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WITH THE PRESENT state of technology, the achievement of
maxImum transport efficiency on highways and roads, ar
smooth, hard ground, calls for the use of wheeled vehicles.
Conversely, when faced with 2 requirement to operate in the
severe terrain conditions encountesed off the road, experi-
ence has shown that tracked vehicles will generally ourper-
form wheeled vehicles. But, of course, they are not well
adapted to extended, high-speed travel on improved surfaces.
For several decades now, various attempts have been made
to combine in a single vehicle the performance and effi-
ciency of a wheeled vehicle on improved surfaces and mo-
bility equal ta, or better than that of a wacked vehicle in
soft-sofl environments, such as mud, swamps, marshland,
tidal flats, and intensively imigated agriculneral land, The
majority of these designs have reflected emphasis on ofi-
the -road mebility, as evidenced by the use of some type of
track system -- conventional, spaced-link, pneumatic, air-
supported, and so forth, Consequently, the goal of achieving
the performance and efficiency of a wheeled vehicle on
improved surfaces has not been completely attained, because
tracks, of whatever design, are not fully compatible with

ABSTRACT

the highway and road environment. At the higher speeds
not only possible but demanded for this use, wack wear is
greatly accelerated, maintenance of adequate control be=
comes difficult, and the driver, passengers, cargo, and ve-
hiele strueture are exposed to possibly damaging levels of
shock and vibrarion.

Several years ago we undertook to determine whether
there was a practical way to avoid the dilemma of "wheels
ot tracks” by providing a thicd alternatve. The basic con-
sideration guiding development was to utilize some type of
running gear on improved and hard surfaces which would en-
able us to obcain wheeled vehicle efficiency in those ea=
vironments, and, by virtue of the configuradon of the run=-
ning gear and incorporation of the ability to drive it (o an
unorthodox Fashion, to obtain ot surpass rracked vehicle mo-
bility in soft soils. The result of this effort is the TerraStar
locomotion device -- essentially a new type of wheel called
a major/minor wheel., The following discussion traces the
development of this wheel, or locomoden device, from con-
cepiual design to its use on full-scale experimental ve-
hicles.

Many off-the-road mobility development programs have
had as the peincipal objecrive a substantal improvement (o
soft-soil performance. This paper describes the evolution of
the TerraStar marginal-terrain amphibian, which represents
an effore to achieve this improvement without saceificiog
"toadability.” The TemaStar concept is based on the use of
a new locomotien device called a major/minor wheel, Es=
seodally an "interrupted” wheel, this device works down in

soft soils much like a spaced-link track, and also provides
wheeled vehicle performance on roads and highways, orhaed
ground.

Aspects of the program related here include the use of
seale~model teses in natural soils for preliminary design, the
development of full-scale experimental vehicles, and the
early cesults of field tests of the full-scale vehicles.



DESIGHN PHILOSOPHY

Except for the spaced-link type, the popularity of tracks
for soft=sofl work results from their ability to provide good
flotadon, thereby minimizing motion resistance, and to
generate relatively high thrust in low -swength conditions by
developing soil failures in shear of extensive proportions.
Unconventional track systems, such as rubular or celiular
pneumatic types, of roller tracks with low-pressure tires, are
fntended to enhance these characteristics. With these, In
near-fluid soils, the large contact area and low ground pres=
sure typical of rracks are pugmented by the inherent buay-
ancy of the track components to provide excellent flotation.
The aggressive configuration of the ground-contact elements
produces the necessary level of thrust o overcome whatlittle
motion resistance is encountered working on top of the soil.

With the gosl, however, being a vehicle which would
operate efficiently on highways and mads as well as in ad-
vesse terrain, track systems were eliminated as a possible
approach, since, in our opinion, none, regardless of type,
offered completely satisfactory “roadability.”

