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A Mars Tumbleweed rover is a spherical, wind-driven, planetary rover. Compared with conventional rovers, a
tumbleweed rover can travel farther faster and gain access to areas such as valleys and chasms that previously were
inaccessible. This paper presents design, mathematical modeling, computer simulation, and testing of various
tumbleweed rover concepts. In particular, we present wind-tunnel data indicating that a box-kite configuration
represents a promising tumbleweed rover design, we show that a working box-kite—type tumbleweed can be
constructed, and we show that center of mass variation shows promise as the basis of a tumbleweed rover navigation

system.
Nomenclature

%a,.;o0 = acceleration of the center of mass of the system
with respect to the inertial frame, ft/s>

Cd = drag coefficient

08%h, . = time derivative with respect to inertial frame of
system angular momentum about B

Mmrot = total mass of the system, lbm

my,, = small submass located along the positive and
negative i, axes, respectively, Ibm

my, = small submass located along the positive and
negative jp axes, respectively, lbm

ms, , = small submass located along the positive and
negative k z axes, respectively, lbm

R = radius of the tumbleweed, ft

Re = Reynolds number

Vv = fluid speed, ft/s

Ov, 0 = velocity of point B with respect to the inertial
frame, ft/s

Vemso = velocity of the center of mass of the system with

respect to the inertial frame, ft/s

Xi,, = distance from the center of mass of the system to
the submasses m, g, ft

V2., = distance from the center of mass of the system to
the submasses n1, g, ft

23,5 = distance from the center of mass of the system to

the submasses m3, g, ft
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o = angle of attack

Th sys = sum of all external torques acting on the system
about point B

W, = angular velocity of the tumbleweed rover about the
ip axis, rad/s

wy = angular velocity of the tumbleweed rover about the
Jjp axis, rad/s

w, = angular velocity of the tumbleweed rover about the

k axis, rad/s

I. Introduction

HE idea of the Mars Tumbleweed rover was first introduced in
1998 when NASA researchers noticed that the Mars Pathfinder
Lander traveled farther bouncing on its airbags than the Sojourner
rover traveled throughoutits 90 day mission. Thus was born the Mars
Tumbleweed, a spherical, wind-driven, planetary rover. A second
origin of the Mars Tumbleweed involves experiments related to
NASA’s testing of large inflatable wheels, as reported by Lorenz in
the book, Spinning Flight [1]. (Another related concept is the “Mars
Ball” developed by the University of Arizona in the 1980s [1].)
Unlike conventional rovers, the tumbleweed can travel farther faster
and gain access to areas such as valleys and chasms that are
inaccessible to traditional wheeled rovers. The tumbleweed’s ability
to travel long distances makes it an excellent candidate for surface
survey missions, such as large area-mapping of the Mars
environment. The tumbleweed is also significantly less expensive
than traditional rovers, which permits multiple tumbleweeds to be
deployed across the planet’s surface. Unlike previous Mars missions,
the loss of a single tumbleweed will not result in mission failure.
After recognizing the tumbleweed’s potential for Mars
exploration, NASA’s Jet Propulsion Laboratory (JPL) started
development of a lightweight “beach-ball” robotic vehicle that could
be driven by wind and/or internal electric power. These rovers were
conceived for carrying scientific instruments across rocky terrain on
Mars and are intended to move faster, weigh less, and consume less
power than wheeled robotic vehicles used in planetary exploration.
JPL’s concept encompassed both single and double ball rovers [2]. In
2002, Wang and Yang [3] presented an analytical model for the
mobility of a tumbleweed ball, where the shape and gravity center of
the ball and the area of contact between the ball and ground were
determined as functions of the internal pressure. Conditions of the
sliding and rolling motion of the ball on slopes under wind loads were


http://dx.doi.org/10.2514/1.31288

WILSON ET AL. 371

also quantified and numerical results were provided. Lorenz
proposed the Mars Tumbleweed rover as an ideal platform for a
magnetometer, to better understand the broad, parallel stripes with
alternating magnetic polarity above the Martian surface [4].
Kuhlman [5] discussed additional capabilities of the tumbleweed,
such as performing autonomous long duration surveys over large
areas on Mars. The tumbleweed could, for example, map the
presence of liquid water as a function of depth using simple low mass
and low power instruments and an onboard positioning system.
Tumbleweed rovers have been proposed to explore Martian gully
features as well as other surface areas that are unreachable by
traditional wheeled rovers [6-11]. Other researchers have begun
focusing on specific instrumentation for the Mars Tumbleweed, such
as deployment devices and solar power sources [12]. There are three
main structural concepts being explored in relation to the
tumbleweed: inflatable, structured, and a combination of the two.
The inflatable designs are derived from the Mars Pathfinder Lander
airbags. The structured designs are derived from toys such as the box
kite or the Hoberman Sphere™, and a cross between inflatable and
structured designs is similar to the Zorb™, which is a hard structured
ball inside an inflatable ball.

In this paper, we present our approach to developing a path to
achieve a successful Mars Tumbleweed rover mission; this approach
consists of three parts: 1) conduct wind-tunnel tests to examine
different methods of producing drag which will propel a wind-driven
tumbleweed rover; 2) build a Tumbleweed Earth Demonstrator
based on one of the promising concepts identified during the wind-
tunnel testing; and 3) develop a mathematical model and perform
computer simulations to investigate the possibility of using a system
which can change the center of mass location of a tumbleweed rover
for navigation purposes.

