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S_'MBOLIC NOTATION

AF FOOTPRINT AREA
B SPOKE BASE LENGTH

BN NUMBER OF BANDS PER HOOP

c COEFFICIENT OF SOIL COHESION

C STATIC HOOP CLEARANCE

CO NO-LOAD CLEARANCE
F WHEEL THRUST

' H HOOP HEIGHT

I AREA MOMENT OF INERTIA

K HOOP SPRING CONSTANT

L HOOP BAND LENGTH

LA AXLE LOAD

LF FOOTPRINT LENGTH

LH STATIC HOOP LOAD

LW STATIC WHEEL LOAD
M BENDING MOMENT

N NORMAL LOAD

N_,N¢ SOIL COEFFICIENTS
P HOOP LOAD

PA AVERAGE FOOTPRINT PRESSURE

RH AVERAGE HOOP RADIUS

RW WHEEL RADIUS

RI,2, 3 MOTION RESISTANCES
S SPOKE FLANGE LENGTH

% HOOP BAND THICKNESS

T STATIC HOOP TENSION

W HOOP BAND WIDTH

WF FOOTPRINT WIDTH -

WH HOOP WIDTH

Ww WHEEL WEIGHT

SOIL DENSITY
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SAFETY FACTOR
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! AB£TRACT

A new mobility concept, called the "Inverted Toroldal Wheel",

has been perceived, mathematically quantified, and experimentally

verified. This wheel design has a number of important characteristics,

namely; the low footprint pressures required for Mars exploratlon

(0.5 to 1.0 p.s.i.), high vehlcle weight to wheel weight ratios capable ,-

of exceeding 10:1, extremely long cyclic endurances tending towards

infinite life, and simplicity of design. This concept, in combination

with appropriate materials such as Titanium or composites, can provide

a planetary roving vehicle with a very high degree of exploratory

mobility, a substantial savings in weight and a high assurlty of mission

success. The design equations and computation procedures necessary to

formulate an inverted wheel.are described in detail.

,
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PART 1

INTRODUCTION AND HISTORICAL REVZEN

One of man's first and most important inventions was the wheel.

Yet, even though this device has been with us through the ages, little

has been done to improve its basic concept. Barring pneumatic tires

and _arious track devices one could say that there has not been any

changes since the wooden wheel. .--

f
The cause of this seems to lie in the fact that it is easier to

build a road than to modify a wheel. This is evidenced in the millions

of miles of rail and pavement worldwide. The first departure from this

trend was precipitated by experiences during World War II when ordinary

wheels were found to be ineffective in harsh terrains. A look at wheel

shape and size resulted in much modification and various hybrid vehicles

such as the half-track.

At this point in time, the inspiration for superior wheel and

track designs comes from the Mars mission which is proposed for the

1980's. The stationary landers associated with the Viking program were

only the first step. A more thorough investigation of Mars will require

autonomous rovers of e_eptional mobility for a broad range of terrains.

A propulsive device capable o _ developing an average footprint pressure

in the 0.5 to 1.0 p.s.i, range, which is much too low for a conventional

I wheel, is essential.

One device _-hich might meet these special needs is the Lockheed

Elastic Hobllity System (LENS), shown in Figure 1. This device has a

very large footprint area which makes low footprint pressures possible.

: Two drawbacks exist with this system, king'a track device, it is much

|i more complex than any wheel. Because of their low profile the risk of

] 978002528-009
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entrapment; i.e. the lodging of a track in a crevice or between small

boulders; runs high. Under these circumstances, due to the manner of

scuff steering required, breakaway would be difficult whereas a wheel

might envelope the obstacle and free the vehicle.

_I A new wheel concept has been developed at Rensselaer and is des-

crlbed herein. The wheel is not only characterized by low footprint

- ' pressures but also by a high payload to wheel weight ration, exceptional

traction and extreme simplicity.

1i 1
E
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PART 2 O

PRIOR INVESTIGATIONS

2.1 lJechantcal Design Aspects

The original concept for a planetary wheel design was due to the

work of R. Simon, reference 1. This concept employs elastic steel

hoops fixed to an inner hub with an outer circumferential band attached

through polymeric hinges. Figure 2 depicts what has cc_.e to be knc_cn

as the torotdal wheel. Using various mathematical techniques, Simon

attempted to quantify this concept. Subsequent years were spent reshap-

ing the mathematical model in an attempt to obtain an exact solution

which could then serve as a basis for the rational design and optimiza-

tion of the wheel. Onfortunately, the several resulting mathematical

[ models which were studied were found to possess serious limitations

because of the assumptions required to permit analytlcal solutions.

While the models were helpful in suggesting general design parameters,

they did not reveal shortcomings which were p_elved later in actual

testing.