On the other hand, the conventional wheel offered no
possibility of a solution either, so 2 compromise was reached
and the design based on the functional characteristics of a
spaced-link rrack with a physical form something like a
wheel. As is well known, the spaced-link mack operates
quite differently in soft soils than a copventional {or uncan-
ventional), closed wack, Flotaton plays no real part in ics
ability to move a vehicle in low -strength conditions. Rather,
high thrust is developed by efficient soil shearing action,
augmented by the capability of reaching down into the soil
to act against firmer marterial. While the sinkage experi-
enced would be expected to result in very high levels of
motion regsiance, the open design of the track largely avoids
this.

From the standpoint of soft-soil performance then, im=
plicit in the design decision was the discard of the guidelines
of low ground pressure, high flatation, and the avoidance of
sinkage normally followed to assure gaining thrust and avoid-
ing motion resistance in low-strength conditions. It was
proposed to achieve the same results in a unique way which
would also make it simpler to get good roadability.

COMCEPT DESCRIPTION

In the TerraStar concept, conventional wheels and tires
are replaced by "major-wheel” assemblies. These assem-=
blies each consist of “minor wheels" mounted on secondary
axles located radially about, and at some distance from, the
major-wheel axle by means of large spokes rigidly arrzched
1o the major-wheel axle. The minor wheels camy wide-base,
low -profile, low-pressure tires. A gear-irain housed in the
spokes on one side of the major-wheel assembly carries power
1o the minot wheels from & drive shaft located inside the
tubular major-wheel axle (Fig. 1). A clutch aszembly is in-
corporated on the drive-shaft so it may be engaged, or
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Fig. 1 - Major-wheel and mode=-shift clutch assembly

Fig. 2 - Road operation at convoy speeds

locked=up with the majos-wheel axle and drive it directly,
causing the entire major-wheel assembly to revolve.

For operation on highways, roads, or natural, hard sur-
faces, the minor wheels are driven and the vehicle is pro=
pelled by the eight minor wheels bearing on the surface,
much the same as any conventional, all-wheel drive ve-
hicle (Fig. 2). The only characteristic tending to distinguish
the TerraStar in this mode of operation is the use of a skid-
steering system like that found in tracked vehicles. When
soft soile are encountered (n adverse terrain, where bearing
capacity and shear strength are so low that sinkage and slip
of the minor wheels could result in immobilization, the
minor-wheel drive shaft is clurched to the major-wheel
axle. The power on the major wheels causes them to re-
volve, with the minor wheels successively brought into con-
tact with, and separated from, the soil in something like a
“stepping” or “walking" method of locomotion. How does
this enhance mobility 7

Assuming that a vehicle is not power limited, the maxi-
mum tractive effort that can be developed in adverse ter-
rain is determined by the ultimate strength of the soil in
which it is operating. The vehicle's ability to propel imself



Fig. 3 - Multipass operadon in
beavy clay

and do ussful work is, furcher, a function of the relationship
of rractive effort and motion resistance. Expressed in it
simplest form, gross wactive effort may be roughly evaluated
as

H = Ac +Wtan ¢ {1}
where:

H = Grozs cractve effort, 1b

A& = Ground contact area of the vehicle's tractive ele-
ments, 5q in.

o = Measure of the stickiness of the soil expressed as a
coefficient of cohesion, psi

W = Load an the vehicle's tractive elements, b

# = Apparent angle of intemal friction of the soil

This expression takes into account the resistance to shear-
ing resulting from both the cohesive and frictional charac-
teristics of natural soils. Drawbar pull has traditionally been
used as an indicator of a vehicle's mobility. It is approxi-
mated by evaluating the expression

DP =H-R (2)
where:
DP = Drawbar pull, b
H = Gross tractive effort, 1b
R = ‘Total motlon cesistance, 1b

In detail, R is the sum of bulldozing resistance, compac=
tion resistance, and drag. 5o long as a positive value can
be realized for DP, a vehicle will continue to move: the
greater the value of DP, the greater the vehicle's capacity
ta do useful work (1).*

As can be seen fromEq. 1. within practicable limits, the
larger A can be made the more reactive thrust that could

* Numbers in parentheses designate References at end of
paper.

be developed for a given value of ¢. Similarly, the larger
W iz the more reactive thrust that could be developed foe

# glven value of @ Consequently, to develop the greatest
passible gross thrust in low =swength conditions, where the
values of ¢ and o are very low, a desirable arrangement
would be one in which the tractive elements of a vehicle
would Induce shear over large areas and would also provide
high concentrations of weight., With something approaching
maximum thrust achieved, t gain the final goal of a high
value for DP, as represented in Eq. 2, motion resistance would,
at the same time, have to be held to a minimum. These
are the things that have been amtempted with the TerraStar's
major fminor wheel {2).