II. Wind-Tunnel Tests of Evolved Mars
Tumbleweed Concepts

As stated previously, a Mars Tumbleweed rover is a concept for an
exploration vehicle that would derive mobility through use of the
winds on Mars. The tumbleweed would conduct random sampling of
the surface and atmosphere, traveling long distances over broad
regions of the Martian surface. NASA Langley Research Center
(LaRC) and North Carolina State University (NCSU) have
developed several concepts for tumbleweed rovers and have been
studying the aerodynamics of these concepts through wind-tunnel
testing and computational fluid dynamics analysis. We present here
an overview of the latest wind-tunnel tests, which were conducted in
the LaRC Basic Aerodynamic Research Tunnel (BART). Various
configurations of four tumbleweed concepts, seen in Fig. 1, were
tested to determine and assess their drag characteristics. Descriptions
of the models are provided as well as an overview of the BART
facility and the strain gage balance used in the test. A description of
the test methodology and the resulting data are presented followed by
conclusions drawn from the results [13].

The goal of this research, using deployable open structure
concepts, is to achieve drag coefficients (Cd) greater than that of a
simple sphere (0.5) to minimize the size of the tumbleweed and/or
increase the instrument mass capability. Thus, we have initiated a
threefold, evolutionary test strategy to measure the drag character-
istics and better understand the tumbleweed concepts: 1) in the
freestream, at the appropriate Reynolds number (Re); 2) on the
surface, in a simulated Mars boundary layer at the appropriate
Reynolds number; and 3) in a Mars relevant environment, at the
appropriate temperature, pressure, and density. The tests discussed in
this paper cover the first category, freestream testing. The associated
wind-tunnel models, test configurations, and the balance data are
presented next. The freestream drag coefficient was used as a starting
point to assess the acrodynamic properties of the various tumbleweed
concepts. Because the vehicles are operating on the surface of Mars
and not in the freestream, the boundary layer will be critical in the
performance of the tumbleweed. The Texas Tech University
atmospheric boundary layer (ABL) wind tunnel was employed to
examine several tumbleweed concepts in a simulated Martian
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Fig. 1 NASA LaRC tumbleweed concepts, from left to right: box Kkite,
dandelion, eggbeater dandelion, and tumble cup.

Fig. 2 Evolved LaRC tumbleweed concepts in the BART test section
(from left to right, eggbeater dandelion, cloth sail box, and cup-pad
dandelion).

atmospheric boundary layer [14]. A comparison was made between
the freestream drag coefficient and the boundary layer drag
coefficient to determine the extent to which the atmospheric
boundary layer affects drag. Wind induced rolling moments were not
examined in the tests due to funding and schedule limitations.

A. Model Design

To match the expected Reynolds numbers for the surface of Mars
(Re = 50,000-125, 000) from average winds to storm gusts, small-
scale models were needed as well as very low wind-tunnel test speeds
to meet the expected Reynolds numbers. Models on the order of 1 ft
in diameter were selected to ease manufacturing, to simplify model
changes, and to match the test section criteria of the wind tunnel.
Three evolved tumbleweed designs were selected for the tests seen in
Fig. 2. The first dandelion concept employed a curved beam
structure, named the eggbeater dandelion. The box kite model used
cloth sails as opposed to an earlier test, which used solid “sail”
panels, and the cup-pad dandelion used deeply cupped pads as
opposed to the slightly cupped pads of the original dandelion model
from earlier tests. The eggbeater dandelion and the cloth sail box kite
models were new developments, while the cup-pad dandelion used
many components from the original dandelion model.

1. Eggbeater-Dandelion Model

The eggbeater-dandelion tumbleweed was derived from the
original dandelion tumbleweed concept (depicted in Fig. 1)—a
central core with radial spoke legs that “provide load bearing
mechanical isolation for the core and mechanical support for drag
producing surfaces” [10]. A nonlinear impact dynamics analysis of
the original dandelion demonstrated that radial legs would encounter
structural buckling problems at the required impact velocities [15].
The straight spoke legs of the dandelion were thus replaced with legs
of a curved beam design, with each leg resembling an eggbeater or
whisk, hence the name “eggbeater dandelion” seen in Fig. 3. The
width of each ribbon on each leg is tapered radially from the core
attachment point to provide additional drag producing surface area.
Three- and five-ribbon legs were combined to allow interlocking of
the ribbons of adjacent eggbeater legs to enable more drag surface
area without leg-to-leg physical interference. To maintain spherical
symmetry, the configuration included 32 legs with attachment points
coincident with the vertices of the two largest platonic solids, the
dodecahedron (20 vertices) and the icosahedron (12 vertices).

The core design chosen to accomplish the compounded
dodecahedron/icosahedron vertices attach points for the wind-
tunnel model was a truncated icosahedron. A truncated icosahedron
is essentially a soccer ball with planar patches. The centers of the
20 hexagon patches of a soccer ball correspond with the
dodecahedron vertices and the centers of the 12 pentagon patches of a
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Fig. 3 Eggbeater-dandelion models.

Fig. 4 Eggbeater-dandelion truncated icosahedron core with a three-
and a five-ribbon leg installed.

soccer ball correspond with the icosahedron vertices. Figure 4
depicts the general core scheme of the eggbeater-dandelion
tumbleweed wind-tunnel model with one three-ribbon leg and one
five-ribbon leg installed. Each of the 12 pentagon patches has five
0.25-in. wide by 0.026-in. thick by 0.45-in. deep (in the radial
direction) slots to accept the five tabs of the five-ribbon legs seen in
Fig. 5. Similarly, the 20 hexagonal patches of the core have three
slots each to accept the three tabs of the three-ribbon legs. A
1/4-20-in. screw thread insert was installed in the core to provide for
attachment to the wind-tunnel sting assembly. The cores for the
wind-tunnel models were manufactured from SI-10 material by the
NASA LaRC model shop using the Viper™ stereolithography (SL)
system from 3-D Systems.