Turning to experimentation it was d£scovered_at the circumferen-

tial band was the cause of poor footprint pressure. Upon its removal

a much more promising wheel results. The addlt_on of a spoke further

increases the footprint area upon compression. Shown in Figure 3, is

what Is now referred to as the standard toroldal wheel. Studies were

¢ontlnued along the experimental viewpoint by R. Lipowlcz, reference 2.

The major thrust was a_r=d at correlating numerous curves of deflection

a_ a function of load. The curves were generated via the static hoop

: _ L 4

i'
' I I

I
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tester shown in Figure 4. Although much data was tabulated, no general

J design technique vas procured.

I 2.2 Soll Interfacin8 Aspects

Lipo_cz also recognized the importance of wheel/soil relation-

ships. What he reallzed was that in order to design a wheel, one must

_ understand the character of the sol1 in which the wheel is expected to
Li

function. Kno_ng the soilpara_eters one may thereby _iud the dimen-

sions defining the optim_nwheel for that soil. For
planetary explora-

tion this vould be a fruitless effort, for as a vehicle attempts to

I
! traverse I00 or more kilometers of terrain, the wheel will encounter

i many varied soil characteristics. However one should not go so far as
to neglect the soil equations altogether since they guide a design along

I proper argun_nts are meant to provide
the path. The following therefore

a qualitative guideline.
!

!
! A_heel is expected to perform two tasks. It is to provide thrust

• _ to the vehicle by shearing the soil and it must provide floatation vhich

is the ability of a vehicle to remain on the ground surface. To under-

stand these phenomenon, the two soil extremes, frictional and cohesive

soils, must be considered.

A frictional soil is one such as dry sand. Thrust is developed by

packing the grains together and, according to Coulombs' law of £rictiou,

is expressed by,

F =Wtan_ 2.2.1

i One can therefore see that for purely frictional soils the thrust, F,

K
l
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{ is a function of the lo_d applied to the wheel and the soil angle

of friction, _ , which _epends upon the soil itself. The ability of
a wheel to float in frictional soils is expressed by,

Ws - 1/2 Wf2Lf _ N_ 2.2.2

This equation suggests that the safe load can be increased most effec-

tively by increasing the width of the footprint and to a lesser extent

by increasing the length of the footprint, where N_ and _ are soil

functions.

A cohesive soll is one such as wet clay. Thrust is developed by

the adhesive action of the soil on the wheel. This thrust can be calcu-

lated from the equation,

F = Arc 2.2.3

which shows that the thrust is proportional to the footprint area and

to the coefficient of soll cohesion. The ability of the wheel to float

in cohesive soils is given as,

Ws = AfcN 2.2.4c

Therefore, floatatlon is increased by a larger footprint area only,

since c and N are soll parameters.c

Combining these sets of equations one obtains the following equa-

tions which apply to any soil as,

F - W tan _ +WfLfc 2.2.5

and,

r"

li '
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Ws = 1/2 WfLf(Wf _ N_ + 2 c Nc) 2.2.6

where _ , c , _, Ny , and _c must be determined experimentally for

e_,,;hsoll considered.

From this set of equations it would appear that increasing the

footprint width to the maximum would yield the best wheel. This would

be true except for the fact that soll resistance has not yet been con=

s__ered.

For any wheel there are three types of resistance to motion: bull-

dozing (RI), compaction (R2) and adhesion (R3). Bulldozing resistance

originates with the pushing by the wheel of soll in its path. Compaction

resistance is caused by the packing of the soil under the wheel in front

of the axle, while behind the axle adhesive resistance "glues" the wheel

to the ground through the capillary action producea by cohesive soils.

All of these resistances are a function of wheel width and increase with

it. The total governing equations for wheel-soil interfacing are then,

F = W tan_ + WfLfc - (RI + R2 + R3) 2.2.7

and,

W - '/2 WfLf(Wf_ "6 N_r + 2cN ) 2.2.8$ C

One is therefore faced with a trade-off. Again it must be stated that if L

a wF._l were being designed for constant soll parameters then the optimum

heel dimensions could be found. Since an array of soll parameters wlll

be met, onc is forced to adopt a probabillstic standpoint.

Dae, of thls sort was compiled by Martln-Marietta, Inc. with the

ii re ulttng conclusion that for optimum overall exploratory mobility, with

1978002528-018



I. due conslderatiou for variations which range from a loess material to
[

-i rocky terrains, one should desi_L for an average footprint pressure be-
i

tveen 0.5 to l.O p.s.i.

m
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t, PART 3

DEFICIENCIES OF THE STANDARD TOROIDAL WHEEL LEAD TO NEW CONCEPTS
-!
it

3.1 Shortcomings of the Standard Toroidal Wheel •
i
i Even though the standard toroldal wheel is far superior to its

t precursor they both possess the same three intrinsic faults, namely;
!

high footprint pressure, lateral instability, and stress reversal.

