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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
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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/payload

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
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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 �ll 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 of:(1)a highly-capable roving vehicle (VERTEX),(2)an umbilical-

tending manipulator (named ARMLiSS - Active Rover Mounted Life Support System), and(3) a

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�c 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 characteristics:(1) presence

of active articulation and(2) 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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