84

3.6 Ground force vector decomposition to moments about the generalized coordinate 87
3.7 Stribeck’s curve "Coef cient of friction (Reibungskoef zienten) versus revolu-

tions per minute (Umlaufe in 1 min) at different loads (T = 25° C, dia shaft = 70

mm, Pgeom = 0.1-2.0 MPa, oil for gas powered engines 180 mPas).”[79] . . 88
3.8 lllustration showing a set of example example linear, progressive, and digressive

proles[80] . . . . . . . . 89
3.9 Labeled photo of the gravity offset damper from Rad o Suspension Technology,

INC. . . . 92
3.10 Gravity offset system near crossoverpoint . . . . . . . . .. ... ... ... .. 94

3.11 Bushing elements shown in a perspective image of the suspension system. The
bushings are seen at the top and bottom connectors for the series elastic element

and at the central pivot point between the linear actuator and the SEE. . . . . .. 97
3.12 Flowchart for selecting which Lagrangian equationtouse . . . . ... .. ... 105
3.13 Diagram of pertinent frames for the gravity offset spring system. . . . . .. ... 108
3.14 Frame assignments for the sprung and unsprungmass . . . . . . . .. ... ... 109
3.15 Frame assignments for the series elastic actuator system . . . . . . .. ... ... 121

4.1 Load cell integration into the front-right suspension system on VERTEX, replac-
ing the series elasticelement. . . . . . . . .. ... ... ... .. 124
4.2 Initial diagram comparing load cell sensed force (colored points) with predicted
force in the series elastic element (black curve). Colorization of the points shows

a force hysteresis is present and is dependent on swingarm velocity direction. . . 125
4.3 VERTEX's right side with no series elastic elements installed on the front and
rear suspension while investigating the no-load condition. . . . . . .. .. .. .. 126

4.4 Initial NN model attempt relying on forming multipliers for each numerical sus-
pension parameter and bounding within a set multiplier boundary, shown as 0.1

inthisexample. . . . . . . . . e 129
4.5 Final curve-matching result from using the ML approach to identify vehicle pa-
FAMeters . . . . . . . e 133
4.6 Magni ed section of Figure 4.5 focusing on the transition region as the system
NEAIS CrOSSOVEI . . . . . . o i o i e e e e e e e e e e e 134
4.7 Position of new equivalent swingarm tip position as indicted by the minimum loss
result, overlaid to approximate scale onto as-built swingarm photo . . . . . . .. 136

4.8 Experimental setup for generating an approximate impulse-response scenario un-
der driving conditions. VERTEX as pictured is in an abnormally high driving
POSILION. . . . . . e e e e e 137



4.9 Encoder mounting on swingarmpivot . . . . .. ... Lo 138
4.10 FR swingarm angle data pre- Itering, used for tuning model damping values. . . 139
4.11 Dataset from Figure 4.10 after outlier ltering . . . . . . ... .. ... .. ... 139
4.12 Best tforthe training set of data found using the Ray-based optimization scheme
in Python. The blue line shows ltered encoder data recorded onboard the BioBot
rover, whereas the red line showcases the optimizer's best attempt at tting the
nonlinear dynamics to the real data by varying damping characteristics and the
initially-applied stepinput. . . . . . . .. .. ... L 141
4.13 An early, not well t optimization run with the old-impulse strategy - note
the highly linear displacement trend in the rst0.15 seconds compared to the
accelerative rise shown in the true data. In this case, the light blue data showcases
the same training dataset as shown in Figure 4.12 and the magenta color shows

the early simulated response. . . . . . . . . . ... ... e 142
4.14 Test data run using same settings as identi ed in Figure 4.12, with parameter-

based optimization for the step impulse magnitude and duration. . . . ... ... 145
4.15 Curve match to a set of partial dataset recovered fromarun . . . . .. .. .. .. 146

4.16 Athird test dataset showing limitations of the model's ability to match to recorded
curves, indicating further investigation into the nonlinear damping characteristics

iIsneeded. . . . . .. 147
4.17 Spring rates over epochs during setting optimizationrun. . . . . . .. .. .. .. 150
4.18 Improved force pro le from ML-output settings plotted with the maxima and

minima of the old settings . . . . . . . . . . . . ... 151
5.1 BioBOt. . . . . . e 157

Xiv



ARMLISS
ATHLETE
CG

CMU
EVA

JPL

KE

LTV
NASA
PE
PLSS
SSL
UMD
VIPER
VERTEX
XEMU

List of Abbreviations

Active Rover Mounted Life Support System
All-Terrain Hex-Legged Extra-Terrestrial Explorer
Center of Gravity