I The removal of the circumferential band was a correct step in re-

ducing the footprint pressure of the toroidal wheel. Another measure

might be to increase the overall wheel dimensions. But, with experimental

wheels yielding footprint pressures of 1.75 p.s.i, when subjected to loads

of only 40 Ibs., a satisfactory wheel design begins to seem unlikely.

Due to the geometry of the standard hoop (Figure 5) when it is com-

pressed (Figure 6) it is subjected to internal body forces which drive it

away from its center (Figure 7). This is explained by the fact that the

average radius of curvature in the on-center condition is less than in

the off-center condition. Thus the energy level of the system which is

expressed by :

U = __.< M2ds 3.1.1
2El

where,

EI
M = -- 3.1.2

Re

is lower when the hoop is in the off-center position, and the hoop will

therefore seek this configuration. This phenomenon leadF to poor

lateral stability and lower vehicle mobility on pitching and rolling

terrains.

1

[
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Examination of the geometry of the standard hoop in compression

(Figure 6) reveals major changes in curvature. A radius of curvature

equal to negative infinity exists at the spoke flange. This radius

decreases in magnitude to some finite negative value and then returns

to negative infinity as the inflection point is approached. In_ediate-

1) beyond the inflection point the radius of curvature Jumps to positive _-

infinity. The radius then decreases to some finite positive radius of

curvature and then returns to positive infinity as the hoop axis of

symmetry is approached. The upper portion of the hoop; i.e. that portion

existing between the flange and the inflection point, is subjected to

reversals in bending moment upon compression and relaxation. This is

therefore the expected area of failure. Experiment has shown this con-

clusiou to be entirely correct. A typical failure is shown in Figure 8.

3.2 A New Outlook
!

i. Investigators in past years have tended to accept what existed

previously and apply modifications which resulted in only minor improve-

ments. As one would surmise from Section 3.1, the problem lies within

the hoop itself. Once these deficiencies were isolated, the conclusion

was drawn that a new outlook must be taken with respect to the hoop-

spoke geometry. Several alternative concepts were perceived and explored

, as descrlbed below.

The instability of the standard hoop is somewhat less_ned by the

offsetting of the center lines of the spoke flanges with respect to one

another. An offset standard hoop is shmcu in Figure 9. The effect that

this has is to introduce a twisting energy, which increases as the hoop

1978002528-024
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rolls away from center, thus tending to stabilize the systum. This

energy increase, when compared with the decrease upon shifting to the

off-center position, is insignificant. The footprint pressure is not

reduced by this modification, whereas the problem of stress reversal

is magnified. Therefore, t_ alteration does not lead to a good

solution.

If the spoke is mounted to the hoop in the _nverted position all

of the standard hoop defects are relleved. This system, called the

inverted hoop, is shown in Figure I0. The inverted hoop has a configura-

tion such that:

I. Upon compression a very lar_c fuotprint wld 'i

is available (Figure II).

2. There are no inflection points and therefore
no stress reversals.

[_ 3. When the hoop is forced from the on-center

position (Figure 12) there is an internal energy

, increase whlc_, tends to return the hoop to the

iO center position.

The inverted wheel is therefore _pected to be far superior to the

standard wheel. To assure that this is indecd the case numerous tests

were undertaken to compare two full size models. A description of these

tests with quantitative results follows in Part 4.

1978002528-027
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FIGURE II INVERTED HOOP - COMPRESSED
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FIGURE 12 INVERTEDNOOP - DEFLECTED
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PART 4

EXPERI_iNTAT ION

4.1 Inverted versus Standard Toroldal Wheel

Two toroldal wheels of the same parameters were built, one standard

and one inverted, and subjected to various tests to assess the value of

each. Three exper_nents were undertaken for each wheel and are des-

cribed below.

The first comparison was obtained by loading the wheel axle with

incrementing weights and the resulting footprint areas were measured. By

dividing the normal load by the corresponding area an average pressure is

obtained. The results of these experiments are displayed in Figure 13.

The inverted wheel is characterized by footprint pressures of one-half to

one-slxth that of the standard wheel with footprint areas some two to six

times as large. Thus, the inverted wheel is capable of providing the

footprint pressures required for a Mars mission.

