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Chapter 14
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14.1 Introduction

Mars missions to date have interrogated the planet at very large scales using or-
bital platforms or at very small scales intensively studying relatively small patches
of terrain. In order to facilitate discovery and eventual utilization of Martian re-
sources for future missions, a strategy that will bridge these scales and allow as-
sessment of large areas of Mars in pursuit of a resource base will be essential.
Long-range surveys of in-situ resources on the surface of Mars could be readily
accomplished with a fleet of Tumbleweeds - vehicles capable of using the readily
available Martian wind to traverse the surface of Mars with minimal power, while
optimizing their capabilities to perform a variety of measurements over relatively
large swaths of terrain. These low-cost vehicles fill the niche between orbital re-
connaissance and landed rovers, which are capable of much more localized study.
Fleets of Tumbleweed vehicles could be used to conduct long-range, randomized
surveys with simple, low-cost instrumentation functionally equivalent to conven-
tional coordinate grid sampling. Gradients of many potential volatile resources
(e.g. H,O, CH,, etc.) will also tend to follow wind-borne trajectories thus making
the mobility mode of the vehicles well matched to the possible target resources.
These vehicles can be suitably instrumented for surface and near-surface interro-
gation and released to roam for the duration of a season or longer, possibly on the
residual ice cap or anywhere orbital surveillance indicates that usable resources
may exist. Specific instrument selections can service the exact exploration goals
of particular survey missions. Many of the desired instruments for resource dis-
covery are currently under development for in-situ applications, but have not yet
been miniaturized to the point where they can be integrated into Tumbleweeds. It
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is anticipated that within a few years, instruments such as gas chromatograph mass
spectrometers (GC-MS) and ground-penetrating radar (GPR) will be deployable
on Tumbleweed vehicles. The wind-driven strategy conforms to potential natural
gradients of moisture and potentially relevant resource gases that also respond to
wind vectors. This approach is also useful for characterizing other resources and
performing a variety of basic science missions. Inflatable and deployable struc-
ture Tumbleweeds are wind-propelled long-range vehicles based on well-
developed and field tested technology (Antol et al., 2005; Behar et al., 2004;
Carsey et al., 2004; Jones and Yavrouian, 1997; Wilson et al., 2008). Different
Tumbleweed configurations can provide the capability to operate in varying ter-
rains and accommodate a wide range of instrument packages making them suit-
able for autonomous surveys for in-situ natural resources. Tumbleweeds are
lightweight and relatively inexpensive, making them very attractive for multiple
deployments or piggybacking on larger missions.

14.2 History and Development of Tumbleweed Vehicles

Tumbleweeds are large, lightweight, spherically shaped wind-propelled vehicles
that can enable exploration of vast areas of Mars. A variety of vehicles referred to
as Tumbleweeds and inspired by the Russian thistle (Salsola tragus) have been in-
vestigated by numerous groups of investigators. Jacques Blamont of NASA’s Jet
Propulsion Laboratory (JPL) and the University of Paris originally conceived the
first known Mars wind-blown ball in 1977, shortly after the Mars Viking Landers
discovered that Mars has a thin CO, atmosphere with relatively strong winds
(Blamont, 1977). Blamont’s “Mars Balls” were conceived as relatively large, 3-
to 10-meter diameter inflatable balls that could carry payloads, of 20-30 kg for
distances of at least 100 km (Janes, 1989). These proposed balls could be pow-
ered either by the wind or powered and steered by an inner drive mechanism.

Fig. 14.1 Original 3-wheeled inflatable rover shown with inventor, Jack Jones, NASA Jet
Propulsion Laboratory (Jones et al., 1999).
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14.2.1 Inflatable Tumbleweeds

In 2000, Jack Jones of NASA JPL was testing a three-wheeled inflatable rover
(Fig. 14.1) in a windy sand dune area in California’s Mojave Desert when one of
the wheels broke off and took off over the sand dunes, while Jones’ crew chased
the ball with a dune buggy (Jones, 2001). The renegade 1.5 m diameter ball was
able to climb steep slopes, over large boulders, and through the jagged brush
without hesitation. This seemingly unlucky incident produced the inspiration for
the current Tumbleweed vehicle (Behar et al., 2004). JPL then went on to meas-
ure performance of a 1.5 m sphere in the Mojave Desert (Jones, 2001), which was
confirmed by theoretical analyses performed by the University of Southern Cali-
fornia (Wang et al., 2002). The inflatable Tumbleweed has since successfully
been tested in Greenland in 2003 and in Antarctica in 2004 (Fig. 14.2). The latest
version of the rover was deployed in Greenland in May 2004, where it autono-
mously traveled more than 200 km across an ice sheet during a 4-day period.
Communicating via the Iridium satellite network, the vehicle successfully and re-
liably relayed live GPS, temperature, and pressure data to a ground station at JPL.
Modeling and testing have shown that an inflatable 6 meter diameter Tumble-
weed is capable of climbing 25° hills, traveling over 1 meter diameter boulders, and
ranging over a thousand kilometers of terrain (Wang et al., 2002). Tumbleweeds

Fig. 14.2 NASA JPL Tumbleweed test deployment in Antarctica in 2004. Image courtesy
Alberto Behar, NASA JPL.
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have a potential payload capability of about 10 kg and could potentially generate
10-20 W of power by means of using an internal kinetic energy production device
(Jones, 2009). Stopping for measurements can be accomplished using partial de-
flation or other braking mechanisms (Fig. 14.3). Carnegie Mellon University
(CMU) has also conducted empirical testing of the JPL inflatable concepts
(Apostolopoulous et al., 2003). The primary purpose of CMU's test was to

Fig. 14.3 An inflatable Tumbleweed can be stopped by partially deflating the ball and pull-
ing on one of the central payload tension cords to create the “Turtle mode.” This mode of
stopping also creates a collection chamber for gas measurements (Jones, 2001).
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characterize the rolling resistance, drive torque, drive power and tire wear of a
single inflatable sphere, for use on the three-wheeled rover, which utilized the in-
flatable balls for wheels. A testbed apparatus was developed for these tests that
allowed variation of tire design, wheel speed/acceleration, tire pressure,
soil/obstacle properties and traverse length.