The legs were cut from a 0.02-in. thick woven fiberglass
reinforced epoxy sheet by Custom Cutting Technologies, Inc., as per
Fig. 5. The three-ribbon and five-ribbon legs were cut at three
different taper angles. The smallest taper angle for each was called
“low,” the middle angle was called “medium,” and the largest taper
angle was called “high.” The surface areas of three-ribbon low and
five-ribbon low are approximately equal. Similarly, the three- and
five-ribbon medium areas are approximately equal as are both highs.
This was done to create a through flow path with no “easy” route. It
was hypothesized that flow tripping and reformation would lead to

—
3.5 deg. (Low)
9.0 deg. (Med.)

0.0 deg. (Low)
3.5 deg. (Med.)

6.5 deg. (High) 14.0 deg. (High)
0.51 in.
—al—0250in. T —a{[#—0.250 in.

Fig. 5 Drawing for the manufacture of three- and five-ribbon
eggbeater-dandelion legs.

Fig. 6 Cloth sail box-kite model.

drag coefficients greater than that of a solid sphere. The primary test
configurations combined the “low-to-low,” “medium-to-medium,”
and “high-to-high” taper angle three- and five-ribbon legs. Because
the tabs of the legs were held in the slots of the core by friction and/or
interference fit, secondary testing was done by removing the legs
from the primary test configuration and recombining 1) the three-
ribbon lows with the five-ribbon mediums, 2) the three-ribbon
mediums with the five-ribbon highs, and 3) the three-ribbon highs
with the five-ribbon lows.

2. Cloth Sail Box-Kite Model

A commercially available watercraft radar reflector, consisting of
three orthogonal circular aluminum plates, was used as the box-kite
model in earlier wind-tunnel tests, but a new box-kite model was
constructed for the tests presented in this paper to examine a more
realistic configuration with cloth sails, instead of the rigid panels, as
would be employed in the Martian tumbleweed. It was anticipated
that an increased drag effect would be observed due to “billowing”
effects provided by the cloth sails.

The cloth sail box-kite model was constructed from common, off-
the-shelf hobby materials seen in Fig. 6. The outer ring frame
structure of the model was composed of three orthogonal hoops of
K’nex™ tubing and associated connectors. The sails were created
using 0.75 oz/yd rip-stop nylon covering each quadrant section of
each hoop. A central core was fabricated using a 2-in. wooden sphere
and connected radially to the hoop “nodes” using no. 4 threaded rods.
A 1/4-20 in. screw thread insert was also installed in the wooden
sphere to provide for attachment to the wind-tunnel sting assembly.

3. Wooden Box-Kite Model

A lightweight wooden model was constructed of 1/64th in. (0.4-
mm) thick birch plywood to reduce the mass of the box-kite model
from that of the aluminum model used in the previous tests. The three
orthogonal 12-in. diam circular panels were glued and taped into
position as seen in Fig. 7. The wooden box-kite model used the same
sting adaptor as the aluminum model, providing a consistent
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Fig. 7 Wooden box-kite model.

Fig. 8 Cup-pad dandelion model, outward facing pads (left) and
inward facing pads (right).

mounting position and orientation between the two models. It was
anticipated that variations in the test results between the aluminum
model and the wood model would be a result of the minor difference
in diameter and flexibility induced dynamic effects (flutter).

Before installation in the wind tunnel, both of the box-kite models
were subjected to winds in excess of 150% of the planned test speeds
to examine the flutter and to verify the structural integrity of the
models. The cloth sail and wooden box-kite models are more flexible
than the aluminum model and flutter was experienced during the
verification test but no signs of damage were detected.

4.  Cup-Pad Dandelion Model

In an effort to optimize the design of the dandelion tumbleweed,
open hemispherical end pads (cups), known for having a high drag
coefficient, were examined. Two variations were constructed (see 8);
however, only the configuration with the open end of the pads facing
out from the center of the tumbleweed was tested due to time
constraints. The hemispherical cup has a long history of use in
anemometers and the aerodynamic characteristics of such a cup are
well known in axial flow. One objective of this test was to examine
the combined effects of these cups in spherical arrays as used by the
dandelion tumbleweed.

The cup pads were constructed of oversized ping-pong balls
(2 1/8-in. diameter) which were cut in half and mounted on no. 4-40
threaded rods of the 24-stem stereolithography hollow sphere core
(outer diameter of 4 in.). Jam nuts and washers held the hemispheres
in position on the rods. The outside diameter of each configuration
was kept to 12 in. to allow comparison with the other 12-in. diam
tumbleweed models.

L

=

Fig. 9 The basic aerodynamic research tunnel (BART) at NASA
Langley Research Center.

Tumbleweed model

Rotating
arc sector

Test section floor

Fig. 10 Test configuration—rotating arc sector.

B. Wind-Tunnel Facility and Test Configuration

The basic aerodynamic research tunnel at NASA Langley was
selected due to the low Reynolds number requirements of the project.
NASA-Langley’s BART tunnel shown in Fig. 9 is a subsonic, low-
turbulence, open-return wind tunnel with a test section 10 ft long and
a cross-section dimension of 28 in. high and 40 in. wide. The test
section consists of two 5-ft cells, with large Plexiglas windows that
provide access for flow visualization studies. The model angle of
attack and data acquisition is remotely controlled using LabView ™
software. The maximum velocity in the test section is 185 ft/s,
which yields a Re/ft of 1.4 x 10°. Aerodynamic loads were
determined by the use of a model balance outfitted with internal strain
gauges.

The model support system (depicted in Fig. 10) traveled through
angles of attack (AOA) from —5 < o < +25 degusing arotating arc
sector.

A NASA LaRC balance, Strain Gage Balance 734, was used for
the tests. A more sensitive balance was desired but the pitching
moment limit was exceeded due to the model weight and the length
of the sting attachment. Balance characteristics for the 734 balance
are shown in Table 1.