Subsequent experimentation involved the apparatus shown in Figure 14

to obtain measurements of the net ground thrust as a function of normal

a:-le load. The soll used was dry sand. Weights are applied to the wheel

axle and the ground force, N, is measured. An unknown force, Q, is

applied to the axle moment arm, r, in the direction of motion. The
[

applied torque, Qr , is equated to the resisting wheel torque, F Ro,

where F is the net ground thrust and Ro is the deflected wheel radius

under load N. The sum r.f the forces, Q + F = F s, is measured on a spring

scale affixed to the wheel axle. The ground force, F, can then be found

t
: 23

[ i? -
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as •

r

F- (_-_--_Ro)Fs 4.1.1

where,

R° - 4.1.2

which is the unloaded wheel radius less its' loaded deflection. To

obtain the deflection as a function of load for each wheel, an Instron

tester was used (Figures 15 and 16). The deflection curves are shown

in Figure 17. Using these curves and the experimental resultsjthe net

ground thrust as a function of load can be correlated for each wheel

as shown in Figure 18. At low normal loads there is seen to be only

slight thrust differences with the inverted wheel disv'aying its superior-

Ity at higher loads, in which an operating wheel would be expected to

perform.

] The endurance of each wheel is another important characteristic•

The dynamic wheel tester shown in Figures 19 and 20, was used to measure

the distance a wheel traveled under operating load until ultimate failure.

While the standard wheel ruptured at 2.9 kilometers, the inverted wheel

endured 12•9 kilometers with no visible signs of fatigue.

These data suggest that the inverted wheel is by far the superior

concept. Any subsequent investigations of the standard toroidal wheel

were therefore halted.

I
4.2 Stress Coucentrations

With the total effort now directed towards the inverted wheel, a

thorough investigation of any potential problem areas was undertaken.

Using the vibration tester, Figure 21, hoops were mounted as shown.

1978002528-034
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FIGURE 16 INVERTED WREEL - DEFLECTION CALIBRATI(_
i | i . i . |. i , ,

1978002528-036



0

' tJ

1978002528-037



i

?

• 0

0

|z

I]

1978002528-038



1978002528-039



I _ °w_j

I , 0 !
I :" • o

! I
I ,_-.--. .__-_: - • Ii

FIGVRE 20 INVERTED W_ . ENDURANCE TESTING
] • , ,

----- | !

1978002528-040



. !, 33

I

FIGURE 21 V13RATIO_ TESTER
i i ill i i

1978002528-041



I t t 1 [ I ..... !

Operating at frequencies of 20 hertz one can In effect find where the

hoop would fail, after mauy kilometers of travel, in a very short time.

In this mauner, the following two stress concentrations have been identi-

fied.

An area of very high stress exists where the spoke is joined to the

hoop. Failures of the type shown in Figure 22 often occur. Attaching a

plate, as displayed in Figure 23, distributes this high stress over the
m

hoop. Vibration tests of three hours and more have not caused any fail-

ures when the plate is used.

Conveniently, grousers (tread) have been attached by bolting directly

through the hocps. This not only reduces the strength of the hoop, but

causes very high stresses in the area of the bolt. Shown in Figure 24 is

a new method of attaching grouser. In this manner no material is removed

nor are any stress concentrations induced.

I

1978002528 042
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PART 5

A MATHEMATICAL MODEL OF THE INVERTED TOROIDAL WHEEL

5.1 De riva t ion I

The design of a wheel to meet special conditions can be approached

either from a mathematical or an experimental point of view. Pure experi-

mentatlon would require an extraordinary amount of data• On the other

hand, the complexity of the wheel requires that certain simplifying

assumptions be made which must be experimentally verified. A mathemati-

cal model has been derived and is described below.

The inverted hoop, being a non-linear spring system, must be quanti-

fied about an operating point , from which the solution can be expanded.

Anoperating point does exist and is described by the following statement:

"There is an unknown loading, L_, which will cause
the inverted toroidal hoop-spok&" system to assume

approximately circular configurations over its outer

regions."

This configuration, shown in Figure 25, is called the static condition.

Considering this diagram one finds the following geometrical relation-

ships :

The hoop radius of curvature is,

R_ = L/2 - B/2 - S cos_sin e + O +Tr 5.1.1

The width of the hoop can be found as,

l
WH = 2(1 + sin _ ) RH + B + 2 S cos O 5.1.2

The clearance between hoop and spoke is:

C - (1 + cos O ) RH " S sin _ 5.1.3

i ,s i
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The height is expressed as:

s- (I- cose) 5.1.4
\

and the footprint width is found to be:

WF- S +2(s cos_+_ sin_) 5.1.5

Neglecting the shear and axial load variations at different cross-

sections of the circular region of the hoop, a case of pure bending "

therefore exists. The bending moment is constant and is found from the

straight beam flexure formula as:

EI
m

M - L 5.1.6
ti

where '_" is the material elastic modulus and "I" Is the cross-sectional

moment of inertia and is computed as:

I = 1/12 wt 3 5.1.7

The free body diagrams of Figures 26A and 26B can be used to find the

hoop tension, T, and the hoop load, P , as follows. From Figure 26A,

the tension is found to be:

M EI

From Figure 26B, the hoop load is expressed as:

D

p . M T El

Thus the load which produces the static coudition is:

EI

_ * _his assmnption introduces less than 0.5% error in the majority

_i [ of cases.• i
m
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I If the hoop spring constant at the operating point Is assumed

not to change as the load LH, is applied, then this constant can be
t

found from:

K- LH/_ 5.1.11

where "6" is the deflection caused by applicatlon of the load, L_.