Inflatable Tumbleweeds have been tested by NASA JPL in Greenland and Ant-
arctica carrying a complete central payload consisting of batteries, infla-
tion/deflation pumps, communications, and a winch (similar to Fig. 14.4). The
winch can be used to pull on one or more of the central payload tension lines
while the ball deflates. This will create a “turtle” shape and allow the ball to stop,
forming a volume underneath that can be used to collect gases emanating from the
soil that might indicate hidden subsurface resources (Fig. 14.3). This chamber is
very conducive to the collection of gases because its volume to basal area ratio can
be very small, providing more rapid feedback to the concentration gradient driving
molecular diffusion across the surface (Livingston and Hutchinson, 1995).

14.2.1.1 Example of Tumbleweed Capability: Terrestrial Test Payload

The current terrestrial Tumbleweed payload is suspended at the center of the vehi-
cle (Fig. 14.4). The payload currently consists of a motherboard, a liquid crystal
display (LCD), a 900 MHz serial transmitter, an Iridium modem with integrated
global positioning system (GPS) receiver, an omni-directional Iridium antenna, an
active GPS antenna, a lithium battery pack, a pulse modulated voltage regulator
board, a Darlington transistor board, and an air pump. A composite flange with
pliable rubber gaskets attaches the air intake to the nylon bag. Similar flanges and
gaskets will be implemented on the skin to house the moisture-sensing units.

142.1.1.1  Ground Station

To facilitate the field-testing of Tumbleweed, as well as the long-range terrestrial
deployments, a highly functional, robust, and user-friendly ground station soft-
ware has been developed using LabVIEW (Virtual Instrument Engineering Work-
bench). The LabVIEW ground station software as written, allows for near real-
time data processing and distribution via the Internet.

14.2.1.1.2  Electronics Package

The motherboard consists of numerous components that serve to control Tumble-
weed, as well as take scientific data. Mounted on the board are two pressure
transducers (one for ambient pressure and the other for monitoring the mem-
brane’s internal pressure), a thermocouple (for recording ambient temperature),
three 2-axis accelerometers (to determine the orientation of the Tumbleweed at the
time of acquisition), and a real-time clock (for noting the time at which the read-
ings were made).

The heart of the rover’s electronics package is the Basic Stamp microcontroller,
which is also mounted on the motherboard. The microcontroller takes tempera-
ture, pressure, accelerometer, battery level, time, and position data once every
second. Every fifteen minutes, the microcontroller attempts to make a call with
the Iridium modem, which includes an integrated GPS receiver. If a connection is
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Fig. 14.4 A system diagram showing the inflatable Tumbleweed internal components.
Many of these components are part of Tumbleweeds that have been well tested in extreme
terrestrial environments by NASA JPL.

made, the Basic Stamp begins sending the stored strings of data. If the connection
is unsuccessful, the Stamp will try once more. If the second attempt is unsuccess-
ful, the Stamp will continue taking new data and wait fifteen minutes before mak-
ing the next attempt.

The power system of the Tumbleweed is designed to satisfy the electrical re-
quirements of six different subsystems currently used for housekeeping and gen-
eral measurements during polar testing. To handle the various power sources, a
pulse modulated voltage regulator is used to knock any voltage from 6 to 16 V
downto 5 V.

14.2.1.1.3  Batteries
The factors affecting battery choice are numerous and varied. The weight and
number of batteries are given special consideration in order to maintain a balanced
load in Tumbleweed such that it rolls along a preferred axis. The maximum
weight and number are also affected by the limitation placed on the position of the
batteries by the requirement that the modem antenna must remain centrally located
to ensure good signal quality. The modem itself experiences current spikes over 4
amps, a level that most batteries are not capable of providing.

Lithium batteries are the clear choice when it comes to power density, weight, and
operating temperature, however there are not many lithium batteries available able to
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handle the current spikes induced by the modem. Although the lithium batteries are
the same physical size as Ni-MH, they operate at more than twice the voltage.

14.2.1.1.4  Pumps

In the long-range deployment scenarios planned, Tumbleweed may experience a
significant change in altitude. If measures are not taken to counteract the loss of in-
ternal pressure occurring from altitude change, not to mention small leaks, the vehi-
cle could deflate to the point that it is no longer possible to roll, well before reaching
its final destination. To alleviate this problem, a small pump is included in the cen-
tral payload to actively inflate Tumbleweed during the course of its journey.

A second pump/valve system has been designed to actively inflate and deflate
the Tumbleweed membrane at a relatively high rate as a means of controlling its
speed, as well as providing a mechanism for stopping the vehicle. This system is
controlled via the onboard Stamp microcontroller and allows the user to command
Tumbleweed (via the ground station software) to travel at a certain speed. The
microcontroller then compares this desired speed with the actual speed determined
by the onboard navigation unit. If the actual speed is not within range of the de-
sired speed, Tumbleweed automatically adjusts its level of inflation (i.e. -- inflate
to speed up, deflate to slow down).