C. Wind-Tunnel Test

Smoke visualization tests were performed first to examine the flow
asittraveled through and around select models. This was followed by
strain gage balance tests, which were conducted at tunnel wind
speeds of approximately 20 and 40 ft/s. The Reynolds number at
20 ft/s (Re = 123, 000) is within the range of interest for wind gusts
measured on Mars by the Viking Lander; however, at this speed the
fan of the BART is near its lowest operating speed and produces
somewhat unsteady flow through the test section. Therefore, tests
were also conducted at40 ft/s, which is at the higher end of the range
of interest (Martian dust storms), to achieve a reliable steady flow.

1. Smoke Visualization

A standard theatrical smoke/fogger machine was positioned on a
stand in front of the BART inlet screen, allowing the flow to converge
on the front of the model in the first test section. The balance was not
installed during the smoke visualization tests due to the oil buildup
that could occur on the strain gages; so only photographic data were
recorded for these tests (still pictures were taken during each test).
Wind-tunnel speeds for the smoke test were conducted at 11, 20, and
25 ft/s and only the egg beater dandelion models were tested in the
smoke visualization seen in Fig. 11.
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Table 1 NASA LaRC strain gage balance 734 characteristics

Component Calibration load range, Full scale output, Sensitivity constant, Accuracy % full scale,
Iborin.-Ib  NorN-m mV/V Ib/mV/V orin. -1b/mV/V N-m/mV/V or N/mV/V 95% conf.

Normal 25.0 111.206 1.189 21.0200 93.5016 0.06
—25.0 —111.206 e o e —_—
Axial 5.0 22.241 1.122 4.4550 19.8168 0.12
0.0 0.000 — — —_— —
Pitch 40.0 4519 1.264 31.6580 3.5769 0.07
—40.0 —4.519 e o e —_—
Roll 10.0 1.130 1.603 6.2370 0.7047 0.16
—10.0 —1.130 — — —_— —
Yaw 20.0 2.260 1.303 15.3530 1.7347 0.09
—20.0 —2.260 e o e —_—
Side 10.0 44.482 1.317 7.5910 33.7665 0.18
—10.0 —44.482 — — —_— —

2. Strain Gage Balance Test

After each model was mounted to the sting, three tares were
performed to determine the loads on the balance due to the model
weight at the different angles of attack in order to be subtracted from
the test data. Once the tare data were loaded into the LabView ™
software, the tunnel fan was started and the 20 ft/s flow tests were
initiated. The models were then swept from negative to positive
angles of attack while stopping at every degree interval to record
data. Every test was completed 3 times so that an average data set
could be generated and to ensure that constant data were being
recorded. The tests were then repeated at the 40 ft/s wind speed.

D. Wind-Tunnel Data

After each model was tested at 20 and 40 ft/s, the data were
compiled, checked for consistency, and the averages of all three tests

Fig. 11 Smoke visualization test of eggbeater-dandelion configura-
tions.

were plotted. All data corresponding to the slower test speed of
20 ft/s are plotted using dashed lines while the faster 40 ft/s data are
plotted using solid lines. The plot of drag coefficient versus the angle
of attack for the dandelion and box-kite tumbleweed models and for
calibration spheres (4-in. sphere and 12-in. globe) is shown in
Fig. 12. The dandelion and spheres were tested at 20 and 40 ft/s
wind speeds, while the box kite could only be tested at 20 ft/s due to
the instability of the lightweight models at higher test speeds. The
plot of drag coefficient versus the angle of attack for the eggbeater-
dandelion models is shown in Fig. 13. No negative angles of attack
were tested for any of the eggbeaters because the models were
heavier than others and would overload the balance.

The “AC” and “AE” designation (Fig. 13) of the eggbeater-
dandelion tumbleweeds refers to the “clocking” on the sting of
Fig. 14. At zero angle of attack, the symmetry axis of the windward
five-ribbon leg would be parallel to the oncoming wind-tunnel wind
direction. For the AC tests, the eggbeater-dandelion tumbleweed was
clocked such that one of the neighboring three-ribbon legs was due
North. For the AE tests, the eggbeater-dandelion tumbleweed was
clocked such that one of the neighboring five-ribbon legs was due
North.

E. Discussion of Wind-Tunnel Results

The slower test speed of 20 ft/s for each set of tests shows widely
varying values for drag coefficient as compared with the higher test
speed. Because the lower speed is very near the operating limit of the
tunnel, it was determined that the flow must be unsteady in the test
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Fig. 12

Plot of drag coefficient versus angle of attack for dandelion, box kite, and calibration spheres.
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Fig. 13 Plot of drag coefficient versus angle of attack for eggbeater-dandelion configurations.

Fig. 14 Eggbeater-dandelion naming convention for clocking.

section and therefore should only be used as a qualitative comparison
with the other tests. All quantitative comparisons and conclusions
will be based on the higher and steadier 40 ft/s test speeds.

The calculated drag coefficient for both dandelion models,
inverted pads and inverted ping, shown in Fig. 12, fall in the same
range as the 4-in. and 12-in. calibration spheres. This result indicates
that the spoke models may not have a better drag than an equivalent
sphere regardless of the drag shapes mounted at the ends. Note that
this result is inconsistent with the previous wind-tunnel tests of the
baseline dandelion tumbleweed [16]; this may be due to the unsteady
flow issues in the BART. Additional test cases are needed to resolve
the discrepancy, but were not conducted due to funding and schedule
limitations. The box-kite models show a higher drag coefficient but
the models could only be tested at the slower, unsteady, speed of
20 ft/s. The box-kite sail demonstrates a higher drag coefficient than
the box-kite wood and the rigid box kite from the prior test. This was
partially due to the different orientation (i.e., flat plate) of the cloth
sail box kite and the billowing effect of a flexible fabric sail, which
aids in adding drag to the box-kite shape.