As explained before, in adverse soft soils, each major
wheel is powered directly causing it o revolve, with the
minor wheels successively brought into contact with and
separated from the soil In a stepping fashion (Fig. 3). The
magsive grouser action of the wheel develops soil fallures
over an exceptionally large area, and large load concen=
trations oecur on a cyclical basis as the vehicle welght at
the axle Is borne by & single minor wheel three times during
gach major=wheel revolution. Thus, thoust is maximized o
low-smength conditions. Since the major wheel advances
by "picking up” its minor wheels and displacing them for=
waed as it revolves, unlike a conventional wheel or track
whizh iz pushed through the soil, bulldozing resistance 1s
practically eliminated and compaction resistance is kept
low so that total motton resistance is minimized.

PRELIMINARY DESIGH

Rather than the customary concems of weight growth,
yehicle envelope size, power train efficlency, and so fortch,
preliminary design on this project entailed bagie, concept
decisions and the resolution of design conflicts. While it
now seems natural for the major wheels to have thiee minor
wheels each, there was originally a question as to why not
two, ot four, or five? There was discussion whether it would
be advantageous to continue to drive the minor wheels when



the vehicle was in the major-wheel mode of operation, either
forward or in reverse. or to lock them up: Consideration

had o be given 1o the question of suspension for the major
wheels and, if no suspension were provided, should they be
free 1o rock about their center axle when the vehicle was

in the minor-wheel mode of operation ¥ There wers also
conflicts to be resolved between the advantages of a me-
chanical, hydraulic, or elecirical final deive.

Finally, there was the fundamental question a3 to whethes
the majot-wheel method of locomotion would really prove
ay effective in adverss soft-soil conditions as rudimentary,
theotetieal analysis indicated it would.

Some questions could be satisfactorily resolved by further
analysizs. For example, the optimum number of minor wheelg
o have on each major-wheel assembly. It could be readily
dernonstrated peometrically that going from two to tiree
minor wheels == a one~third increase in complexity -- would
provide almost a 70% increase in ground clearance fornoe=
mal, wheeled vehicle operstion and decrease the stepping
height in the major-wheel mode of operation by approxi-
mately 50% However, going from two to four wheels, doubl-
ing the complexity of the assembly, would increase ground
clearance by only 209 more and further decrease the step-
ping height by not much more than an additional 10%. Ob-
viously this was a case of diminishing returns, and three
minor wheels on each assembly would be the optimum con-
figuration.

Other questions, such as the selection of the final drive,
were settled by cireumstances. Thers was no "off-the <shelf”
hydranlic or electrical final drive available with an input/
output capacity and a physical size compatible with the in-
stallation requirements of the TerraStar, so there was no
altemative 10 a mechanical drive.

However, in considering questions on the modes of cpera-
tion and mobility performance, it soon became obvious that
no purely analyrical approach would provide fully satisfac-
tory angwers. Yet, before making the final commitment of
monsy and dme required to construct a full-scale experi-
mental vehicle, it was degirable to gain addizional evidence
that the new lecometion method offered distincr advantages
over conventional wheels or wacks in soft soils. A good way
to get this evidence appeared to lie in the testing of geo-
metrically and dynamically scaled vehicle models In natursl,
cobesive, and frictional soils.

Both 1/4 scale and 1/5 scale, electrically powered, "free”
maodels of the TerraSrar were used in these tests (Fig. 4).