14.2.2 Deployable Structure Tumbleweeds

Tumbleweeds utilizing lightweight deployable structures to harness the wind for
mobility have been developed by NASA Langley Research Center (LaRC). LaRC
engineers were inspired by the Mars Pathfinder airbag landing system, which trav-
eled a significant distance across the surface of Mars (much farther than the
wheeled Sojourner rover ultimately would travel) before coming to a rest and de-
flating. Various methods were considered for maintaining the rolling motion, with
the Martian wind appearing to be the most promising (Antol et al., 2003). Lever-
aging LaRC’s expertise in lightweight structures, several notional concepts of
Tumbleweeds (Figs. 14.5 and 14.6) were defined with the goal of providing vehi-
cles with superior aerodynamic properties for capturing the wind (Antol, 2005).
The “Box Kite” concept uses fabric sails, similar to a kite, but with the sails at-
tached to spring hoops to provide increased rolling capability. The “Dandelion”
concept was biomimetically inspired with the objective of creating a branch struc-
ture similar to that of a Tumbleweed plant. However, the configuration evolved
into a symmetric array of legs extending from a spherical core and having pads at
the ends to prevent sinking into soft surfaces, thus resembling a dandelion more
than a Tumbleweed. A variation of the Dandelion that more closely resembles the
Tumbleweed plant is the “Eggbeater Dandelion,” which replaces the legs with
multiple curved struts resembling eggbeaters or whisks. The “Tumble-cup” con-
sists of open-ended cones around a spherical core to maximize aerodynamic sur-
face area while reducing rolling resistance. The open configurations of the de-
ployable structure Tumbleweed concepts have the additional advantage of
allowing unobstructed access to the environment for scientific instrumentation.
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Fig. 14.5 NASA LaRC Tumbleweed Concepts (left to right): Box kite, Dandelion, Egg-
beater, and Tumble-cup. Image courtesy NASA/AMA Inc.

Fig. 14.6 Artist depiction of NASA Langley Research Center Dandelion Tumbleweeds on
Mars. Image courtesy NASA/AMA Inc.

Preliminary analysis and wind tunnel testing of the LaRC notional concepts
(see Sect. 14.2.2.1) determined that the deployable structure Tumbleweeds require
a diameter of approximately 4-6 meters (m) with a mass of no more than 20 kg,
including subsystems and instruments, to capture the thin Martian atmosphere and
achieve mobility (Antol et al., 2005). The Box Kite Tumbleweed has emerged as
the most promising configuration because of its drag properties, packaging effi-
ciency, and open architecture that maximizes access to the environment for sen-
sors and instrumentation.

The first scale prototype of a deployable structure Tumbleweed, based on the
Box Kite concept, was developed by students from the North Carolina State Uni-
versity (NCSU) Department of Mechanical and Aerospace Engineering in coop-
eration with LaRC (Fig. 14.7). Known as the Tumbleweed Earth Demonstrator
(TED), the TED includes a central instrument core with temperature/pressure sen-
sors, accelerometers, a Global Positioning System (GPS) package, and a data
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Fig. 14.7 Tumbleweed Earth
Demonstrator designed and
fabricated by North Carolina
State University. Image cour-
tesy NCSU.

acquisition/communication system for collecting data during Earth-based field
tests of the concept (Hanrahan et al., 2003). NCSU has also developed a second
and third generation TED, employing them in field tests on a variety of terrain
(Wilson et al., 2008).

Based on preliminary analysis results and leveraging knowledge gained from
development of the NCSU TED, NASA LaRC constructed a prototype box kite
(Fig. 14.8) for demonstrating mission concepts and science measurement techniques
(Antol et al., 2006a). As with the NCSU TED, the LaRC Box Kite prototype has a
central core with sensors and a data acquisition/communication system. The primary

Fig. 14.8 NASA LaRC Box Kite
Tumbleweed Prototype.
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difference between the NCSU TED and the LaRC prototype is the use of titanium
rods in the hoop structures for reduced weight and durability.

The Texas Tech University (TTU) Department of Mechanical Engineering is
developing extremely lightweight, miniaturized, deployable structure Tumbleweed
concepts, which would permit large numbers to be carried as secondary payloads
on Mars missions. The TTU Tumbleweeds, with the configuration of a sector-
removed sphere (Fig. 14.9), would be approximately 12 inches in diameter and
have a mass less than a kilogram. Constructed of lightweight materials, the TTU
Tumbleweed could be covered with solar cells and have electronics and sensors
embedded in the structure (Rose et al., 2006).

Fig. 14.9 TTU Tumbleweed concept. Image courtesy TTU.

14.2.2.1 Test and Analysis

NASA LaRC, NCSU, TTU, and the Biorobotics Laboratory at Case Western
Reserve University (CWRU) have conducted extensive analysis and wind tunnel
testing of Tumbleweed concepts. Dynamic simulations have been developed to
investigate the potential mobility of Tumbleweed concepts in a Martian environ-
ment. Wind tunnel testing was conducted to obtain drag characteristic data on
the various Tumbleweed concepts for input to the dynamic simulations. Another
objective of the aerodynamics research is to determine which configurations
achieve the highest drag coefficient (Cy), using a simple, smooth sphere (~0.5) as
the baseline.

LaRC wind tunnel testing was conducted in the Basic Aerodynamics Research
Tunnel (BART). Multiple configurations of the Dandelion, Tumble-cup, and Egg-
beater Dandelion were tested in a free stream flow at the expected Reynolds num-
bers for the martian surface (Re = 50,000 — 125,000) (Fig. 14.10).

Analysis of the test data showed the majority of Tumbleweed configurations
exceeded the Cy of a sphere. The Box Kite displayed an angle of attack depend-
ency, with the C4 varying from 0.8 up to 1.2 depending on the model orientation.
The other concepts, which are symmetric in shape, were consistent across all an-
gles of attack. The Cy4 for the Tumble-cup and Dandelion models ranged from
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Fig. 14.10 NASA LaRC Dandelion, Box Kite, and Eggbeater Danelion in the Basic Aero-
dynamics Research Tunnel.

0.8 to 1.0, varying with the number of legs/cups employed, while the C, for the
Eggbeater Dandelion models ranged from 0.6 to 0.85. Several alternative configu-
rations of the Dandelion, equipped with cupped feet, performed no better than a
sphere (Antol et al., 2006b).