All variations of the eggbeater-dandelion design exhibit drag
characteristics that change by no more than 5% for all models tested.
The drag coefficient of the eggbeaters is higher than a sphere of the
same size (Cd of 0.6 to 0.85 for the eggbeater vs Cd ~ 0.5 for a
sphere). The most likely reason for this, as hypothesized, is that the
wind flow is being tripped (disturbed), reformed, and tripped again as
the wind flow passes through the open structure of the eggbeater-
dandelion tumbleweed. Also, as hypothesized, increasing the ribbon
taper angle (which increases ribbon area) increased the drag

coefficient to an inflection point at which the drag coefficient starts to
decline. This decline probably occurs when the path of least wind
flow resistance is around as opposed to through the eggbeater
dandelion, thereby approaching spherelike drag coefficients. It
should be noted that even higher drag coefficient numbers are
expected if the presently ridged ribbons were replaced with cloth sail
ribbons. This effect was observed for the box kite due to billowing of
the cloth sails.

Data from the tests indicate that the box kite has the best overall
drag coefficient of the wind-tunnel models tested (Cd of 0.8-1.2).
Out of the four tumbleweed concepts shown in Fig. 1, the data from
these tests indicate that the box kite and the tumble cup show the most
promise from a coefficient of drag standpoint (Cd > 1.0). Based on
these results, we decided to design and construct a “Tumbleweed
Earth Demonstrator” (or TED) based on the box-kite design. A
description of our work on developing a Tumbleweed Earth
Demonstrator is found in the next section.

III. Design, Construction and Testing
of a Tumbleweed Earth Demonstrator

Because the wind-tunnel testing indicates that the box-kite
concept is a promising concept for a Mars Tumbleweed rover, it was
decided that it would be important to design and construct a TED
based on the box-kite concept, to start identifying the critical design
issues associated with an eventual Mars mission which would use
box-kite—-type tumbleweed rovers. To date, three generations of
TEDs have been developed.

A. Design

The first Tumbleweed Earth Demonstrator was designed and
constructed by students at North Carolina State University with
guidance from engineers at NASA Langley. It became known as the
TEDI and was the first in a succession of TEDs. The TEDI was
constructed as a one-third scale (6.6-ft diam) prototype of the
tumbleweed rover. The TEDI had a rigid outer structure, with
orthogonal sails to create drag and therefore propel the TED. It had a
fixed instrument core in the center of the structure and solar panels on
the sails.

After initial testing of the TEDI, it was evident that the next
generation of TEDs would need to have a larger sail area to enable
testing to be done on days when winds were light. This new design
became known as TEDII. The TEDII had a diameter of 9.9 ft, and the
increased sail area enabled the structure to be propelled in lighter
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winds. However, given TEDII’s increased size and weight, the outer
structure began to buckle under rolling loads. TEDII’s design had
also been improved from the previous TEDI by adding a sail
retraction and deployment system and a gimbaled modular
instrument system with solar panels on the upper face. However, the
sail area was only decreased by approximately 40% by this retraction
design, and during testing retraction was shown to slow the TED
down but was not able to stop it completely from rolling. Also, the
outer members buckled when rolling, interfering with the gimbal
design and keeping it from working correctly.

It became evident after testing that a new sail retraction and
deployment system would be needed if stop/start capabilities were
desired. Also, a more rigid structure would be needed to preserve the
spherical shape and protect the gimbaled modular instrument system
inside. These requirements, again resulted in another generation of
Tumbleweed Earth Demonstrators called TEDIII. The TEDIII’s
outer structure was made of PVC piping and provided enough
rigidity to exhibit a structured Mars Tumbleweed’s capabilities. The
TEDIII also had a new sail retraction and deployment system and a
new gimbaled modular instrument system (MIS). The new sail
retraction system decreased the sail area by almost 100% which
effectively stopped the TEDIII. To start rolling again the sails needed
only to be redeployed. The gimbaled MIS was also redesigned to be
smaller, stronger, and more efficient.

B. Construction
1.  Tumbleweed Earth Demonstrator [

The outer structure of the TEDI had a basic box-kite configuration.
It consisted of three, 3-in. diam, orthogonal hoops made of a carbon
fiber/Kevlar hybrid. The hoops were covered in a flexible sail
material with an instrument core located in the center. Additional
hoops, without sail material, were added to assist the rolling
properties. The prototype instrument core was a 10-in. diam,
stereolithography core, created by Fineline Prototyping Incorpo-
rated. It contained two removable hatches to access the core interior
and attached to the sails by Velcro. Figure 15 shows the TEDI with
the orthogonal sails and instrument core incorporated.

2. Tumbleweed Earth Demonstrator Il

The outer structure of the TEDII was made up of a 2-in. carbon
fiber/Kevlar hybrid sleeve. The hybrid sleeve was chosen for its light
weight, strength, and durability. The structure was composed of 24
main members, 2 hubs, and 1 center ring. Each hub had 12
appendages, with 30 deg separating each. The inner structure
consisted of six hollow aluminum struts that attach the double gimbal
system (DGS) seen in Fig. 16 to the outer structure. The DGS,
allowed the MIS to remain upright while rolling. The DGS consisted
of three rings and was constructed of a 1-in. carbon fiber sleeve with a
blue foam core. The MIS was designed not only to protect the
instruments and power source, but also to allow the instruments to be
easily accessed and modified. The MIS box contained all of the
instruments including a 3-axis accelerometer, pressure and
temperature sensors, a magnetometer, an anemometer, a global
positioning system (GPS) unit, and a video camera. The MIS had a
removable front panel and shelf system to easily access and modify
the instrumentation. The completed TEDII, with sails, DGS, and
MIS is shown in Fig. 17.

