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It seems logical that the Artemis program to return humans to the Moon should begin with capabilities
at least equivalent to the last Apollo missions: specifically, a roving vehicle for crew transport. Given the
intervening half-century, such a vehicle should also have advanced robotic capabilities to enhance and extend
human exploration activities. Under support from the NASA Moon-to-Mars X-Hab program, the University
of Maryland is developing such a robotic roving vehicle concept for Earth analog testing and evaluation. The
approach taken is to design a vehicle for lunar use, then prototype the most similar vehicle possible for testing
on Earth. Rather than a single vehicle for two EVA crew, probabilistic risk assessments indicated a greater
utility for two vehicles designed for nominal single-person use, but each capable of carrying a second EVA crew
in the event of a vehicle failure. This mitigates the Apollo-era stringent “walk-back” criteria, which limited
both overall traverse distance and allowable exploration time at remote sites. Since human lunar landing
systems are in preliminary design at this time, the UMd rover design was constrained to permit launching
a pair on a single Commercial Lunar Payload Services (CLPS) landing mission, allowing the rovers to be
pre-emplaced at the Artemis landing site before the arrival of the crew. The mobility system for the rover is
designed to transport a 170 kg suited crew with 80 kg of exploration payload in nominal circumstances, and to
additionally transport a second 170 kg crew as a contingency. The rover is designed for a top speed of 4 m/sec,
“cruising” speed of 2.5 m/sec, with a 54 km range and peak slope capability of 20°. The paper covers design
trades, prototype fabrication, and plans for initial testing results in analog conditions with EVA simulation.

I. Introduction

Nothing made a larger impact on the science and exploration functions of the Apollo lunar missions than the
addition of the Lunar Roving Vehicle (LRV) for Apollos 15, 16, and 17. These vehicles were made feasible by
performance increases in the lunar module (LM), and had an empty mass of 210 kg with a design payload of 490 kg.
The primary (non-rechargeable) batteries provided a theoretical maximum traverse distance of 92 km, although the
actual data from the three missions using the LRV are listed in Table 1. This data can be compared to that of Apollo 14,
which was the last mission limited to walking for crew surface mobility. While the Apollo 14 mission only included
two EVAs compared to three for each LRV-equipped mission, the total estimated traverse distance of 5.3 km was only
15-20% that of the later missions. A more direct comparison would be the longest Apollo 14 traverse of 2.4 km in
total, which represents only 12-20% the distance of the longest single traverse for each mission using the LRV. Each
of the LRV missions also more than doubled the mass of lunar samples taken compared to Apollo 14.1

With Project Artemis, NASA has announced its intention to send “the first woman and the next man” to the Moon
as expeditiously as possible. While discussions until recently had focused on a first landing in calendar year 2024,
recent budget allocations and the change of administrations have refocused efforts on arguably more viable targets
between 2026 and 2028 for that mission. Given the very tight budget constraints and short development lead time, it
seems likely that the first human lunar exploration mission in almost 60 years will be more like Apollo 14 or earlier
landing missions than the later “J-class” Apollo missions with LRVs.
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Table 1. Performance of Apollo Lunar Roving Vehicles (adapted from Morea1)

Apollo 15 Apollo 16 Apollo 17
Surface distance traveled (km) 27.9 26.7 35.9

Longest single-EVA traverse (km) 12.5 11.6 20.1
Max distance from LM (km) 5.0 4.5 7.6

Average speed (m/sec) 2.54 2.15 2.24
Fraction of EVA time driving 16.3% 16.3% 20.6%

II. Providing Rovers for Early Artemis Missions

So what is to prevent having an LRV-type rover on the first Artemis landing mission? The obvious culprit is the
cost, but the $32M cost for the LRV program (including four flight vehicles) in 1970 would convert to $297M in
2021, less than 15% the expected cost of a single SLS launch vehicle. A more likely issue is the present uncertainty
about the human landing system (HLS) currently in the early stages of development. At the time of writing, three
corporate entities have initial contracts to develop an HLS vehicle design, with the expectation of downselect to one
or two systems in the coming months. The early stage of design precludes any reliable knowledge on the allowable
mass or volume for landed payload as part of a human mission. Combining cost constraints and the uncertainty over
HLS performance drives towards the assumption that LRV-type unpressurized rovers would come on a later Artemis
mission. Given NASA enthusiasm for pressurized rovers,2 it might be suspected that LRV-type systems will not be
needed at all in the Artemis program architecture.