This deflection can be found using Castagliano'_ Theorem, namely: i

"The deflection of a point in an elastic body I,
Is equal to the derivative of the strain energy i

takeninItsWithdirection".respectto the applied force and is i_

!,

Thels:derivative of the strain energy_+_taken with respect to the load, p , I:

dU : 1 _ dMd'_ = _ = E--'_ M_ RH d_ 5.1.12 ,

• where "d_ " Is shown In Figure 27. From this diagram an expression i

' for the moment as a function of _ is found to be:

M = PN sin_ + TRH(I - cos¢) 5.1.13

but since T - P ,

M=PN (sin_ -cos# + l) S.l.:4
_r

and from equation 5.1.13 :

dM
d-P = RH sin _ 5.1.15

t

Therefore, combining equations#5.1.12, 14, and 15, the deflection is

expressed by: 7r,e

I IPP_ sin_(sin_-cosf+ I)d_ 5.1.16
O

: {_ which, after integration reduces to:

----i_- --,,::::'r i .......i ,' I ..........I l............".---_-,
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! ! FIGURE27 INVERTED,HOOP - FREE BODY DIAGRAM,

I,
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Using this equation along with 5.1.10 and 11, the spring constant is
[ \

expressed as :

l
K = 4El (TT+ G- 2 + 2 cos _ - sine cos_) - sin2_)'I 5.1.18V
Figure 28 is a diagram of the tuverted wheel under compression.

The footprint area is:

"F 5.1.19

where,

- 2 _(2 _ - 1)_ 5.1.20

where "R " Is the wheel radius.
w

Combining equations 5. l•19 and 20 while recalling equation 5.1.5,

the footprint area is expressed as:

To determine the load which is distributed over this area, the cou-

tributiou from the peripheral hoops must be taken into account. Asst_ning

that all hoops deflect in t_etr oen plane, the total axle load can be

found as follows :

" Letting: _o = deflection of the center hoop

: _ - deflection of the first peripheral hoop
o

e

etc.

one obtains:

i .

Lu
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!

_0.'_
1

N - g Ncco.22.5° - l) �_
I <_l " _" _o.z_S° " &_'s"2z.5o
i

(cos45° -l) +_".C
v2 = cos 45°

I •
ere,

or in general:
t

: _ (co.2z.5o..1 ) + 6t r

= ' cos 22.5°N 5.1.22

t
Upon compression the peripheral hoops are loaded on their respective

angles and therefore contribute only a vertical component to wheel

support which is expressed by:

!
Fu = K _Nc°s (22.5°N) 5.1.23

.I
Combining equations 5.1.22 and 23, one obtains the individual hoop

• J support as:

i

£

l ,, ._ [_<oo.<,,.,o,,._, Œ�,.,,,
Su-,ning this expression over the hoops in ground contact yields the

expression for the wheel support as:

1 j

The average pressu:._ is then found as:

_,- _/_ 5.z.26

Since the wheel support will not, in general, be equal to the axle

load imposed, one must superimpose a number of hoop bands to equate the
\

i forces. The mmber of bands, required can be found from:BN ,

| '_-_ ,.,.,7
...._ -.......---_ ' j i i .... __--_""
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0
where "L." is the axle load, and "W " ts the wheel weight. The in-R W

verted wheel, less hoops, weighs approxir,_tely five pounds. The

vetght of the hoops can be found as:

16( /ot_L ) BN

thus,

SN. '_A+ (s +16ptw LBN) S.I.28

solving for BN yields: _

BN = LA + 5 5.1.29
L_ - 161_t w L

A multlple band hoop is shown in Figure 29.

1 $.2 Computer Programs

ii The preceding derivation does not allow one to synthesize the
desired wheel characteristics. Rather, it transforms the chosen input

:I /rite the corresponding output. Using the "Inverted Toroldal Wheel Program"

listed in Appendix A, a search is carried out by incrementing the input

I parameters of hoop length, spoke base length, spoke flange length, and

spoke flange angle. The material, its properties, the axe: load and

overall wheel radius 3re also provided as input. To lim_t the number of

solutions, only wheels satisfying a chosen safety factor and wheel weight

are printed. Other outputs to consider before a wheel is accepted as a

!

solution wIIl be discussed in Part 6. Table I shows a partlal sample l
# |

printout. I

Once the number of bands is found from the program output, one needs i
i

to know the length to which each should be manufactured such that no hoops I

#

I I m , .,
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MATERIAL: _P_I_G STF_ - O,gSI C

I HJOP THICKN_.S5 = 0.015 HOOP WIDTH = 1.00

L YOUNCS' MODULUS = 0,,30E 08 YIELD ST_;-FS = 0.18_ C:_

i DESIGN LOAD = 40.0

I
I

HOGP DF'_,SITY = 0.284

• t
L

YIELD POINT PADIUS -- I,,25 [

i:

,_ec R,._zus=I_.oo _111

' H00P CRIT&RIA ; SF = 1.20 , WW = 20,0

r _

!_ TABLE 1 INVERTED TOROIDAL WHEEL PROGRAM -

- _ SAMPLE OUTPUT
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i are in contact over the circular area of the hoop band. The reason
!