3. Tumbleweed Earth Demonstrator 111

The main purpose of the TEDIII was to improve upon the previous
TED designs. The TEDIII outer structure was made of 1 1/2-in.
schedule 40 PVC pipe, which allowed the TEDIII to remain
adequately rigid. Two side rings were also added to better distribute
the dynamic stress applied on the outer structure. These side rings
were made of the same PVC pipe as the outer structure. The new PVC
structure was formed by bending the PVC pipe to the correct radius
using a special jig, heating the pipe using boiling water, and allowing
it to cool while remaining in its deformed shape in the jig. The sail
retraction and deployment system (SRDS), double gimbal, and MIS

Fig. 15 Tumbleweed Earth Demonstrator 1.

Fig. 16 TEDII double gimbal system (DGS).

were also improved from the previous TED design. The SRDS was
modified to retract almost 100% of the sail and deploy it to its original
position remotely. Therefore, the TEDIII could be stopped and
started by retracting and deploying the sails, respectively. The DGS
was redesigned, made of stainless steel, with an extra ring added for
structural support. Figure 18 shows the completed TEDIII with the
SRDS, DGS, and MIS incorporated.

C. Testing

The first TEDIII test, seen in Fig. 19, was conducted at Nags Head
Beach, North Carolina. Three TEDIIIs were constructed on site with
only the outer structure, struts, and fixed sails. The purpose of this test
was to place the TEDs in different positions along the beach and
observe the group behavior. Wind speeds during testing were
variable and inconsistent, but we were able to make some qualitative
observations. First we observed that a 30-ft/s gust of wind would
initiate rolling and a constant 20-ft/s wind was needed to maintain
rolling (both numbers are approximate). We also noticed that the
TEDs had considerable effect on each other. When one TED was
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Fig. 17 Tumbleweed Earth Demonstrator II.

Fig. 18 Tumbleweed Earth Demonstrator III.

directly upwind of the others, the airflow was disrupted and
prevented any movement of the others. This effect varied with the
wind speed and the distance between the TEDs. If the TEDs were
beside one another and separated by a few feet, the rolling motion
was unaffected. However, if the TEDs were too close to each other at
initial rolling, they would follow similar paths and ultimately one
would block the airflow of the others.

A significant observation was that of the vortex that was produced
by the TED. Observations were made using streamers to determine
the downstream effects of the TED, while conducting a static test
with the TED anchored on blocks. Approximately 6 ft directly
downstream of the TED, the wind was blowing back toward the
stationary TED. This is consistent with the wake created downstream
of a sphere. Further tests were conducted to map this vortex effect. It
was found that the air began to curl back toward the TED from around
12-15 ft downwind. The mapped effect was cone shaped, with the
wider area forming at the outer edges of the TED. This led to the idea
of perforating the sails to create a lower backpressure and increase
drag while counteracting the vortex.

Fig. 19 Three Tumbleweed Earth Demonstrator IIIs on the beach
during testing.

Fig. 20 Tumbleweed Earth Demonstrator III bouncing during
mountain testing.

The second set of tests were conducted in the mountains of Lake
Toxaway, North Carolina. The purpose of this test was to determine
the TEDIII’s ability to navigate rough terrain, found in canyons or
ravines. This test was inspired by the need to know more about the
possible failure modes of tumbleweed rovers, such as getting stuck
on rocks and physical failure due to impact. A single TEDIII was
constructed with only the outer structure and struts and rolled down a
steep ravine. Obstructions of varying heights were placed in the path
of the TEDIIL. The results showed a TEDIII could overcome
obstructions almost half of its diameter. Some structural failures
occurred, when the PVC joints sheared due to repeated impacts.
However, none of these failures seemed to significantly impede the
rolling motion of the TEDIII. This differed from the TEDII, which
stopped rolling when the structure failed.

TEDIII was also tested on a mountainous pasture. It became
evident from this test that the TEDIII could develop a significant
bounce, seen in Fig. 20, when rolling down a steep slope and
encountering terrain variations, before the bounce damped out and it
started to roll normally. During these test runs, more damage
occurred to the structure and one of the main members separated
from the hub. Still this failure had no appreciable affect on the TED’s
rolling motion [17].

D. Discussion of Tumbleweed Earth Demonstrator Design

Throughout the design, manufacturing and testing of the Mars
Tumbleweed Earth Demonstrator, many interesting characteristics



378 WILSON ET AL.

and behaviors were observed. Beginning with the TEDI, design
flaws were evident after construction and testing, resulting in the
TEDII, and ultimately the TEDIII.

The Tumbleweed Earth Demonstrator III consists of a semirigid
outer structure, orthogonal sails, a sail retraction and deployment
system, and a double gimbaled modular instrument system. The
Tumbleweed Earth Demonstrator III was tested over varying terrain.
During TEDIII beach testing it was found that when grouped
together one TED will affect the airflow over the others and impede
their rolling motion. Vortices were also discovered in the wake of the
TEDIII, this led to the idea of introducing sail perforations to create a
lower backpressure and hence increase drag to counteract these
vortices. During Tumbleweed Earth Demonstrator III mountain
testing it was observed that a TEDIII could overcome obstacles up to
half of its diameter in size and that minor structural failures had little
to no effect on the TED’s rolling motion.

IV. Modeling and Analysis of Potential Tumbleweed
Navigation System

So far we have investigated different designs for using wind to
propel a tumbleweed rover, but have not considered the issue of
steering, or navigation. One possible technique for steering a
tumbleweed involves varying the location of the center of mass to
affect the direction of the tumbleweed as it is blown across the
Martian terrain. Before designing a variable-center-of-mass
navigational control system, it is first necessary to develop
mathematical models of tumbleweed rolling dynamics and
investigate how its rolling motion is affected by different locations
of the center of mass. A survey of the literature on rolling dynamics
reveals many interesting papers [18-45], but none of these address
the issue of a rolling sphere with a variable center of mass location;
therefore, in this section of the paper, we present such a mathematical
model and perform computer simulations illustrating the dramatic
effect that the center of mass location has on the motion of the
tumbleweed rover.