This, however, would be a mistake. A pressurized rover would mass 4-6 metric tons, requiring a dedicated mission
to deliver a rover with a mass of the same order of magnitude as a human cabin, assuming the use of an HLS lander for
the large mass. Use of a top-level cost estimating algorithm3 predicts a cost of approximately $3B for the development
and production of a single unit for a pressurized rover. Given the tight cost constraints of the Artemis program, it is
clear that a pressurized rover would not be available until well into the sequence of human landings. Until that time,
Artemis crews would be restricted to explorations within safe walking range of their landers.

Nor is it clear that a pressurized rover is superior to an unpressurized rover in all circumstances. The benefit
of a pressurized rover, other than its ability to greatly extend the exploration range by supporting multi-day sorties,
is that the crew need not spend the day in a pressurized suit, but can “pop out” via a suitport for a brief surface
excursion whenever it seems useful. This concept was checked via an examination of Apollo experience with the
LRV, summarized in Figure 1. For the purpose of this brief analysis, it was assumed that egress or ingress via a
suitport would take 5-10 minutes, so it would be inefficient to egress if the planned surface interval was less than twice
that time (20 minutes), or to ingress to travel to the next site if the traverse time were likewise less than 20 minutes.
As shown in this figure, only a small fraction of the Apollo surface stops would have met this criteria for egress from a
pressurized rover. Indeed, NASA field tests with the Space Exploration Vehicle (SEV) prototypes evolved to provide
an external driving station to allow short traverses with the crew in their suits but docked to the suitports, thereby using
the SEV somewhat like an unpressurized rover for extended periods.

The Apollo LRV represents an existence proof for a small, lightweight rover carried with the crew to the lunar
surface. However, it is difficult to make intelligent plans for such a vehicle in the absence of any information on the
potential cargo mass and volume limits for the as-yet-unselected human landing system. However, there is another
alternative: the Commercial Lunar Payload Services (CLPS) program and its planned set of small cargo transports
for lunar surface delivery. One of the larger planned systems, the Astrobotics Griffin lander, is designed for a landed
payload mass of 475 kg,4 more than enough for the 210 kg Apollo LRV.

While it is conceptually possible to rebuild an Apollo LRV and use it for early Artemis missions, it would be a
mistake to do so. The LRV was designed solely as a human-operated vehicle, and would require astronauts on site
to unload and drive it. This would miss valuable new opportunities, such as using the rover to survey the planned
landing site to select a specific landing target location, or to allow science teams to more accurately map out the
highest priority exploration targets for the Artemis crew. A rover with autonomy and/or Earth control modes would
also allow extended exploration after the completion of the human mission.

Once we have committed to the concept of developing a new unpressurized rover, another augmentation of capa-
bilities is reached with a simple concept: don’t send one rover, send two. Specifically, replace the two-person design
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Figure 1. Apollo LRV EVA correlation of duration of LRV traverse plotted against subsequent duration of surface activities. Red: travel
duration less than 20 minutes; yellow: surface duration less than 20 minutes; green: travel greater than 20 minutes followed by surface
duration greater than 20 minutes. It is argued that only the green cases would be well served by a pressurized rover.

of the LRV with two single-person rovers. While LRV increased the range of human exploration five-fold, all EVA
planning was based on the imperative of the walkback criterion: the crew would never be allowed to be farther away
from the lander than they had sufficient consumables in their portable life support systems to allow them to walk back
and ingress with a safety margin. This mandated sortie plans which started with the longest traverse at the beginning
of the EVA, and continual driving back towards the lander as the sortie progressed. As life support consumables were
expended, the allowable distance from the lander decreased steadily. This caused several instances on Apollo where
the crew was ordered to leave scientifically interesting sites to head closer to the LM to stay within walkback con-
straints. It also limited the maximum distance the crew would be allowed to travel from the lander to the 7.6 km from
Apollo 17, although more recent testing has indicated that 10 km would probably be a feasible limit for walkback.5

The walkback limitation would be reduced or eliminated with the provision of two rovers, each intended for one
rider nominally but capable of carrying two crew in a contingency. In this case, failure of a rover would result in
both EVA crew riding the functional unit back to the lander or habitat, allowing travel times 1/2-1/4 those of walking
depending on the specific terrain, with much lower physiological workloads (and required life support consumables).
The capability for autonomy or ground control would further increase crew safety, allowing an incapacitated EVA
crew to ride a functional rover back to the lander without actively controlling the vehicle locally.

Based on this argument, the University of Maryland started a program to examine the feasibility of a single-person
lunar rover design capable of being delivered as a pair on a single CLPS lander prior to the first Artemis human landing,
and available to the initial crew throughout their surface stay, while operating under a combination of autonomy and
ground control before and after the human mission. This formed the basis of a successful proposal to the NASA
Moon-to-Mars X-Hab program, which has supported the project to date.