Testing was also conducted in the TTU Atmospheric Boundary Layer (ABL)
Wind Tunnel to study the surface boundary layer effects on the Tumbleweed drag
coefficients (Fig. 14.11). Several models, including the NASA LaRC Dandelion
and Tumble-cup, were fully submerged in a simulated Martian atmospheric bound-
ary layer based on a theoretical NASA model of a Mars surface wind boundary
layer. A comparison of the results with those from testing conducted in the free
stream reveals a uniform decrease in the drag coefficients between 6 and 16% in
the atmospheric boundary layer testing versus the free stream (Rose et al., 2006).

Fig. 14.11 NASA LaRC Tumble-cup model in Texas Tech University Atmospheric Bound-
ary Layer Tunnel. Image courtesy TTU.
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14.3 Tumbleweed Deployment

Launch and deployment of Tumbleweed vehicles promises to be simple and rela-
tively low-cost. A small number of Tumbleweeds could piggyback along with
other missions, or fleets of Tumbleweeds could be launched together and released
at one or multiple locations depending upon the coverage desired. Mobility of a
wind driven system is inversely proportional to mass and directly proportional to
atmospheric density and drag coefficients. To increase the system mobility, mass
should be minimized. Increasing the size of a Tumbleweed will increase the driv-
ing force from the wind, but increases the structural mass, which will limit the ad-
ditional mobility. Communication systems tend to need high levels of electric
power. Power systems tend to be heavy to begin with and increase in mass with
increased capacity. The preferred approach is to reduce the size and mass of sys-
tem components such as the structure, power and communication systems.

In order to quantify the potential mobility of deployed Tumbleweed vehicles,
NASA LaRC has examined the motion of various Tumbleweed designs over vari-
ous terrains (sand dunes, rocky desert, glacial ice, etc) to determine the optimal
size for instrument suites and anticipated topography (Antol et al., 2005). The
Mars Tumbleweed Monte Carlo Simulator is software that models the dynamics of
a vehicle interacting with the environment of Mars to provide a moderate fidelity,
end-to-end mission simulation (Flick and Toniolo, 2005). The software allows us-
ers to select value ranges for a series of parameters (e.g., mass properties, wind
model parameters, terrain properties, etc.), which define bounds on the simulation
environment. Random values are then assigned to each parameter during the
simulation for each Monte Carlo iteration based on these user-defined value
ranges. The purpose is to analyze closely related scenarios in order to identify
common behaviors or trends. Figure 14.12 shows the combined result of 2000
Monte Carlo simulations of dispersing Tumbleweeds 120 seconds after release
(assumptions: 5m radius, rigid-body Tumbleweed, constant wind velocity of 7
m/s, 1-2m rocks spaced approximately 10m apart in a randomized distribution
based on the Viking 1 landing site data). Approximately 890 Tumbleweeds stuck
between two rocks in the first 100m (major groupings of 380 at 0-20m, 280 stuck
at 80-100m). The Tumbleweeds would remain stuck until the wind shifts direc-
tion or the wind speed increases until the resultant force overcomes the resistance
to motion and the Tumbleweed rolls over the obstacles. Mars Pathfinder data
show a diurnal wind sweep of at least 180 degrees, so a stuck Tumbleweed can
become free within one Sol. Mars Pathfinder data also indicates that wind speed
cycles throughout a Sol with an average of approximately 7 m/s and peaks be-
tween 10 m/s and 15 m/s (seasonally dependent). The software can be enhanced
to use the most recent Mars environment models, including, but not be limited to
the Mars terrain (Mars Orbiter Laser Altimeter (MOLA) data), rock distribution
(Golombek and Rapp, 1997), wind direction/magnitude, boundary layer effects
(ARC Global Circulation Model (GCM)) (Haberle et al., 2003), and MSFC Mars
Global Reference Atmospheric Model 2001 (Justus et al., 2006).

LaRC also developed a 3 dimensional (3-D) Matlab/Simulink simulation using a
lumped mass dynamics model to study the rolling characteristics of the deployable
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Fig. 14.12 Monte Carlo simulation of Tumbleweed trajectories run for a total of 2000 rov-
ers, with diameter 5 m and mass of 20 kg mass.

structure Tumbleweed concepts. To refine the lumped mass dynamics model ap-
proach of the 3-D Simulation and to validate modeling assumptions, a series of
empirical tests were conducted at LaRC using photogrammetry techniques. Three
Tumbleweed concepts (a simple sphere, a Box Kite, and an Eggbeater Dandelion)
were modeled and rolled down a 24-foot plywood ramp and the rolling/bouncing
movement recorded using a 6-camera photogrammetry system. Cameras were lo-
cated to capture 6 degree-of-freedom (DOF) dynamics at start of motion, middle of
the ramp, and at the end of the ramp. Three-dimensional motion data was extracted
from the test data and used to refine the assumptions and validate the 3-D model.

A stochastic simulation of a group of Tumbleweeds interacting with obstacles
was developed by students of the CWRU Biorobotics lab. Mars Orbiter Laser Al-
timeter (MOLA) mission data was used to create the general topography of the mar-
tian surface. Valleys and other geological obstacles were simulated using a Gaus-
sian randomization of the entire surface with a standard deviation of twenty-five
degrees. The simulation also employed a group behavior algorithm with Tumble-
weed vehicles having limited capability for stopping/starting and steering. A mis-
sion scenario to explore Martian gullies, based upon the Dao Vallis topographical
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data, was analyzed to assess Tumbleweed mobility and group behavior capabilities.
An animation of the mission scenario also was created (Fig. 14.13) (Hoeg et al. 2006).

Fig. 14.13 Artist depiction of a group of Box Kite Tumbleweeds crossing a Martian pla-
teau. Image courtesy CWRU.