J ; for this is that when an inner hoop compresses, its outer surface ex-

pands, while the inner ,Jrface of the outer adjacent hoop contracts.

This type of shearing effect would change the systems character from

that which is expected. Appendix B llsts the "Bands Program" which

ylelds the interference lengths as well as the manufacturing lengths for

each hoop of a multiband system. Table 2 is a sample printout for a

10 band inverted hoop.

5.3 Verification of the Inverted Toroidal Wheel Derivation

Various hoops, whose parameters were taken from computer output,

were built and experimentally verified. Table 3 shows that the experi-

mental quantities agree very well with the theoretical predictions. An

extremely important correlation is that of the deflection values. This

shows that the linear spring assumption is indeed valid, and _hat the

sua_mtion technique, used to go from a hoop to a wheel, might be a good

approximation.

To further vahdate the su_matlon techniques,an inverted wheel was

built and tested. Table 4 compares the experimental and theoretical in-

verted wheel.

f

!

i
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1" DESIGN L:_NG]'H = 2_,0 _IS-_. LFNGrH = 3,)

#

I FLANGF LEN3T't = 1,0 FLANGE A-4GL ¢. = 30,0• ' 0_P

- -uoR QUALl_
TI.IC_N_-S_ = 0.01_ NU_e:-_ OF _A_DS = |0

BAND NUM_J_.-_ = 1 LENGTI4 CHANG_ = -0,67
=" iLENGTH = 23.33 MANUFACTU,_ING LENC, Ttt -- 21.:a8

BAND N3'.IF_4 = 2 L'-NGTH Ct4ANGJ = -0=52

L":N.JTH = 23,c-_ MA_IUFACTU¢ING L_NG[H ; _2,&3

BANO N'JM_'%_4 = ] L_;NGTH CHANGt_ = -0.37

LEN_,IH = 23,63 MANUFACTU, I_qG L__NGTH = ,..2,c.B

[3AND NU_A,'-___ : _ L-;-N3TH CHANG- = --0,22

LENGTH = P3,78 MANUFACTLJ,_ING Lr-'NGTII = 23,33

|_AND NIJM'_E-_ = 5 Lr'NGTH CH_rJG_ = -0,,0F

LENGTH = 23.93 MANbFACTUi-'ING LENGTH = 2].73

BAND NUMH.CN = 6 LENGTH CHANG-" = 0,07

LENGTH = 24,,07 IvANUFACTU,- ING L-NjTH =- _a,P2

BAND NUM,}ZR = 7 LE.WGTH CHANGe- = 0,2_

Lc_N.%IH = 2_,22 MANUFACTU_.INC, L_..NGIH = _a,6?

BAND NUM,_£R = 8 L--NGTH CHANG. = 0.3 ?

LENGTH = 24.37 _ANUFAcTURING LENGTH = _5,,_2

k

BAND_U_',_ : _ LENOT,_._,NO-= O.S_ l_i

LENGTH : 24,52 MANUFACIU_ING L-_NGTH = ;_),_7

8AND NUMJ_ = I0 L_'_GTH CHANG_ : 0,6t' L

LE_IGTH : 24e_7 MANIJFACTL;._ING LENGTH : _6_02
.......... .. ..

I"

L '_ TABLE 2 BANDS PROGRAM- SAMPLE OUTPUT

-r.............. -
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EXPERIMENTAL WHEEL THEORETICAL WHEEL

i ,L

L - 16.5 in. 1.6.5 in.

S - I.O in. 1.0 in. ..

!

e - _.o deg. _.o de_.

- 5.70Ibs. 5.75Ibs.

. Wf - 5.7 in. 5.8 in.

i. Af - 42.75 in.2 45.20 in.2

iv Pa - 0.133 p.s.i. 0.127 p.s.i.