III. Requirements Development

To begin the design process, a set of Level 1 requirements for the rover was established. Like all good academic
projects, this one was designed to satisfy more than one requirement. The Level 1 requirements were established for
a lunar rover that meets the goal of two functional rovers on a CLPS lander. However, there was always the intent to
develop a physical version of the design for Earth analog testing, with necessary modifications to the lunar design to
make it functional on Earth. Initial design efforts would form the core of the Fall 2020 graduate class in Planetary
Surface Robotics in the University of Maryland Department of Aerospace Engineering, which would also provide
a series of point designs to lead into the Earth analog rover development process. Bearing all of that in mind, the
following set of Level 1 requirements was created for the lunar rover designs.

1. Rover shall have a maximum operating speed of at least 4 m/sec on level, flat terrain – This corresponds to 14.4
kph, based on the published LRV top speed of 13 kph, although the LRV Operations Handbook6 states that the
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LRV is “uncontrollable” above 10 kph (2.8 m/sec).

2. Rover shall be designed to accommodate a 0.3 m obstacle at minimal velocity – This sets a minimum ground
clearance of 30 cm, comparable to the 35 cm ground clearance for the LRV.

3. Rover shall be designed to accommodate a 0.1 m obstacle at a velocity of 2.5 m/sec – This was deemed a
reasonable value for an obstacle which could be safely driven over at a nominal cruise speed.

4. Rover shall be designed to safely accommodate a 20° slope in any direction at a speed of at least 1 m/sec and
including the ability to start and stop – The Lunar Exploration Science Working Group study of 1995 found
that, for general access to anywhere on the moon, rovers should be capable of ascending and descending a
25° slope. This did not look at the dynamics of locomotion, including the interactions of slopes with turning
and acceleration limits, or the increasing difficulty of specifying motors and gearing for peak slopes while
accommodating desired maximum velocities. Since even younger craters with steeper wall slopes usually have
one or more ingress/egress routes with more limited slopes, the decision was made to adopt 20° as the maximum
slope including a worst-case turn and/or acceleration profile.

5. The rover shall have a nominal sortie range of 54 km at an average speed of 2.5 m/sec – This is six hours of
constant driving on level terrain at 2.5 m/sec. On the basis of kinetic energy, it also equals 2.4 hours of driving
at the peak speed of 4 m/sec, with a total traverse distance of 34 km. This provides a significant energy margin
for sorties involving maximal slopes over extended distances.

6. Rover shall be capable of carrying one 170 kg EVA crew and 80 kg of assorted payload in nominal conditions –
The nominal mass of the EVA crew was based on an 80 kg astronaut and a 90 kg spacesuit/life support system.
The 80 kg of additional payload was allocated for tools, science instruments, and samples.

7. Payload may be modeled as a 0.25 m3 box – This was a minimal constraint to ensure that there was some space
on the rover deck for payload other than the crew.

8. Rover shall be capable of also carrying a second 170 kg EVA crew in a contingency situation. Payload may be
jettisoned if design permits – Required for the redundancy element of the twin-rover architecture. Jettisoning
the nominal payload was left as an additional accommodation for the designers.

9. Rover design shall incorporate roll-over protection for the crew and all required ingress/egress aids and crew
restraints – This was not present on the Apollo LRV nor on most Earth analog rover systems. It would seem to
be a good precaution for crew safety, and the presence of a second rover should provide options for righting an
overturned rover not feasible based on crew strength alone.

10. A nominal sortie shall be at least eight hours long – This is based on the fact that later Apollo surface EVAs
were six hours or slightly more, and that the HLS requirement document7 cites a standard EVA duration of
“6±2” hours. The intent was to ensure that the rover would not be the critical item in allowable sortie duration.

11. Two rovers must be launched on a single CLPS lander – Fundamental to the concept, assuming that the addi-
tional capabilities of a more massive rover would not be sufficient to justify doubling the cost by delivering two
rovers to the surface via individual CLPS missions.

12. A single rover shall mass ≤250 kg – This was based on the understanding that the Astrobotics Griffin rover
had a 500 kg payload limit, although no specific information was available at the time. Since the creation of
these requirements Astrobotics has announced that the Griffin payload limit is 475 kg,4 so the actual mass limit
should be 237 kg, or 166 kg to leave a 30% mass margin for this preliminary design.

13. Rovers shall be developed in time to be used on the first Artemis landing mission – This is an unknowable
constraint at present, but an assumption of 2026 would probably be appropriate.