Two natural soils -- one predominantly cohesive and one
predominantly frictional -- were prepared in tanks, the
strengths of the solls being varded by changing their moisture
contents for each successive test. A simple shear vane, with
provision for varying the normal load, was used o determine
values for ¢ and @ im situ. Values for ¢ and ¢ were also
obtained from soil samples by shear-box tesis at the same
time laboratery soil analyses were made to determine soil
specific weights and moisture contents for each model test.
The test serup included apparatus for measuring model draw-
bar pull and determining slip. Unladen weight distribution

Fig. 4 = Deawbar-pull test with dynamically similar model

of the models approximated that of the planned, full=scale
vehicles. The test weighes of the models were determined
on the basis of evaluating Pi terms evolved from dimensional
analyses accomplished by other investipators in the losomo-
tion mechanics field (Ref. 3). For tests in the predominantly
cohesive soil the model loading was determined by evaluat-
ing the expression

wf
3
W o= — (3)
m g 2
where:
Wm = Maodel weight, 1b

fs Full-seale vehicle welight, 1b

c = Coeffickent of cohesion of the eosil, psi

L = Characteristic length or scale factor, either 4 or 5

in the case of the models used.

When tests were conducted in the predominantly frictional
seil, the model loading was based on an evaluation of

(4}

where hl’m. wfs' and L are as defined above and ¥ is the

test soil’s specific welght, Ib/co in.

At first, attempts were made to obtain independent per-
formance data from the vehicle model tests which conld be
directly correlated to full~scale vehicle performance. Un-
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Fig. 5 = Dimensional drawing of experimental TerraSta

fortunately, while it was practicable to do this in the pre-
dominantly cohesive soil over a wide range of moisture con=
tents, It was found impossible, with the simple test semp
employed, to achieve the high loads required for correct
dynamic scaling in the frietional soil and yet stay within

the physical size limits of the model imposed by geometric
scaling.

The effort to obtain independent data was, therefore,
discontinued and we resorted to a series of tests In the co-
hesive and frictional soils in which idendeal models were
equipped with major/minor wheels and various types of
conventional running gear so that comparative performance
data could be abtained. The drawbar-pull fslip curves gen-
erated from the data showed the TerraStar method of lo=
comotion to be markedly superior to conventional running
gear in soft soils, Ultimately, tests of the full-scale Terra-
Star experimental vehlcles provided comoboration of the
results of the comparative model tests.

The scale=model worlt also provided opportunities to de-
termine the desirability of driving or not ddving the minor
wheels when operating the vehicle in the major-wheel mode,
of providing or not providing a conventional suspension ag
the major=-wheel axles, and to reach conclusions on other
basle questions on the concept which could not be readily
answered on the drawing board. Essentially, then, scale-

model tests congtituted a major part of preliminary design
on the TercaStar,

EXPERIMEMTAL VEHICLES

With confidence in the new locomotion concept greatly
strengthened by the performance demonstrated by the scale~
models, Lockheed immediately undertook the design and
construceion of a full -seale, TerraStar experimental vehicle
in a nominal 1/2-1on payload size (Fig. 5). Shortly after
completing this vehicle, and prioe to the completion of ex=
tensive testing, Lockheed was awarded a contract by the U.5.
Army Limited War Laboratory for the design, develop-
ment, and construction of another full-scale, expermental
vehicle for Army evaluation of the locomotion concept.

As will be noted in the tables of characteristics, the ve-
hicles are dimensionally similar (Tables 1 and 2). They
also have somewhat the same external appearance. However,
they differ substantially in detail design and subsystemns.

TerraStar [ (Fig. 6) was designed to be built quickly and
economically and this is reflected in the use of a simple,
welded stael frame uider an aluminum sheet skin, the use of
tough, built=up, major-wheel, gear-train housings, utiliza-
tion of readily available components, and, generally, a dis=
regard of the niceties of weight-saving and long-life design
techniques. While not as light or agile as it might have
been, TerraStar [ incorporated all the characteristics and
was, and is, capable of demonstrating all the features of
major/minor wheel locomotion. The relatively limited
tests carried out with this vehicle proved imvaluable in fm-



Table 1 - TerraStar I Charactedstics

Length

Width

Deck height

Curh weight

Gross weight
Engine
Trangmission
Steering

Tires

Frame construction

Performance:
Maximum spesd, land
Maximum speed, water

Gradeability
Steering

126.25 in.