I

TABLE h THEORETICAL VS. E_ERD_TAL :.'_EEL

L \
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'I PART6
WHEELCRITERIA

I
6.1 Output Characteristics

I The wheel to decide limits for the calcJ-
deslgnof a requires one on

lated output characteristics. Any wheel which satisfies all criteria is

. therefore acceptable and from this group one must weigh the pros and cons

of each to determine the best wheel for its proposed purpose. The

characteristics which must be considered are:

I. Efficiency

2. Safety Factor

3. Footprint Pressure

4. Lateral Stability
5. Clearances

6. Band Number !

The efficiency of the inverted wheel system is defined as the weight I:.

that the wheel will support per unit weight of wheel. For a successful i

mobility system this ratio must be as high as possible, thus allowing more

I

vehicle weight to be in the desired form of instrumentation.

The safety factor, _ , is defined as the ratio of the yield point !
t

bending moment to the bending moment produced by the static condition.

Thus, if q is greater than one, a wheel can then suffer an amount of dyna-

mic load without yielding. The safety factor, _ , is rather misleading.

; The reason for this is that at zero load, a bending moment already exists.

Thus, upon application of load, Lw , the bending moment changes by an

I amount M - M or A M. If the bending moment is assumed to change"
L o

llnearly with the applied axle load, then one can see that a safety factor,

, as small as 1.2 can allow for axle loads to be multtplled by a much
r

i_ higher factor before yielding occurs. A typical r_ of 1.2 will allow fori

the yield point axle load to be approxlmately double that of the static

_1 } t {
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i condition axle load. This value was therefore adopted for a minimum.

The proposed Mar's rover mission will involve a vehicle of approxi-

mately 1500 earth pounds. This translates to 140 pounds _er wheel on

the Martian surface. Thus, a footprint area of 140 square inches minimum

to 280 square inches maximum would be acceptable.

A measure of hoop lateral stability is the vertical distance, H,

that the hoop extends above the hoop-spoke interface. The explanation

of this lies in the fact that large H values lead to a greater change in

stored energy upon lateral deflection. Experiments have shown that a

minimum stability is obtained with a value of 0.i inches.

,p

The static clearance, C, must be compared to the deflection, ._ ,

to assure sufficient clearance from"bottoming out" during shock or dyna-

mic loads. If the hoop spring constant, K , is assumed to be constant

through all deflections, then to allow for a dynamic load equal to that

of the static load, a static clearance,C, equal to _ must be available.

Thus, for a minimum, the no-load clearance, Co, must be at least twice that

of the static load, C .

Due to manufacturing difficulties and to the poss|billty of soil clog-

ging, wear, and shear friction, the best solution is the one band wheel.

No mlnimumwill be chosen, but all factors being equal, the superior wheel

will require the lowest number of ,,ands.
|

6.2 Wheel Life

The life of any mechanical system is defined as the number of cycles

of stress fluctuation the system will endure before rupture occurs. The phe-

nomenon of fatigue failure is very complex and has yet to be theoretically

: q_ntlfied. Therefore, much experimental data exists in the literature

i!:
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i II
jj and from this various methods have been contrived to estimate the
|!

fatigue llfe of a mechanical component. Experiments with steel, when

plotted on semi-log axes will yield a linear minimum llfe llne. The

_] end points of this llne, as shown in Figure 30, are O_ at 103 cycles

and 0.5 eL at 106 cycles, where U'_ is the materials ultimate strength.

Beyond 106 cycles the curve is horizontal suggesting infinite llfe.

This curve, referred to as an S-N diagram (stress-number of cycles), is 1

valid for complete stress reversal only. In the case of the inverted i

f

toroldal wheel, an alternating stress superimposed on a mean stress is

seen to exist as the wheel traverses a terrain. To transform this stres_ !

state into the required state of complete stress reversal one can u._e the i

Goodman diagram. This diagram, shown in Figure 31, is a cartesian plot

with the mean stress, O_ , along the x-axls and the alternating stress,

, along the y-axls. The infinite life llne is defined as a linear

curve through the points 0.5 q-_ and the yleld point stress, _"_ , as

shown. Drawing a parallel line through the point defined by (_. , O'-_ ),

- to the infinite life llne will yield the equivalent completely reversed

stress as the y-lntercept. One then determines the expected llfe from the

S-N diagram.

Although this technique is very imprecise, an inverted wheel was

built and determined by this method to rupture at approximately 40,000

cycles. Using the dynamic wheel tester, this wheel was experimentally

ruptured at 42,600 cycles. Thus, taking into account the many assumptions

o£ the preceding technique, an additional confirmation of the inverted

toroldal wheel derivation is evidenced.