14. Rover shall be capable of operating indefinitely without crew present – Due to the desire to operate extensively
in the Artemis exploration site both before and after the crewed mission, the rovers must have the capability to
recharge in situ.

15. Rover shall be be capable of being controlled directly, remotely, or automated – This is fundamental to the
utility of the rover outside of the crewed mission. It is expected that a combination of teleoperation and ground-
supervised autonomy will be the standard operating procedure for uncrewed activities.
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16. Rover shall be capable of following an astronaut, following an astronaut’s path, or autonomous path planning
between waypoints – Given the nominal operation as a dedicated transport for an individual EVA crew, it makes
sense that it may be beneficial to have the rover safely follow the user on an extended traverse on foot to be
available for tool exchange or sample curation, as well as eliminating the need for the crew to retrace steps to
return to the original parking spot.

17. Rover shall be capable of operating during any portion of the lunar day/night cycle and at any latitude – This
was intended to not preclude the use of the rovers on any particular Artemis mission, regardless of landing
site or duration. It should be emphasized that this refers to actual operations; for example, the rover shall be
equipped with lighting for driving in lunar night, but is not expected to recharge in the absence of dedicated
power supplies during the nighttime.

IV. ENAE788X Point Designs

The Fall 2020 graduate class in Planetary Surface Robotics was given the set of requirements above for a term
design project. Four teams of from 2-4 students independently developed designs to meet the requirements, using
the analytical tools taught in the class throughout the term. The designs were directed to focus on the mobility
aspects, including terramechanics (wheel/soil interactions), weight transfer over obstacles, static and dynamic stability,
steering, suspension design, motor and gearbox specification, and related trade studies. The teams also examined
placement of the EVA crew and payload and instrumentation for autonomous navigation.

The final designs of the four teams are shown in Figure 2. As a result of trade studies, largely driven by the tight
constraint on system mass, all four team chose a four-wheel design over alternatives with larger numbers of wheels.
All of the designs used hub-mounted motors and gearboxes in each wheel, and some form of independent suspension.
All four designs used a tandem arrangement for carrying two EVA crew in a contingency, with the second crew sitting
back-to-back with the driver. Two used independent active wheel steering; one used independent front and rear rack-
and-pinion Ackermann steering; and one used skid-steering. Protogonus incorporated the ability to extend the rear
wheels and articulate them vertically to increase the stability margin when climbing or descending slopes, and to
increase rear deck area to allow carriage of the second EVA crew. SCAMP independently articulated each wheel on a
rotating link to allow control of deck angle in both pitch and roll, which both increased stability margins in both axes
on slopes and allowed the rover deck to remain horizontal (and the crew upright) throughout all specified terrains.

Figure 2. Design studies from ENAE 788X – upper left: ROCI; upper right: Courage; lower left: Protogonus; lower right: SCAMP
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V. VERTEX

A. Design Overview

With the completion of the ENAE 788X point designs, the UMd Space Systems Laboratory (SSL) team started the
detail design for a rover capable of supporting the first Artemis crewed lunar landing mission with two single-person
rovers predeployed using a single CLPS lander. To denote this phase of the development effort, this system was named
the Vehicle for Extraterrestrial Research, Transport, and EXploration, or VERTEX. Although the VERTEX design was
drawn from the previous lunar designs, VERTEX was to be developed for Earth analog field tests, and was modified
as necessary for that environment and mission.

The VERTEX development process started with the detailed examination of the four ENAE 788X point designs
and the extraction of design concepts for synthesis into a next-generation design. In addition, a number of requirements
were modified or added, as will be discussed in this section. The first added requirement was that in operating mode,
VERTEX must have a maximum width less than 150 cm and a maximum length less than 240 cm. In field operations,
the rover needs to be easily transported with minimal reconfiguration. Keeping the outer dimensions to less than 5 ft
by 8 ft allows it to be driven into a rental panel truck for transport or safekeeping overnight. As it turns out, these
dimensional constraints also work well to keep the rover sized such that two can fit on a Griffin CLPS lander deck.

Figure 3. VERTEX design in perspective
Figure 4. Three-view of VERTEX (Apollo LRV in background for
scale)

Based on reviews of the four point designs, a number of design decisions were made by the team. In order to keep
the rover as small and lightweight as possible, a four-wheeled design would be maintained. The wheels would be

Figure 5. Two VERTEX vehicles on outline of As-
trobotics Griffin lander payload deck

independently suspended and steered to maximize mobility and min-
imize the effects of unimproved surfaces on ride quality. To enhance
stability, the independent articulation via wheel linkages originated
on the SCAMP design would be adopted, allowing the deck to re-
main level in most terrains and especially increasing stability when
the center of gravity is high.