78.00 in.

29.00 in,

A100 b

3700 1b

41 hp

4=speed manual
Braked differential
16 % 14.50-6
Steel

25 mph
4 mph
6%

Pivot

Table 2 - TerraSiar II Characteristics

Length 130.25 in.
Width BO.OO in.
Deck height 41.00 in.
Curk weight 2600 b
Grogs weight 3600 1b
Engine 52 hp
Transmission 4=gpeed manual
Steering Clutch-brale
Tires 20 ¥ 14=10
Frame construction Aluminum
Performance:
Maximum speed, land 35 mph
Maximum speed. water 6 mph
Gradeability B0
Steering Pivat

.-'m-_"- 3 Lo iis dmd

o i I

Fig. 7= U. 5 Army Limited War Laboratory vehicle

proving the detail design of the Army’s experimental ve=

hicle, TerraStar I (Fig. 7).

The first vehicle incorporated a braked-differential, shid-

steering systern. On emerging from a swamp or similar

goft=soil area it was found that the differentdal in the drive
train made it possible for the wheels without good traction
on one gide to “spin out,” wasting power. This, of course,

is not & new or unusual phenomenon; however, correcting
the condition by braking the spinning wheels caused un=-
wanted steering just when it was desired to keep the vehicle
straight on to the bank.

The braled-differential steering system also resulted in
a greater loss of power to the wheels on the driving side, or
outside, of a turn than had been anticipated. While there
was no noticeable degradation of performance, it was ap-
parent that steering response could be improved, To effect
this improvernent and also provide for better control in soft
soils, a clutch-brake steering system was installed o Terra-
Star II.  This gives full power in tums and gets all the tworque
to the wheels that can use it in adverse terrain. However,
while not as complex or costly as a geared, regenerative
steering system, the clutch-brake system was not as simple
ag the equipment used in TerraSuar | and presented problems
in obtaining satisfactory components.

While operating TerraStar I in near=fluid, soft soils at
Aberdeen Proving Ground, it was observed that possibly a
larger radius at the lower portion of the front of the hull
would reduce soil buildup ar that point. It also appeared
that a larger diameter tire and reduction of the rpm of the
major-wheels to obtain a more deliberate stepping action
would enhance performance. Accordingly, TerraStar IT is
equipped with a more efficient hull form, incorporates pro=
visions to accommodate 16 or 20 in. diameter tires, and has
a total reduction in low gear, major=wheel mode of opera-
tion, of 98: 1 instead of the 7211 reduction used in Terra-
Star 1.

Of eourse, the major improvements, and the ones most
difficult to achieve In the second vehicle, were the use of an
all-aluminum, welded framé with a riveted, aluminum sheet
skin, and the change from built-up, major-wheel, gear=-
train housings to cast=aluminum housings. The aluminum
frame and skin provided a light, rugged vehicle hull, but
iniclally created problems with respect to engine and drve-
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Fig. 8 - Climbing a wet, clay slope

train mountings and attachments. Although the cast-alu-
minum housings at first caused some concem with respect

to their ability 1o rake high impact loads and continuous
abrasion in soft soils, they have successfully withstood nu-
merous encountess with sharp rocks, boulders, roots, and
sunhen logs and still show no appreciable wear, And itproved
worth while o sccept these early problems and misgivings
becanse the much lighter Terrastar I is an agile, maneu-
verable vehicle with a very substantial overall performance
superiority over the first experimental vehicle (Fig. B).

So far in this discussion the emphasis has been on the
features and funcdoning of the TemaStar concept in soft-soil
environments. There is also much of interest regarding the
characterstics and operadon of the TeraStar on roads, high-
ways, natural, hard surfaces, and in the water. These are
common to both experimental vehicles,

The desire to achieve maximuem simplicity and the special
requirements for power transmission in the major-wheel as-
semblies led to selecton of a planetary gearsec (Fig. §) for
the final drive to the minor wheels. The sun gear is mounted
on the input drive shaft which extends out 1w the gear housing
through the tubular major-wheel axle. An intermediate
gear transmits power to the planet gears which are mounted
on, and drive the minor-wheel axles. In addicion to the
flnal-drive funcrion, this simple mechanism provides the
TeraStar with many of [ts unusual characteristics and capa<
bilizies.