Carnegie Mellon University

Extravehicular Activity

Jet Propulsion Laboratory

Kinetic Energy
Lunar Terrain Vehicle

National Aeronautics and Space Administration
Potential Energy

Portable Life Support System

Space Systems Laboratory

University of Maryland

\olatiles Investigating Polar Exploration Rover
Vehicle for Extraterrestrial, Research, Transportation and Exploration
Exploration Extravehicular Mobility Unit

XV



Chapter 1: Introduction

Exploring planetary surfaces often involves traversing highly uneven terrain, supporting
large or shifting payloads, and mitigating the risks associated with steep slopes. Rover suspen-
sion systems must not only provide adequate terrain adaptability, but also meet mission con-
straints in power, mass, and reliability. This dissertation focuses on suspension architectures that
combine active articulation with passive spring damping, an approach that can signi cantly in-
crease mobility and operator comfort while preserving slope compensation and load distribution
advantages.

This dissertation speci cally addresses the creation of a new design path and optimization
of such suspension systems in high nonlinearity regimes, using developed methodologies that
range from quasi-static sum-of-moments-based design to Lagrangian dynamics approach focused
in tackling real-world considerations, and machine-learning-enabled parameter identi cation and
optimization. The result is a cohesive framework that can be extended to many roving vehicles,
including both Earth-analogue prototypes and future off-world platforms.

Rovers with actively articulated suspensions, especially those that incorporate passive spring
damping, demonstrate advantages in slope compensation, high-speed traversal, and occupant/payloac
comfort. However, including damping introduces mechanical and analytical complexity to tradi-

tional rover design paths, speci cally in the realm of nonlinear geometry. Conventional linearized



or kinematics-based methods are most often used in rover suspension design, but struggle to co-
hesively handle complex suspension systems like the experimental rover presented in this disser-
tation, VERTEX (Vehicle for Extraterrestrial Research, Transportation, and EXploration).

In this dissertation, a comprehensive analysis of suspension architectures is followed by
a discussion of existing computational tools for rover design, highlighting where a quasi-static
sum-of-moments method can Il gaps in early-stage system design. The dissertation then ex-
plores dynamic modeling using a Lagrangian-based formulation focusing on tackling real-world
assumptions often made, using a machine learning (ML) approach for parameter identi cation
and settings optimization of in-house-fabricated hardware. The VERTEX rover serves as a work-
ing platform to validate these concepts.

VERTEX is the roving vehicle component of the BioBot system. BioBot is an astronaut-
assistance concept comprised(df} a highly-capable roving vehicle (VERTEXR) an umbilical-
tending manipulator (named ARMLISS - Active Rover Mounted Life Support System)3iad
spacesuit with a variable-duration portable life support system (PLSS). The main goal of BioBot
is to of oad portions of the PLSS onto the roving vehicle and provide water, power, air, data, and
communications to the astronaut through an umbilical in response to the growing expected mass
of the XEMU (Exploration Extravehicular Mobility Unit). For more detail on the speci ¢ details
behind the BioBot application case, please see the previous publication Hanner et al. [1].

This dissertation advances the design, modeling, and optimization of compliant articulated
rover suspensions through three major contributions. First, a computationally ef cient design ap-
proach was established, relying on quasistatic equilibrium and moment-based analyses to capture
the large articulation angles often demanded by extreme-access rovers, applied to the BioBot ve-

hicle. This framework focused on vehicle design for early stage space systems by systematically
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assessing the suspension geometry and force pro les while retaining suf cient delity to ensure
reliable performance in a wide range of operating regimes.

Second, a universal Lagrangian-based modeling approach was formulated to integrate both
static and dynamic behaviors in rover suspensions. This approach explicitly incorporates real-
world complexities such as damper force limitations, non-linear spring-damper relationships, and
the inclusion of system bushings. Experimental validation on the VERTEX rover highlighted the
model's ability to fully capture system responses, providing a versatile baseline to re ne and
predict highly nonlinear and compliant suspension performance.

Finally, a data-driven framework was introduced to reconcile the differences between the
designed and as-built hardware. By incorporating machine learning algorithms into the iden-
ti cation efforts of the system, the presented method re nes the parameter estimates to re ect
the manufacturing variants and the true operational characteristics. The resulting approach was
then applied to optimize BioBot's suspension system, producing a more linear force pro le at the

component level with reduced peak loads.

1.1 Suspension Architectures Review

Suspension systems play a critical role in planetary surface rovers as they directly in uence
a vehicle's stability, payload capacity, energy ef ciency, and adaptability across varied terrains. In
general, rover suspension systems can be classi ed by two Boolean characte(iktijosesence
of active articulation an¢R) presence of passive spring damping. For example, a vehicle where
both of these propositions are false would directly mount wheels or tracks to the vehicle chassis.

The Raven vehicle built at the University of Maryland (UMD) Space Systems Laboratory (SSL)
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