The final design of VERTEX is shown in Figure 3. The rover
as shown is equipped with commercial off-road pneumatic tires for
Earth analog operations; while a design and scale prototype exists for
lightweight spring-steel wheels with grousers for flight applications,
those wheels would be too destructive of the terrain to use them in
sensitive Earth environments. Figure 4 presents a three-view dia-
gram of VERTEX superimposed on the Apollo LRV for scale. While
the overall wheelbase and vehicle width are driven by the stability
requirements, the Earth analog prototype of VERTEX is also driven
by the requirement to fit into rental panel trucks in its operating con-
figuration for ease of field testing. As detailed below, VERTEX has
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independently controlled positioning of the rotational link holding each wheel, allowing the maintenance of a level
deck angle on slopes up to its 20° design limit. The wheel links also connect to tuned spring-damper systems for
passive ride smoothing for the driver and payloads.

While Astrobotics has not yet published a user’s guide to the Griffin CLPS lander, their current website lists a
maximum payload diameter of 4.5 m and mass of 475 kg. Figure 5 shows a notional configuration of two VERTEX
landers in a ready-to-drive configuration on the Griffin payload deck with room to spare. The ability to launch the
VERTEX landers without the need to deploy or assemble after landing greatly simplifies their initial operational
availability, and ensures they can be unloaded from the lander without crew aid and are thereby available for landing
site surveys and preliminary science exploration prior to the arrival of the Artemis crew.

B. Terramechanics

Wheel-soil interaction analyses based on Bekker’s terramechanics model for both a lunar rover and an Earth
analog system were the primary contributor to the selection of the wheel diameter and width. The main metrics that
were compared were the drawbar pull (DBP), required motor torque, and required drive power, with these properties
varying as a function of wheel diameter, wheel width, number of wheels, slip ratio, and grouser height. The number of
grousers was determined for each combination of wheel diameter and grouser length such that each grouser enters into
undisturbed soil. The final wheel design from the analysis was then selected by a trade-off between motor torque/power
requirements and available DBP. Torque graphs from a subspace of the full tradespace focusing on a 4-wheel design
on a 20 degree slope are shown in Figures 6-7. The wheels in these graphs all have 0.06 meter grousers, and a slip
ratio of 0.5 was used. Additionally, as can be seen in Figure 8, the wheel sizing on the Moon has much less impact
on the required torque compared to driving on Earth, thus the Earth-based terramechanics analysis formed the main
wheel sizing requirements in order to meet the system requirements. For the power, the highest required continuous
power occurs on flat terrain due to the higher velocity requirement, thus this portion of the tradespace showing the
power on flat terrain can be seen in Figure 9, and it displays the same trend as in Figure 8 with regard to the impact of
gravity level.

Figure 6. Required torques for various wheel sizes in Lunar
conditions

Figure 7. Required torques for various wheel sizes in Earth condi-
tions

Based on the Earth terramechanics analysis, a 32” 215/85R16 tire (≈0.8 m diameter and ≈0.2 m width) was
selected for the Earth analog rover, as these dimensions result in both positive DBP under all operational conditions and
also are commercially available without additional manufacturing requirements. As a result, the required continuous
torque on Earth is ≈160 Nm per wheel for flat terrain, with a torque requirement of 290 Nm per wheel for navigating
20 degree slopes. Additionally, the analysis indicates that peak torques of up to 500 Nm may be encountered for
short durations. The minimum motor power requirement per wheel is ≈1.6 kW, or 2 kW with 25% margin. By
comparison, for this size wheel on a Lunar rover, the minimum torque requirement is ≈48 Nm and the minimum
power requirement is ≈260 W. However, since the soil properties, and thus the terramechanics analysis, for an Earth
system have an extreme degree of variation in the types of soils encountered, the Earth analog analysis shown uses
worst-case soil properties and is thus highly conservative. It is also important to note that, in general, Bekker’s
model is also conservative and tends to under-predict DBP and thus over-predict required torque and power. Thus,
it is anticipated that the rover will require lower torque and power than this analysis indicates under most use cases.
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Figure 8. Required torques for various wheel sizes in both Lunar
and Earth conditions on 20 degree slopes

Figure 9. Required power for various wheel sizes in both Lunar
and Earth conditions on flat terrain

Testing of the wheel/motor/gearing system prior to vehicle assembly is planned to validate the numbers calculated by
the terramechanics model.