A preliminary assessment of navigation system options by NASA LaRC identi-
fied several possibilities for accurately determining the location of a Tumbleweed
rover on Mars, including: Doppler radiometric techniques using existing Mars or-
biting assets, odometry using Inertial Measurement Units (IMU), optical terrain
mapping, and optical celestial navigation (Antol, 2005). Dead-reckoning using an
IMU or optical position updates from terrain mapping could be used for instanta-
neous navigation, combined with radiometric techniques for regular position up-
dates. The recommended configuration is a Tumbleweed equipped with a Prox-
imity-1 radio with Doppler capability, a roll sensor, Micro-Electro-Mechanical
Systems (MEMS) accelerometers, a MEMS IMU (if the technology matures), and
6 MEMS Sun sensors. It is important to note that this recommendation imposes no
new Mars infrastructure; however, technology advancements may be needed in the
above components to meet Tumbleweed mass and power requirements.

14.4 Target In situ Resources

Since the potential resources of Mars have been discussed in detail in other chap-
ters in this book, we will briefly touch upon the resources that can potentially be
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surveyed using a fleet of Tumbleweed vehicles. It should also be noted that Tum-
bleweeds and their highly configurable payloads could perform a variety of basic
science missions. The most important resource for human habitation is arguably
water. A well-defined supply of water is deemed a necessity for a base that is ex-
pected to flourish and grow (Taylor, 2001). Tumbleweeds can survey for water in
two ways: surface mounted sensors and ground penetrating radar (GPR). Both
will be discussed in the following section on instrumentation. GPR in particular
will be capable of characterizing the location and abundance of near-surface wa-
ter, critical for locating a future Martian base (Jakosky and Zent, 1993). In addi-
tion to ice and underground aquifers, water may be present in the pore spaces of
clays and other hydrated minerals, making these materials potential important wa-
ter resources on Mars (Baker et al., 1993). Tumbleweeds outfitted as proposed be-
low would be capable of identifying areas of hydrothermal activity and thus de-
posits of hydrated minerals, such as those found in Nili Fossae by Mars Express
(Bibring et al., 2006; Poulet et al., 2005) and Mars Reconnaissance Orbiter (MRO)
(Mustard et al., 2008).

Hydrogen and oxygen (both likely derived from water) are key components in
the synthesis of fuels and propellants (Stoker et al., 1993), Tumbleweeds would
also be useful components in the search for quantities of water that will be needed
to fuel a base on Mars and provide transportation off the surface. Tumbleweeds
equipped with gas sensors could also be used to locate sources of methane plumes
observed on Mars in recent years (Krasnopolsky et al., 2004; Mumma et al.,
2009). These sources could be important for production of fuels and propellants.

Another of the future resources that human colonists will need to have on Mars
is soil for agricultural activities (McKay et al., 1993; Taylor, 2001). Ever since
Viking, there have been indications that the regolith contains montmorillonite (a
swelling clay) and other components that may make it difficult to use for agricul-
ture (Bibring et al., 2006; Poulet et al., 2005). Information about pH (seeking the
neutral soil), clay types, heavy metal contents, etc. would be target information
that would pertain to this goal. Both a multispectral imager and X-ray fluores-
cence spectrometer would allow Tumbleweeds to survey these properties of the
martian regolith (Marshall et al., 1997). These instruments would also be critical
to locating sources of nitrates and phosphates, which will be critical to the agricul-
tural enhancement of regolith local to a martian base (Stoker et al., 1993; Taylor,
2001). Tumbleweeds would also be well suited to survey for sulfur compounds,
which would be important for a variety of industrial processes that one would as-
sume to be important to a base on Mars.

Conversely, recognition of perchlorate (and possibly chlorate) as discovered re-
cently by the Phoenix mission (Hecht et al., 2008) would be important for two rea-
sons. Natural perchlorate on Earth is thought to be formed by photolytic processes
in the atmosphere (Ericksen, 1981). Similar processes produce nitrate. Thus, per-
chlorate could be a pathfinder for much larger nitrate deposits. Both of these ma-
terials are very soluble salts and can accumulate on the Earth’s surface in very arid
regions, like the Atacama Desert, where the average perchlorate forms less than
0.05% of nitrate deposits (Ericksen, 1983). While nitrate is a valuable fertilizer,
perchlorate and, to a much greater extent, chlorate, are herbicides. Concentrations
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of perchlorate of up to 0.8% have been reported in nitrate fertilizer from Chile
(Bohlke et al., 1997). Perchlorate is a powerful oxidant and could be a useful en-
ergy source in the same way as it is used in solid fuel rockets.

Tumbleweeds outfitted with similar instruments will also be useful for locating
resources of building materials. Aggregates, calcium-sulfates and carbonates are
all important materials for building infrastructure (Schmitt, 2004; Taylor, 2001).
Calcium-rich sulfates, most likely gypsum, have been observed in several locations
on Mars by OMEGA/Mars Express (Gendrin et al., 2005; Langevin et al., 2005).
Carbonates have recently been observed at the Phoenix lander site (Boynton et al.,
2009; Kounaves et al., 2009; Sutter et al., 2009). Even after a base is established,
Tumbleweeds may be used to survey for long-term resources such as ore-bodies,
sources of metals, organic compounds and extensive clay deposits. Tumbleweeds
will be particularly useful for long-range surveys for resources that require inten-
sive, global geological exploration suggested by Taylor, 2001: sedimentary depos-
its, hydrothermal deposits, and differentiated igneous provinces. Taylor (2001)
suggests that these global searches for resources be started early in the process in
order to attract capital for martian investment. Fleets of low-cost Tumbleweeds
could play an integral role in such reconnaissance.

14.5 Instrumentation for ISRU Surveys

A suite of instrumentation can be envisioned for a fleet of Tumbleweeds for deploy-
ment on Mars for in situ resource surveys. An example instrument suite could in-
clude surface mounted soil moisture sensors (SMSMS), ground penetrating radar to
characterize subsurface layering, aquifers and voids, sensors for a variety of useful
gases, a miniature X-ray fluorescence spectrometer for elemental analysis of martian
regolith and a multispectral imaging system for characterizing grain size and shape
distributions as well as surface mineral composition. Other suites of instruments
could be envisioned based upon the requirements of specific survey scenarios.