When the vehicle s operated in the mipor=wheel mode,
the final=drive gearset cuts the overall gear rato o one=
third thac of the total reduction used in direct, major-wheel
drive 50 that adequate speeds can be achieved far highway
and road nse.

The major-wheel assermnblies are not restealned from in-
dependently rocking about their center axles, or even full
rotation, when the vehicle 15 in the minor-wheel mode.,
Suspension of the vehicle {5 thus derived not only from tire
deflection bat also from the fact that each wheel assembly
ls, in effect, a two=axle bogie suspended ac a single poing

Fig. 9 = Major-wheel gear train
a walking beam suspension for each pair of minor wheels in
ground contact, with its action mechanically damped.

with this gbsence of restraint of the major wheels and the
planetary gearset arrangement, it is probably obvious thar,
should the load go off the minor wheels for any reason, the
input torque will begin to rotate the major-wheel assembly
automatically, even though the mode-shift clutch is not
engaged to lock its center axle to the drive shaft. This
autorotation Into major-wheel mode enables the vehicle's
wheels to bridge ditches while moving cross-country. It ls
also valuable in permitting the vehicle to climb a vertical
elevation of greater height than half the effective diameter
of the major wheels. The leading minor wheels on the front
wheel assemblies contact the base of the elevation. The
tractive effort, gained primarily from the rear wheel ag-
semblies, forces the vehicle ahead and the forward wheel
assemblics autorotate into the major-wheel mode, bringing
the top minor wheels over to catch the edge of the elevation
as they move around and down. Once the front of the ve-
hicle is started over the elevation, then the tractive effort
is gained principally from the front wheels and the rear wheel
assemblies are pulled over the elevatlon as they, in turn,
are made to autorotate. A somewhat analogous series of
actions occurs when the vehicle makes an exic from water
over an abrupt bank.

The autorotation feature slse has other advantages when
the TerraStar is operated in the watee. The best control,
achieved by identical driver inputs to those used on land,
the best maneuverability, and satisfactory speeds are ob-
tained when the vehicle is left in the minor-wheel mode.
On entering the watee (Fig. 10), as soon as the buoyant force
starts to support the hull, the load comes off the minor wheels
and the wheel assemblies autorotate into the major-wheel
mode, automacieally providing the "paddle-wheel” action
which propels the vehicle. Coming out of the water, the
autorotacion in major-wheel ceases as soon as the minor
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Fig. 11 = Wheel action during water exit

wheels contact a firm footing and pick up the load (Figs. 11
and 12). The advantage of this type of operadon {s most
obvious when the vehicle is "swimming" in areas where
underwater obstacles are common. As can be seen, if the
wheel assemblies were locked in the major-wheel mode the
impact lvads, on striking an obstacle, would be high.
Whereas, with the vehicle in the minor-wheel mode, and
the wheel assemblies autorotating, when an obstacle is struck
the impact load is substantially lessened by the assembly's
abllity to rock back on [tself as the minor wheels pick up
the load.

There are other, less obvious basic advantages or char-
acteristics of the TerraStar resulting directly from use of
the unorthodox major /minor wheel, Two of these contribute
greatly to its potential value as a military vehlele (Fig. 18),

First, there Is the Inherent simplicity of the concept,
This is evidenced by the absence of conventional suspension
components, half-shafis with elip joincs, universal jolnts,
trangfer cases, and multiple use of differencials. It is also
demonstrated by the uncomplicated, straightforward char=

- a

Fig. 12 - Water egress over a near vertleal bank

Fig. 13 - Artiat's concept of three TerraStars delivered by
CH-47 helicopter

Fig, 14 = MHWMBT"HTHBE;]-M& ir;";rc.t

acter of the drver's controls == simple steering levers like
those of a tracked vehicle, the usual brake, clutch and ac=
celerator, and conventlonal instruments. The only unique
feature is the mode -shift control (Fig. 14) enabling selection
of the minor-wheel or major-wheel mode of operation. As



mentioned previously, control of the vehicle is aceomplished
by identical deiver inpurs on both land and water.