C. Drive Systems

Figure 10. Wheel-Motor Stack Diagram. A) Wheel attachment via tapered
roller bearing, B) Gearbox, C) Motor, D) Brake and encoder housing

To be capable of a maximum speed of 4 m/sec
over open terrain, the terramechanics calculations
show that the rover would require a constant torque
of 160 Nm at each wheel, and 290 Nm at each
wheel is required in order to scale 20° slopes at
1 m/s. Additionally, the rover will require 500 Nm
of peak torque momentarily. With the 0.8 m di-
ameter wheels chosen above, 4 m/sec travel speed
requires ≈95 RPM and a minimum motor power
output of about 2 kW continuous per wheel (with
the 25% margin). A wide variety of motors were
considered, but few were able to meet the drive
and programmatic requirements. Most DC motors
were not able to produce the required power con-
tinuously while having a high enough RPM to al-
low for 4 m/sec travel without being prohibitively massive. AC motors required high voltage (400 Vac+) and were
considered unsafe for student use while also requiring the added mass of an on-board inverter. Hydraulic motors
were considered for their high torque output, but they were decided against due to safety considerations regarding the
necessary high-pressure fluid lines (1200-3000 psi).

Furthermore, drive system selection was complicated by the structural strength of typical gearboxes: most could
not continuously output 290 Nm and 95 RPM without exceeding 25 kg each. Ultimately Magmotor’s 90V BFA42-2E-
300FBE paired with Harmonic Drive’s highly efficient HPG-32A-33-BL3-D-F0 33:1 planetary gearbox were selected
as the final system, providing acceptable drive characteristics including 3.8 m/s travel speed, and repeated torque
capacity of 330 Nm and momentary peak up to 600 Nm (Figure 10). The speed reduction of 0.2 m/s was deemed
acceptable as other system designs severely increased mass (≥ 80 kg) and volumetric properties. The motors were
also specified to include an encoder and dynamic braking systems.

D. Suspension and Steering

The ability of VERTEX to independently adjust the articulation of each wheel in reference to the body manifests
itself in three independent systems connected in series. The most obvious of these controls the angle of each tubular
link connecting the wheel assembly to the chassis body via a pinned linear actuator. This system allows for the arm
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links to pivot upwards from body level 50° and downwards 10° to allow for a total displacement of 60° accommodating
up to 30° slopes. The greater biasing of the adjustment arc in the ”upwards” direction helps compensate for the over-
wheel steering system displacing the attachment point vertically from the wheel spin axis, and the flat terrain driving
position of the rover such that the wheel center is in-line with mid-chassis requires roughly 35° of upward travel.

Figure 11. Side view of VERTEX with wheels configured for traveling
up/down slopes

Figure 12. Front view of VERTEX with wheels
configured for traveling cross slopes

The over-wheel steering system was implemented due to its historical reliability in projects like Chariot, Centaur,
and Curiosity. Determining required torque values for the steering actuator became a less concrete study than desired,
and simply utilizing an excessively sized manipulator caused too great concern in both mass and power draw. Thus,
a set of nominal design guidelines needed to be created, and field testing for verification and adjustment of these
parameters is planned. Major contributing factors to the steering moment included friction scrubbing of the wheel
contact patch, bulldozing efforts from the sides of each wheel, and any offset of the steering axis from the wheel patch
centroid. This analysis assumes the steering axis is directly in line, and further study of the caster and camber angle
adjustments will be performed in testing. In Equations 1-4, the calculations of the required steering torques are shown.
Here, P is the pressure under the wheel, A is the contact patch area, Ww is the weight of the rover on an individual
wheel, b is the width of the wheel and assumed to be the contact patch diameter, µ is the friction coefficient, and τ is
the steering torque.

P =
Ww

A
=

Ww

π( b
2 )

2
=

4Ww

πb2 (1)

dτ = rPµrdrdθ (2)

τ = Pµ

∫ b
2

0

∫ 2π

0
r2drdθ (3)

τ = µ
Wwb

3
(4)

Nominal steering torques required for each wheel are estimated to be approximately 100Nm or 75ft-lbs fully loaded
and with some margin on Earth sand or other loose soils. Current designs for steering system follow a traditional
brushless DC motor and Harmonic Drive pairing with an expected torque capacity in excess of 300 Nm for short
duration, and closer to 200 Nm during nominal operating conditions. Future testing is planned to verify and, if
necessary, adjust these parameters, and design alteration paths are being planned to better adjust to these results.