14.5.1 Surface Mounted Soil Moisture Sensors (SMSMS)

During the wind driven phase, surface mounted soil moisture sensors (SMSMS)
embedded in the skin of Tumbleweed will measure the soil volumetric water con-
tent (VWC) to a depth of 5 cm. Layers of water ice may well exist below 5 cm as
buried snow, ice lenses, or ice wedges (Feldman et al., 2008). The SMSMS will be
used in combination with real-time ground penetrating radar (GPR) as suggested in
the following section. The measurement time for SMSMS is of the order of 10 ms
so the results can be used for exception-based monitoring. That is, as Tumbleweed
moves along, the VWC will be monitored so that when measurements exceed a
threshold value, the motion of Tumbleweed can be stopped. The Tumbleweed will
then transform to operate in the Turtle Mode as discussed earlier in the chapter and
shown in Fig. 14.3. In this mode, more detailed measurements of the regolith can
be acquired using Tumbleweed’s suite of analytical instruments.

The SMSMS probes are implemented as nubs on the surface of Tumbleweed
between the treads. The probes’ electric field will penetrate the soil to a depth of
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about 5 cm so the instrument will sample the water content of this region. Thus,
the sensor design will allow Tumbleweed to measure the soil moisture at a depth
well below the surface crust. SMSMS is capable of measuring dielectric permittiv-
ity that varies from 1 for air, 3 to 6 for dry soils, 30 to 35 for water saturated soils,
and 78 for water. The measurement time is approximately 10ms. Its mass is less
than 100 g, and it requires less than 100 mW of power. The instrument has two
rugged nubs that are separated by approximately 3 cm. With this spacing, SMSMS
is capable of sampling the water content up to a depth of 5 cm (Fig. 14.14).

Fig. 14.14 SMSMS embedded in the wall of Tumbleweed showing the nubs separated by 3-
cm and the current stream lines penetrating to a depth of 5-cm into the soil.

Operationally, SMSMS can also serve as a tachometer indicating the speed of
Tumbleweed. As Tumbleweed rotates, SMSMS will be in air (dielectric permittiv-
ity of 1) most of the time and briefly it will be next to the ground (minimum per-
mittivity of 3). Knowing the diameter of Tumbleweed and the time between the
ground pulses allows a calculation of Tumbleweed’s velocity. Unlike traditional
land and Martian rover systems, Tumbleweed allows intelligent sampling through
the integration of the SMSMS into its surface. The SMSMS monitors moisture
content from 0-5 cm in depth in real time while Tumbleweed is traveling. In turn,
anomalous moisture content triggers sampling events. This type of sampling re-
gime, termed “exception-based” sampling, uses real-time information to determine
sampling locations rather than site selection based on prior data. The SMSMS
system allows Tumbleweed to implement the NASA paradigm, “Follow the Wa-
ter” in a manner that is immediately responsive to its changing surroundings as it
travels. We believe this to be a very efficient way of finding and analyzing areas
that have the potential for in situ resources.
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The circuitry for the soil moisture sensors is based on two existing soil moisture
sensors; they are the Thermal and Electrical Conductivity Probe (TECP) and
ECH,0O Probe. The TECP was built by Decagon Devices, Inc. for the NASA
Phoenix Scout Lander, which landed on Mars May 25, 2008 (Cobos et al., 2004).
The TECP instrument was designed to measure the dielectric permittivity of the
martian regolith, which was assumed to be between 1 and 20; the instrument can
resolve the dielectric permittivity to within 0.02. Detecting a dielectric permittiv-
ity greater than the anticipated permittivity of 3 to 6 for the regolith is highly sug-
gestive of the detection of liquid water.

The ECH,O probe, also manufactured by Decagon Devices, Inc measures the
dielectric permittivity of the media surrounding two electrodes (Kizito et al., 2008).
The soil water content is calculated from the dielectric permittivity measurement of
the soil-moisture mixture. The dielectric permittivity of dry soil is between 3 and 4
and the dielectric permittivity of water is 80; so the presence of moisture in the soil
is apparent as an increase in the dielectric permittivity. The measurements are com-
paratively fast, requiring approximately 10 ms for data acquisition.

14.5.2 Ground Penetrating Radar

Ground penetrating radar (GPR) is a non-invasive technique for imaging shallow
and midrange subsurface materials and features (Conyers and Goodman, 1997,
Doolittle, 1982; Duke, 1990; Huffman III, 1992). Pulses of ultra high frequency
microwaves (300 to 1,000 Mhz) are transmitted to the ground through a transducer
to ~10 m (high resolution). Deep GPR uses low frequency antennae (25 to 200
Mhz) with poorer resolution. Different materials reflect differently depending
upon differing electrical conductivities and dielectric constants (Kolecki and
Landis, 1996; Olhoeft, 1979; Wright et al., 1996). Returning waves (received by
the same antenna) are compared with two-way travel time, amplified, and plotted.
Portable units have been tested with data collection rates of several hundred scans
per second with a time resolution of 5 picoseconds (Kathage et al., 2005), which
means that GPR can also be used for real-time exception-based monitoring as dis-
cussed in the previous section. High conductivity materials (e.g. shales, clay, etc.)
can be imaged only to about one meter, which is of limited utility. Depth of imag-
ing ranges from less than one meter in clay soils (Nettwork, 2002) to greater than
5,400 meters in polar ice (Olhoeft, 2000). The depth of investigation that is possi-
ble increases with decreasing frequency but with decreasing resolution. Typical
depths of useful investigation in clay-free sands saturated with fresh water or low
conductivity materials (granites or dry particulates) are about 30 m.