A. Mathematical Model

Our basic approach will be to use Newton—Euler methods to derive
equations of motion for the tumbleweed, and then to integrate these
equations numerically. Setting the sum of the external forces and
external torques acting on the tumbleweed equal to the acceleration
of the center of mass of the tumbleweed and the time derivative of the
angular momentum of the tumbleweed, respectively, yields six
kinetic equations. We then use a standard set of kinematic relations to
relate angular and linear velocities to the position and orientation of
the tumbleweed. The most subtle part of the derivation involves
dealing with the fact that the tumbleweed at times will slip and at
other times will roll without slipping. Therefore, at each time step, it
is assumed that no slipping occurs, and the no-slip condition
(involving the coefficient of static friction) is tested. If the condition
is met, then the no-slip assumption was correct, and we proceed to the
next time step. However, if the condition is not met, then the time step
isrepeated using equations derived by assuming that slipping occurs.
Assuming the tumbleweed is rolling along a flat surface while
experiencing wind loading with components in the x, y, and z
directions, we outline the derivation of our equations of motion next.

Consider the tumbleweed rover as a rigid body with a coordinate
system embedded in the body with origin at B (the center of the
sphere); this embedded coordinate system is denoted as {ig, jz, Kz}.
All positions are in reference to an inertial frame with origin O.
Figure 21 shows a diagram of the tumbleweed with related reference
frames. The external torques acting on the body are related to the rate
of change of the angular momentum as follows:

od

TB,sys — aOhB.sys + OVB/O x mTOTOVc.m./O ()

where 75 is the sum of all external torques acting on the system
about point B, ?§%hy  is the time derivative with respect to the
inertial frame of the angular momentum of the system about point B,

®x

i fx, fy, and f;

Fig. 21 Tumbleweed diagram with inertial and body reference frames.

Ov, /o 18 the velocity of point B with respect to the inertial frame,
Mo is the total mass of the system, and %v,_ /0 is the velocity of the
center of mass of the system with respect to the inertial frame. The
sum of the external forces acting on the system is related to the
acceleration of the center of mass of the system as follows:

Y F=mior%a,, @

where ) F is the sum of all external forces acting on the system and
a0 1s the acceleration of the center of mass of the system with
respect to the inertial frame. The full expansion of these terms is
very lengthy and is not presented here, but can be found in Wilson’s
thesis [46].

B. Simulations

We now show how our equations of motion can be used to
investigate the effect of varying the location of the center of mass of
the tumbleweed on its motion. The following simulations are for a
6.6-ft diam tumbleweed propelled along a flat Martian surface by a
constant wind loading. The wind force is arbitrarily chosen to be a
0.9-1b force in the x direction and is assumed to be constant, because
for the time duration observed, the velocity of the tumbleweed is
significantly less than the wind speed. Mass distributions and initial
angular velocities are varied for 12 different cases as shown in
Table 2. Figures 22-33 show the trajectories of the tumbleweed in the
Xo—Yo plane for the various parameter values and initial conditions
shown in Table 2. The parameters and variables listed in Table 2 are
defined as follows: m,,, m,,, and mj;, are small submasses located
along the i, jg, and K 5 axes, respectively, as shown in Fig. 21; m, ,
my, , and m;, are small submasses, located along the negative i, jz,
and Kk axes, respectively; xy,, Xi,, ¥2,, Y2, 23,> and z3, are the
distances from the center of mass of the system to the m, ., m,,, m,,
my, , My, , and m;, submasses, respectively; and w,, w,, and w, are
the initial angular velocities of the tumbleweed rover aboutthe iz, jg,
and kp axes, respectively. The numerical scheme used to integrate
the equations of motion was a Dormand-Prince 4(5) pair
(MATLAB’s ode45).

C. Discussion of Results

For the 12 different cases shown in Figs. 22-33, we see that the
mass imbalance, wind force, and initial angular velocity all affect the
motion of the tumbleweed. We next discuss each of the individual
cases.

1) Case 1 (Fig. 22): For case 1, the tumbleweed is balanced and has
an initial angular velocity about the x axis. Thus the tumbleweed first
rolls in the negative y direction, but the wind force then causes it to
roll in the x direction.
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Table 2 Parameter values and initial conditions for tumbleweed simulations (masses are in pounds mass, distances are in feet,
and angular velocities are in radians per second)

379

my, my, my, my, ms, ms, X1, X1, Y2, V2, 23, 23, w, w, w;
Case 1 55 55 55 55 55 55 033 -033 033 -033 033 -033 05 0 0
Case 2 55 55 55 55 55 55 033 —-033 033 -—-033 033 -—-033 0 05 O
Case 3 11 5.5 55 55 55 55 1.65 —0.33 033 —-033 033 -033 05 0 0
Case 4 11 5.5 55 55 55 55 1.65 -033 033 -033 033 -033 O 05 0
Case 5 55 55 11 5.5 55 55 033 -033 165 —-033 033 -033 05 0 0
Case 6 55 55 11 5.5 55 55 033 —-033 165 —033 033 —-033 0 05 0
Case 7 55 55 55 55 11 55 033 —-0.33 033 —0.33 1.65 033 05 0 0
Case 8 55 55 55 55 11 55 033 —-0.33 033 —0.33 1.65 —-033 0 05 0
Case 9 11 5.5 55 55 55 55 33 -033 033 -033 033 -033 05 O 0
Case 10 11 5.5 55 55 55 55 33 -0.33 033 -033 033 -033 O 05 O
Case 11 55 55 11 5.5 55 55 033 —-033 33 -033 033 -033 05 O 0
Case 12 55 55 11 5.5 55 55 033 -—-0.33 33 -033 033 -033 0 05 0

2) Case 2 (Fig. 23): For case 2, the tumbleweed is balanced and has
an initial angular velocity about the y axis. Thus the tumbleweed
begins rolling in the positive x direction and the wind force maintains
this rolling in the x direction.