The large positional changes of each wheel during pitch and roll control motions create a non-constant caster angle
issue. Most vehicles are designed to maintain a positive caster angle for inherent straight-line stability, especially at
higher speeds, but VERTEX’s over-wheel design dictates the steering axis moves with the caster angle. Climbing large
slopes can see changes in excess of ±20° of inadvertent caster adjustment depending on the initial caster angle setting,
consequently creating a large inefficiency in the steering system. Two approaches were considered in minimizing
these effects, the first of which integrated a four-bar linkage replacement for the singular wheel linkages. This solution
reduced the maximum caster angle generated to +/-6° while simultaneously increasing stowed volume by ≈25%, an
inappropriate opportunity cost for a lunar-analogue payload. Therefore, an adjustment pivot mechanism to compensate
for the caster effects was designed and coincidentally directly adjusts wheel camber when all steering motors turned
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Figure 13. VERTEX’s manual caster ad-
justment mechanism

90° in a crab-driving configuration. This effort provides future research oppor-
tunities to gain detailed insight into the steering and driving characteristic vari-
ances across these two variables, and future improvements to the system could
include motorization and integration of a closed loop system to automatically
maintain stability in any configuration.

Attached to the linear actuator is a pivot transferring motion into a spring
damper system, effectively creating an elastic linear actuator. The rover mass
by requirement definition is subject to increasing by 420 kg from empty, having
the potential to drastically adjust optimal spring and damping rates for testing
situations. To relieve the compromise in choosing singular spring and damping
values, adjustable automotive coil-over suspension was chosen for its ability to
change pertinent values such as rebound, compression, and spring rates during
field testing with only hand tools and the common availability of design recommendations from previous off-road
testing.

E. Chassis Design

The VERTEX chassis design requirements mainly focused in the areas of strength, system support, and ease of
field repair. The balance between strength and mass of the chassis led the design path away from SSL’s history of 80/20
structures and ultimately to a combination ladder and space-frame style 4130 Chrome-Moly welded assembly. This
hollow square tubing is of the most commonly available across the United States, aiding contingency remote repair
operations, and traditional chassis design strategies provide helpful design guidelines for this Earth analog system. The
chassis additionally has the capability of easily including steel mounting plates or other hardware mounting systems
(e.g. rivets) for any systems integration needs. The nominal chassis is shown in Figure 14, and examples of the FEA
analysis completed for each iteration is shown in Figure 15.

Figure 14. VERTEX Chassis design isometric Figure 15. Finite Element Analysis example for chassis design

The chassis was designed to withstand three main contingencies: 1) front/rear impact, 2) corner rollover, and 3)
bending and torsion resulting from uneven loading. Deformation areas were designed in the front and rear to allow for
deformation in extreme cases for impact protection while being trivial to repair in such a case. The vertical protrusions
on either side of the chassis provide attachment points for the linear actuators supporting the active pitch and roll
system as well as all suspension components and future roll cage attachment points. A detachable suspension structure
crossbar, as seen notionally in Figure 16, will turn the chassis structure into a full roll cage for astronaut protection,
and will also serve as a mount for cameras, antennas, navigation sensors, and science instruments; incorporating it in
the final design will increase the stiffness of the vertical chassis sections. For situations such as autonomous operations
the roll cage may not be necessary, and a set of stiffening bars to support these areas while maintaining areas of useful
enclosed volume is also under development as an alternative.
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F. Energy Storage, Power Management, and Electronics

Figure 16. VERTEX chassis upper crossbar for sensor mounting and
to complete full roll cage

The flight version of VERTEX has a power system
sized for a six-hour EVA of which 40% is spent driving
at an average velocity of 2.5 m/sec. This gives a nominal
traverse distance of 21.6 km, on a battery pack of 6.5
kWhrs. The required “keep-alive” power for quiescent
periods is 90 W, so the rover can survive 72 hours of
darkness. Longer dark periods will require a connection
to an external power source.

The VERTEX prototype’s electrical system is de-
signed to leverage facilities commonly found on Earth,
while remaining faithful to the capabilities of a flight
system. However, for budgetary and development time
reasons, several features of the rover have been removed
or modified. The main requirement reductions were that
self charging was removed due to cost and the Earth
testbed nature not requiring it, and also the maximum
range was reduced due to the infeasible weight and cost of batteries capable of meeting this requirement. The power
system was then modeled after commercially available electric vehicles, which enables the use of commercial off-the
shelf (COTS) parts, and allows for the usage of EV chargers. The usage of COTS parts keeps cost and development
time low, and adds a considerable amount of safety to the system, as the lab does not have to design kilowatt-capable
high voltage equipment. The main power source is a rechargeable LiFeMnPO4 battery with 100Ah at 100V nominal
output, with a total energy storage capacity of 10 kWhrs.