The ability of GPR to reveal the fine structure of layers and small subsurface
features has been documented in a wide variety of applications, including the
study of centimeter-scale annual layers in a coastal barrier (Moore et al., 2004).
Fine structure and layering in soils was an early target of GPR studies (Boll et al.,
1996; Kung and Lu, 1993) including measuring the soil water content profile in
sandy soil (Lambot et al., 2004). Periglacial terrains have been examined includ-
ing spatial variability in glaciers (Palli et al., 2002), and in permafrost (Brandt et
al., 2007). GPR has successfully resolved layers in sandstone (West and Truss,
2006) and it has been used increasingly in locating karst features like sinkholes
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and caves (Ezersky et al., 2006). The methodologies of GPR continue to be fur-
ther refined at a rapid pace including integration with other methods like Resistiv-
ity Image Profiling (RIP) (Yang et al., 2006) advanced algorithms for handling
multiple modes of GPR data (Stanley et al., 2004), and physical laboratory testing
of GPR capabilities (Capizzi and Cosentino, 2008).

Both 2D and 3D imaging of up to hundreds of m%day is done with small port-
able units. Typically, electrical properties are much more important than magnetic
properties in controlling propagation speed and amplitudes. Rock or soil density,
chemistry, state (liquid/gas/solid), distribution (pore space connectivity) and H,O
content all contribute. Electrical properties of planetary surfaces (Kolecki and
Landis, 1999; Olhoeft, 1991) and lunar regolith H,O (Olhoeft, 1976) are of great
interest. GPR use for Mars has been suggested (Olhoeft, 1998). Permafrost
(Olhoeft, 1975, 1977), sand dune structures (Schaber et al., 1986; Schenk et al.,
1993), organics (Olhoeft, 1986), and oxide minerals critical for human inhabita-
tion (Lindsley, 1991) are all distinctive. Small GPR units (e.g. GeoModel, Inc.,
GPRS, Inc., GRORADAR™, Enviroprobe Service, Inc., NGPRS Inc., Geophysi-
cal Survey Systems, Inc.) are able to test capability of detecting near subsurface
structure, composition and inhomogeneities. While present technology is not
mountable on prototype Tumbleweeds, future miniaturization may make this a
reasonable choice for a Mars-bound Tumbleweed to survey for in situ resources
(Grant et al., 2003). The smallest currently commercially available system is the
RAMAC X3M by Mala Geoscience, which is used for mapping lake sediments,
manmade objects, detection of subsurface cavities and for mapping other small-
scale features in detail. At a mass of 5 to 7 kg, this unit is approaching the size
that could be mounted on a Tumbleweed.

14.5.3 Gas Sensors

Numerous gases will be useful in sifu resources on Mars as discussed in Chaps.
15, 19 and 20. The handheld VRAE gas surveyor from RAE Systems could be
used as the core of an instrument to measure resource relevant gases; oxygen,
ammonia and carbon dioxide. A variety of sensor types are used for the various
different gases; catalytic sensors for so-called combustible gases (primarily CHy,),
thermal conductivity sensors for percentage volume of combustible gas, and elec-
trochemical sensors for oxygen and toxic gases (including H,S, SO,, NO, N,O,
NO,, Cl, HCN, NH;, and PH;). The unit is small enough to fit within the central
tube of the inflatable Tumbleweed with a flexible probe that will fit alongside an
imaging spectrometer. The VRAE weighs slightly more than 0.5 kg and is easily
integrated into the data collection system using a USB connection. The measure-
ments can be made while the Tumbleweed is stopped in Turtle Mode and the
winches inside have created a gas collection chamber from the skin of the Tum-
bleweed. The measurements will be made as a function of time in an attempt to
determine the concentration of gases in the soil as a function of depth (Livingston
and Hutchinson, 1995).

The detection of water vapor in the soil and atmosphere immediately above the
soil is desired to extend the range at which ambient water can be measured using
Tumbleweed. Methane and hydrogen peroxide are other important resource gases
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that could be surveyed by Tumbleweeds. The JPL Tunable Laser Spectrometer
(TLS) is a component of the Sample Analysis at Mars (SAM) analytical suite
scheduled to fly on the Mars Science Laboratory (MSL) mission in 2011
(Tarsitano and Webster, 2007). The TLS uses a multipass Herriot cell and four la-
ser sources -- near-infrared, interband cascade (IC) and quantum cascade (QC) —
to measure methane, water, hydrogen peroxide, nitrous oxide and carbon dioxide.
The TLS is extremely sensitive. For example, it is capable of measuring methane
abundances to 0.01 ppbv (Tarsitano and Webster, 2007).

Other miniature tunable diode lasers (TDL) are being developed commercially.
For instance, Physical Sciences Incorporated fabricates a GasScan™ Miniature
Diode Laser-based Ambient Gas Sensor based upon near-IR tunable diode laser
absorption spectroscopy (Physical Sciences Incorporation, 2009). This detector
can be configured to detect a variety of gases including water and methane with
sensitivities of 1.0 ppm.

14.5.4 Miniature X-ray Fluorescence Spectrometer

Tumbleweeds equipped with miniature X-ray fluorescence spectrometers (XRF)
will be capable of performing elemental analyses of martian regolith while the
Tumbleweed is in the stopped mode. NASA LaRC has been involved in building
planetary flight X-ray Fluorescence Spectrometers (XRFS) since its participation
in the development and delivery of flight XRFS units for the Mars Viking Project.
The XRFS could also be replaced by an XRF coupled with a miniaturized X-ray
diffraction (XRD) detector to provide complete mineralogical identification. Ex-
amples of potential instruments include the Mineral Identification and Composi-
tion Analyzer (MICA) (Martin et al., 2008) and the Chemistry and Mineralogy in-
strument (CheMin), which is part of the Mars Science Lander (MSL) payload
(Blake et al., 2007). An XRFS unit could be mounted inside the central tube of a
Tumbleweed such as the inflatable version shown in Fig. 14.3 and could be cou-
pled with a drilling unit. When the Tumbleweed is deflated into a stopped mode,
the drill and XRFS unit could be deployed.