Second, although the TerraStar is a wheeled vehicle == a
highly unconventional one -~ its vulnerabillty, with respect
1o tres, {5 exceprionally low. Each major-wheel assembly
carries a working spare. Should a tire be damaged, the wheel
assembly Is simply rotated ro ger another minor wheel on the
ground, so the vehicle's roadability in the minor-wheel mode
is not impaired. It has also been determined that the loss
of a tire on one or more of the wheel assemblies has lictle
effect on the vehicle's peeformance in soft soils or in water.

FIELD TESTS

While tests and evaluation of the full-scale, TerraStar
experimental vehicles are not yet complete, enough work
has been done to determine the validity of the concept. The
highlights of these tests further fllustrate the unusual nature
of the vehicle.

Sinee a fundamental aim with the concept was to obtain
good road and highway performance and a capability to ne=-
gotlate rough terraln, this type of operation recelved con-
siderable attention in early tests. Road speeds of 30 mph
and higher, with excellent directional conteol, were readily
obtained, the limicting facror being, as it tumed out, un=
necessary concem over tire wear. Running owver haed, brolken
ground, the vehicles exhibited exceptionally good stabilicy
and provided a relatively smooth ride at 16 mph. The damp-
ing action on the major wheels proved far more effective
than had been expected. It was also shown that full revolu=
tions of the major-wheel assembiles, caused by encounters
with severe obstacles at reasonably high speeds, caused no
control or stability problems. An original shortcoming of
TerraStar I was an Inability to make tight maneuvers on
conepete and asphalt; this was corrected, after some experi=
mentation, by replacing the dum-rype., steering brakes with
disc brakes of the same type subsequently used in TerraStar
[I. Astouched an préviously, one impressive result of the
tests, In view of the sldd=steecing system and the generally
rough treatment given both vehicles, is the durability of the
low=pressure tires, Only one tire has falled becauss of a
puncture. Except for this, the vehicles are sceill running on
the ariginal tires, and they show no appreciable tread wear.

Most of the water performance tests of both the Terra=
Star I and TerraStar I vehicles were accomplished by Lock-
heed at the U.5. Naval Ordnance Laboratory, Corona, Calif,
Thege confirmed the anticipated high propulsive efficlency
of the major wheels in water where they act much 1ike paddle
wheels, demonstrated the good water speeds that could be
achieved without the added complexity of an auxiliary pro-
pulsion system, and provided opportunities to work out the
best arrangements for baffles to control water flow in the
wheel wells and obtaln maximum theust (Fig. 15). The tests
also resolved a long=standing question on the Terraftar’s
ability to wavel through dense surface and subsurface marine
vegetation. Instead of the major wheels becoming entangled
and bound up as they tumed, the material was deagged (nto

Fig. 16 = Research vehicle after 5 hr in dense marine vege-
tatlon

the wheel wells, chopped up as {t pased between the wheels
and strueture, and expelled (Fig, 16) == the whole process
increasing reactive thruse,

Of all the soft-soll tests accomplished with the Terra-
Stars, the most revealing of the concept's performance ware
those run by the U 8. Avmy Limited War Laboratory in a
rice paddy (Fig. 17) and in so=called “rwilight=zone" con=
ditions at Aberdeen Proving Ground, and the trafficability
tegts in clays conducted by the Waterways Experiment Sta-
tion {WES) at Vichsburg, Miss.

The rwilight zone (Fig. 18) deseribes an area in which a
near-fluid sofl with shallow surface water is not able w sup=~
port a yehicle's ground contact elements and yet the water
is not of sufficient depth to provide full buoyaney for an
amphiblan. With more or less conventional marginal-ter=
rain amphiblans, the wheels or tractka sink deeply into the
soil and, because of the soil's lack of shear strength, cannot
develop sufficient thrust to overcome the nerease in motion
resistance as the hull "bottoms out,” Both experimental ves
hicles have demonsteated thelr ability to operate success-
fully In such conditlons. An Interesting sidelight on this



Fig, 17 = Negotatng a rice-paddy dike

Fig. 1B - Operation of TerraStar in rwi-
light -zone

kind of testing was that directional control remained good;
the fayorable change in the L/T ratio when the vehicle is
converted from the minor=wheel mode o the major-wheel
mode is responsible for this (Fig. 18).