System charging is possible via two methods: Fast 1-hour charging via a level 2 EV charger, and a backup 14-hour
charge through a conventional 120V, 15A household receptacle. The ability of the system to fast charge at 10KW
enables an accelerated test schedule, where morning and afternoon sorties are separated by a 1-2 hour “lunch” period
where the rover and operators replenish their respective energy storage systems. If the system lacked the fast-charge
capability, the 200lb battery would have to be removed and replaced with a fully charged battery during such a test
schedule. The difficulty of performing this process in the field in unimproved terrain, the safety considerations of
handling the 100V pack, and the budgetary considerations of acquiring a second pack made the battery replacement
system an infeasible design choice.

G. Crew Interfaces

A design issue still in the preliminary phase is that of crew interfaces; that is, how the crew will ingress and egress,
where and how they will be seated and secured, and what interfaces will be used to command the rover and to receive
data back from it. One of the lessons learned from the Apollo LRV is that sitting down is not easy in a pressurized suit,
even one like the A7L-B which was modified to facilitate it. For the Chariot rover prototype, NASA chose a standing
position for the two EVA crew, but this is not feasible in a vehicle as small and lightweight as VERTEX. A number
of innovative concepts have been put forward, such as semi-prone seating, which are planned to be investigated using
suit simulators at lunar and Mars gravity in the UMd Neutral Buoyancy Research Facility, but the current default plan
is to use a conventional seat with accommodations for the suit backpack located on the deck of the rover. The roll cage
will provide mounting locations for ingress/egress aids, along with a pull-down restraint bar for securing the driver
in the seat. Tests with the VERTEX prototype will investigate the feasibility of using the movable chassis to enable
ingress and egress, or whether a deployable step would be preferable. Driving commands will be issued with a sidearm
controller similar to that used for the LRV, capable of changing speeds, braking, and steering to both sides. Displays
for vehicle status, driving parameters such as speed and direction, and navigational information will be presented to
the driver via the head-mounted display8 in the MX-D spacesuit simulator.9

VI. Status and Future Plans

With the detailed design process nearly complete, the SSL team is moving into the fabrication and testing phase of
VERTEX. Long-lead parts, such as motors and gearing for the wheel drives, are on order, and work will begin shortly
on the fabrication of the chassis.

During this shift between mission phases, a parallel effort has been initiated to mitigate the risks for some of the
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critical areas which were not unambiguously resolved during the design analysis, such as the correct values for wheel
steering torque and how that is affected by castor and camber angles. SSL is beginning the design and construction of a
single-wheel test track that will be used to verify drawbar pull projections from terramechanics studies, and to conduct
research on how caster angle and camber angle affect steering forces. If these wheel angles are found to significantly
affect the wheel’s steering or traction, future plans include mechanizing the wheel-linkage joint for adjusting the wheel
angle depending on slope or terrain. During the physical build activities for the VERTEX chassis, the electronics and
power systems will be integrated onto RAVEN, an earlier SSL rover, for extensive testing. Autonomous control
functions are being implemented on an RMP-440LE commercial four-wheel skid-steer mobility platform as a third
parallel development testbed.

Recently, it has become clear that the crew mass estimates of requirements 6 and 8, based on Apollo and Shuttle
EMUs, are far below the figures currently being used for Artemis, which allocates 187 kg for the mass on one xEMU.7

Combined with the 99 kg mass of a 95th percentile astronaut, the proper allocation for each suited crew would be
286 kg rather than 170. While these numbers are likely to change with further xEMU development and will not affect
the design or operation of the analog field version of VERTEX, the team will investigate any redesign necessary to
accommodate this much greater crew mass for the flight design.

With the completion of VERTEX, initial testing will occur locally to the University of Maryland for simplicity and
access to any necessary test equipment or spares. This testing will be used to measure VERTEX performance against
the design guidelines, and to ensure reliable functionality in all operating modes. Initial field testing of VERTEX
is scheduled to occur in September, 2021, at the Lava Beds National Monument in California in conjunction with
the GEODES SSERVI science team investigations. VERTEX is also scheduled to be outfitted with simulated EVA
life support systems and robotic umbilical handling system for field tests of the SSL BioBot concept under the NASA
Innovative Advanced Concepts (NIAC) Phase 2 project currently underway at the University of Maryland. This project
is planned to culminate with a test/demonstration in the “Rockyard” facility at the NASA Johnson Space Center in
2022.
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