Most recently, an XRFS was miniaturized to be able to be inserted into a
27.1lmm diameter drilled hole to conduct elemental analysis of Martian regolith
strata layers (Elam et al., 2008). The borehole XRFS provides superior perform-
ance to the X-ray elemental analyzers on the Mars rovers Spirit and Opportunity
in that analysis time has been reduced to 1000 seconds with the borehole instru-
ment versus the 20 hours required by the rover instruments. The analysis time can
be further reduced to 100 seconds, making it an ideal instrument for a Tumble-
weed science complement in Turtle Mode. Analytical performance of the bore-
hole instrument was determined by checking the lower limits of detection for sev-
eral elements over a wide range of the periodic table. The performance of the
borehole XRFS was tested in a simulated Mars atmosphere using several terres-
trial soil Standard Reference Materials (SRM) (Fig. 14.15). Minimum detection
limits were below 10 ppm for most elements. No filters or other optics were used
in the incident beam, and the detector has an internal collimator to restrict the
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Fig. 14.15 Spectra of SRM 2709 tested using the borehole XRFS in a simulated martian
atmosphere. Note that 100 sec spectra provides as much basic info as the 1000 sec does.

beam to the center of the diode. Data collection time was 1000 sec for the upper
spectrum and 100 sec for the lower spectrum in Fig. 14.15. Note that the majority
of the information is still available even with the 100 sec data collection time. This
short data collection will greatly facilitate its use as an instrument on a Tumble-
weed vehicle.

14.5.5 Multispectral Imaging

Media for agriculture, aggregates, and structural materials are also subjects for
long-range surveys of Mars in preparation for the location of a human outpost. A
computed tomography imaging spectrometer (CTIS) designed by NASA JPL will
be capable of enabling snapshot spectral imaging by capturing spatial and spectral
information in a single frame (Bearman et al., 2007). There are no moving parts
or narrow-band filters, and nearly all collected light is passed to the detector at all
times. A CTIS captures a scene’s spatial and spectral information by imaging the
scene through a two-dimensional grating disperser as in Fig. 14.16. This produces
multiple, spectrally dispersed images of the scene that are recorded by a focal
plane array (FPA) detector. From the captured intensity pattern, CT algorithms
can be used to reconstruct the scene into a cube of spatial (x and y) and spectral
(wavelength) information.

Operation of the CTIS is illustrated in Fig. 14.16. With this technique, diffractive
optics disperses the spectral and spatial information of each pixel onto an imaging
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Fig. 14.16 Operation of the computed tomography imaging spectrometer (CTIS).

sensor; an image cube in wavelength space is reconstructed from a single image.
Note that the CTIS uses just two lenses and a focal plane detector.

The mathematics of the reconstruction is the same as tomographic imaging. It
is important to note that each image is not simply composed of single wave-
lengths; spatial and spectral information from each object pixel is multiplexed
over the entire array — Figure 14.17 shows how the spectrum of a single pixel is
distributed by the diffractive disperser. A single image contains all the information
required to reconstruct the spectral image cube. A CTIS can operate over a large
wavelength range, easily from 400 to 800 nm, and with the proper detector can
operate in the IR or UV. The data from a single image can be reconstructed in a
variety of ways to adjust image size and wavelength bands. It is also possible to
reconstruct the image over a narrow spectral range and place the sampled wave-
lengths at desired locations.

A CTIS device is ideal for a Tumbleweed platform. The snapshot nature of the
device means that object or platform motion is not an issue and that one can ob-
tain spectral scenes from a randomly moving and rotating platform. Camera sen-
sors can trigger the CTIS when appropriately pointed, either down at the contact
point or sideways at terrain (not up at sky). For example, a CTIS is being used
now for retinal spectral imaging, acquiring a complete image cube in the eye in 3
ms (Johnson et al., 2007). The CTIS easily handles eye saccades and other pa-
tient motions. Since the CTIS only requirement is the delivery of an image to an
aperture plane that defines the viewed image, the CTIS could even be fiber fed so
it does not have to be located on the periphery of the Tumbleweed. Location
away from the edge would reduce shock and vibration requirements on the
instrument.
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Fig. 14.17 Computed Tomographic Imaging Spectrometer (CTIS). The observed scene is
in 2a, consisting of 3-color LEDs, a HeNe laser spot and an 8-segment indicator. 2b shows
the resulting image from the monochrome focal plane. There is a zero order image, 2c,
which can be used for focusing as well as providing an initial starting point for the recon-
struction of the image cube. Recovered spectra are shown in 2d.

14.6 Conclusions

A variety of wind-driven Tumbleweed concepts have been proposed, studied and
tested in extreme terrestrial environments as potential scouts for various mission
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scenarios on Mars. Multiple Tumbleweed rovers could be outfitted to autono-
mously survey large areas of Mars for in situ resources at relatively low cost.
Similar missions could also be configured for performing basic science. Commu-
nications and navigation would be dependent upon the assets in orbit about Mars
at the time of deployment.

Tumbleweed rovers could also be networked together to provide additional
communication and navigational support. Since the Tumbleweed rovers are signifi-
cantly lower mass and compactable than traditional wheeled robotic rovers, many
more of the Tumbleweeds can be deployed on the Mars surface during a single
mission. A group of Tumbleweed rovers could survey a particular region of Mars
with each Tumbleweed having a unique sensor or long-range communications
capabilities. When something interesting is detected by a particular Tumbleweed,
it would communicate its findings to the others, activating a swarm intelligence-
based algorithm that would direct the others to proceed to the same general area
and conduct additional sensing with their unique instruments. Such networking and
swarming behavior is currently being studied for robotic systems by several groups
(Bae et al., 2005a, b; Baxter et al., 2006; Clark et al., 2003; Hashimoto et al., 2008).
An added benefit of a swarm of multiple Tumbleweeds is that a stuck rover would
be to act as a fixed facility to gather temporal data while other Tumbleweeds
proceed.

Low-mass, highly mobile autonomous vehicles capable of making survey
measurements will fill the current void between orbital reconnaissance and landed
rovers with limited range. Thus, Tumbleweeds are an attractive option for per-
forming surveys of potential in sifu resources available on Mars.
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