While complete results-of the mulripass, wafficability
tests ate not available ag this is written, the TerraStar I
has shown that it can opecate in the major~wheel mode in
clayt with 8 Cone Index (CI. a dimensionless, comparative
rating of sofl srrength) as low 25 10. To relate this to com=~
mon experience, a man on foor will rapidly sink down to his
knees if he attempts to negoriate a higher strength soil with
a Clof 15. A principal concem with the TerraStar concept
had been the possibility of soit buildup on the major-wheel
assemblies, especially when operating in clay, to the point
where the wheel’s ability to generate thrust would be seri-
ously degraded. Although there was some packing of clay
a2t the center of the wheel assemblies experenced ar Vieks-
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burg, it never approzched a point where it had any effect
on their fmction and it was quicldy shed.

What has besn done so far clearly shows that the Terra-
Star has the begt type of tracked vehicle mobility in swamps,
marshland, tidal flats, deep mud. and intensively irrigared
agrieulrural land, performs very well in the water, and can
be operated with the ease and efficiency normally associared
with a convenrional wheeled vehicle on roads and highways.
These results support the theoretical concepts on which the
design was based and confirm the early findings of te cotn-
patative, scale-model tests. The field tests of the full-scale
vehicles have also indicated areas where improvements can
be made in the design, for example, proyiding greater ground
clearance, the use of larger diameter dres on the minor
wheels, and, in conjunction with further analytical work,
indicare thar we will shortly be able to get the TerraStar
o operate with ease in soils with a CI down 1o (.
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L- MAICR - WHEEL WHEELBASE

MR = WHEEL WHEELBASE

Fig. 18 = L/ T ratos for major~wheel and minor-wheel mode
of operadon

SUMMARY AND CONCLUSIONS

An attempt has been made in this paper to provide a
descripion of the creative and deyelopmental processes
brought into play in the evoludon of an unusual, specialized
ground vehicle from the first rough sketch o full=scale, ex-
perimental units, What conclusions can be drawn from the
experiences with this project?

The performance of the TerraStar vehicle indicates that
ir may be useful to investigate further locomotion systems
which negotiate soft-soil environments by working down in
the medium, as contrasted with the more papular spproach
in which flotation is emphasized -- especially since this
offers possibilities for the development of truly "roadable”
marginal-temaln vehicles.

Qrire possibly the full potentizl of scale-model vehicle
testing as a woeking aid in preliminary design has not been
realized because many efforts in this area have ulimately
become elaborate and expensive. It now scems that a rela=
tively crude apparatug and a minimum facility, while not
capable of providing complete, highly accurate data, as in
this instance, will, at the very least, provide valuable in-
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sights and useful directions to pursue in the early develop-
ment of conceprual designg.

Simplicity is a major objective with every design. As
has been repeatedly demonstrated in the past, the effort
to achieve it cannot be started too soon. The early, basie
decision to use a gear-train final drive in the TerraStar's
major-wheel assamblies enabled subsequent simplification
of controls and permired the elimination of numerous com-
ponents. And the ultimate result is unusual == a relatively
uncomplicated multdenvirenment vehicle.

Finally, as the TerraStar evolved into the derail design
stage, it became increasingly apparent that there iz ascarcity
of components suitable for use in light, special-purpose ve=
hicles. This includes engines, clutches, ansmissions, steer-
Ing systems, and just about everything else necessary tocom-
plete a design. As it undoubtedly has with many others,
this forced compromises which did nothing to enhance per-
formance. It appears it would benefit all of us in this fi=ld,
and be especially helpful in the military vehicle area, to
promote logical and timely component development pro-
Erams.
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