3) Case 3 (Fig. 24): For case 3, the tumbleweed is imbalanced
along the x axis and has an initial angular velocity about the x axis.
Thus the tumbleweed first rolls in the negative y direction, but the
mass imbalance causes the tumbleweed to begin rolling in the
positive y direction.
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Fig. 22 Case 1 model simulation.
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4) Case 4 (Fig. 25): For case 4, the tumbleweed is imbalanced
along the x axis and has an initial angular velocity about the y axis.
Thus the tumbleweed begins rolling in the positive x direction and
the wind force maintains this rolling in the x direction.

5) Case 5 (Fig. 26): For case 5, the tumbleweed is imbalanced
along the y axis and has an initial angular velocity about the x axis.
Thus the tumbleweed first rolls in the negative y direction, but the
mass imbalance causes the tumbleweed to begin rolling in the
positive y direction.
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Fig. 24 Case 3 model simulation.
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Fig. 25 Case 4 model simulation.
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Fig. 26 Case 5 model simulation.
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Fig. 27 Case 6 model simulation.
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Fig. 28 Case 7 model simulation.

6) Case 6 (Fig. 27): For case 6, the tumbleweed is imbalanced
along the y axis and has an initial angular velocity about the y axis.
The initial velocity as well as the wind force causes the tumbleweed
toroll in the positive x direction, however, the mass imbalance along
the positive y axis causes the tumbleweed to roll in the positive y
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Fig. 29 Case 8 model simulation.
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Fig. 30 Case 9 model simulation.
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Fig. 31 Case 10 model simulation.

direction. These effects happen simultaneously leading to the
trajectory shown in the figure.

7) Case 7 (Fig. 28): For case 7, the tumbleweed is experiencing a
mass imbalance along the z axis and has an initial angular velocity
about the x axis. The initial angular velocity causes the tumbleweed
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Fig. 32 Case 11 model simulation.
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Fig. 33 Case 12 model simulation.

toroll in the negative y direction and the wind force causes it to roll in
the positive x direction. The mass imbalance along the z axis causes
the tumbleweed to continue rolling in the negative y direction.

8) Case 8 (Fig. 29): For case 8, the tumbleweed is imbalanced
along the z axis and has an initial angular velocity about the y axis.
This angular velocity causes the tumbleweed to begin rolling in the
positive x direction and the mass imbalance and wind force maintains
this rolling in the x direction.

9) Case 9 (Fig. 30): For case 9, the tumbleweed is imbalanced
along the x axis and has an initial angular velocity about the x axis
which causes the tumbleweed to first roll in the negative y direction.
The mass imbalance, however, causes the tumbleweed to begin
rolling in the positive y direction.

10) Case 10 (Fig. 31): For case 10, the tumbleweed is imbalanced
along the x axis and has an initial angular velocity about the y axis
which causes the tumbleweed to begin rolling in the positive
x direction and the wind force maintains this rolling in the x direction.

11) Case 11 (Fig. 32): For case 11, the tumbleweed is imbalanced
along the y axis and has an initial angular velocity about the x axis
which causes the tumbleweed to first roll in the negative y direction.
The mass imbalance, however, causes the tumbleweed to begin
rolling in the positive y direction.

12) Case 12 (Fig. 33): For case 12, the tumbleweed is imbalanced
along the y axis and has an initial angular velocity about the y axis.
The initial velocity as well as the wind force causes the tumbleweed
toroll in the positive x direction; however, the mass imbalance along
the positive y axis causes the tumbleweed to roll in the positive y

direction. These effects happen simultaneously leading to the
trajectory shown in the figure.

As discussed previously, Figs. 22-33 show that by varying the
location of the center of mass, the motion of the tumbleweed rover
can be significantly affected, indicating that a navigation system
based on dynamically changing the center of mass of the tumbleweed
comprises a promising area of research and development. The next
step in developing a viable navigation system based on this
phenomenon would be to develop control algorithms designed to
dynamically alter the location of the center of mass of the rover (e.g.,
via a set of orthogonally placed screw drives which can quickly move
masses toward or away from the center of the rover) to cause the rover
to trace out a desired path. In this paper, our simulations concern
rovers with different center of mass locations, but the location of the
center of mass does not vary during the course of the simulations. The
equations presented in this paper and in Wilson’s thesis [46] do
account for a time varying center of mass, however, and provide the
basis for designing a navigation system based on dynamically
changing the center of mass of the rover.

V. Summary

From wind-tunnel tests conducted on different tumbleweed rover
designs, we have shown that a box-kite configuration represents a
promising design for a Mars Tumbleweed rover. To aid in the
development of such a rover, three generations of a Tumbleweed
Earth Demonstrator based on the box-kite concept have been
designed, constructed, and tested. These Earth demonstrators
represent an important first step in developing viable Mars
Tumbleweed rovers. Finally, a possible method for steering a Mars
Tumbleweed rover has been identified, namely, using a system of
moving masses within the tumbleweed to alter the location of the
center of mass. A mathematical model of such a system has been
developed and simulated, and it has been demonstrated that such a
system has the potential to form the basis of a navigation system for
Mars Tumbleweed rovers, that is, the results show that it is possible
to dramatically alter the path of a tumbleweed rover by shifting its
center of mass.
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