6.3 Wheels for the RPI Proto-Type vs. Wheels for a Idar's Mission

• li . The wheels desired for the RPI Rover are to be in the In£1nite life

"1978002528-065
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t
i _ 0.5 _"_ . The reason for this is because of • ,group, i.e. _ max

the nature of the vehlcle, in that it has no llmltcd mission. In con-

! trast, for a Mar's mission finite llfe wheels, which will inherently

weigh much less, may be acceptable. For example, the proposed mission

of 100 kilometers would do very well with 200 kilometer wheels at a

profitable savings in weight. Thus, before a particular wheel is approved

it must meet minimum life specifications. As a general rule it is found _"

that when the ,safetyfactor is equal to one, the wheel is marginally

infinite, i.e. a minimum life of 106 cycles is expected. Of course, dyna-

mic loads will reduce the expected life. This may be Incladed as n

random stress requiring a more sophisticated technique, or by slmply re-

quiring the wheel llfe to be some multiple of the proposed mission length J ""

thereby providing a r_rgln of safety.

_- .............. : _,.......... i _- -' ", "_-_ _ "
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i i PART7
C_MPU2ER OUTPUT

7.1 Wheels for the RPI-Mars.Rovin5 Vehicle

The synthesis of an inverted wheel for any rover requires that the

investigator choose input parameters which would seem to be compatiblo

with the vehicle. The RPI-Mars roving vehicle, as shown in Figure 32,
e

weighs 160 pounds stripped of its standard wheels. This half scale _.

model is approximately six feet long, four feet wide, and two feet high.

Thus, the search for an inverted wheel for this ,,ehlclu requires that

the axle load be 40 pounds. The wheel radius was chosen as I0 inches.

The hoop width was set to 1 inch so that the solutions are "per inch".

Numerous combinations of hoop length, base length, flange lengths, and

flange angle were tried with the best solutions found in the following

ranges:

Hoop Length, L = 18.0 to 26.0 inch_s

Base _ngth, _ = 1.0 to 5.0 inches

Flange Length, S = 1.0 to 3.0 inches

Flange Angle, _ - I0° to 50°

For each material employed, the optimum thickness was determined by trial

and error. Table 5 is a partial printout for 0.018 inch spring steel -

0.95Z carbon. Although this material is one of the surerlor _radcs of

creel, an acceptable solutioncannot be obtained since the oand numbers

are not close t_ 1.0 and the maxlmum efflclency is only 2.7. Beta

Titanitan, whose partial output is shown in Table 6, has an optimum thick-

ness of 0.028. Although the efftciencies are above four, and the band

numbers are down to three, this wheel is still not acceptable. Turning

to co_osites, S-Class/Epoxy, which is listed in Table 7, shows very
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MATERIAL: SI:)_I_G STE_L - O,,gS_. C

HOOP THICKNESS : 0,,_18 HOOP WIDTH ": 1.00

YOUNGS ° _ODJLUS = 0*3CE 08 YIELD STR£SS = 0-18 _ {)6

i D_SIGN LOAD = _C.O

i .

i .
!
i

.. HOGP OENSITY = 0.284

YIELD PCINT ;ACIUS : 1,53

L..

WHEEL RADIUS =tO.00

: i. HOOP CRITERIA ; SF = 1-20 • WW = 20,0
)

- - -' "_ - _ : n n |

t'
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' {-

!.

#-

klAT_._IAL: TITA_IU',I - X3V_IIC,_t_AL

i:
1

HOOP TI4|CKN_S5 : 0,02_ HOt')_ W|OTH = 1,00 I

i.
I

i:
YOUNGS Q vO_bLLS = 0.16_ OR YIILLD 5T_"5S = O.Z_- .;b

:- D=_SIGN LOAD - _0,L)

i

HOOP DENSITY = 0.175

C

I
YIELD PCINT _ADIL3 = 0,90

ID

WHEE'L F_AFJlUS =IC°r_O

{ HOOP C_ITEP. I A _, SF = 2.00 • WW = 20.0

L,,,,;_. ,,,, 1 - - t .........l....... --r...... T ------11_...... _
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!i " i

_ATL_IAL: 5-GLA_S / FPOKY

YOUNGS' PODULUS : 0,7_E 07 YIELD _TP-SS : 0,20E ('6

DZS|GN LCAD - _0,,0

HOOP DE_SIIY = O.O_U

YIELD PC_NT RADIUS = |.07

e.

! WHEEL RAr) IU_ =I0,00

i HOOP CR|T_RIA ; SF = 2,50 • WW = 20,0

' L
: I_BLI_? "/h'_ .,'",,xT_ERPI:-'.CW_p- _-C.I.ASS

- {
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t
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• . • ; • . . . . ;, • ; _ • . . ;,,_ WP 0 , ,0 ,0 _) D _ ,o o 'C ' ._
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I

I much promise at a thickness of 0.055 inches. With band numbers down to

1.4 a one band solution, 1.4 inches wide, is obtainable, while wheel

t. efficiency runs close to 6.0. Future work with different materials will

eventually lead to even better solutions if the right combination of

material properties are obtained, Since the stresses are proportional

to the product, E t, and the wheel load is proportional to the product,

l_ t3, one should search for a very flexible material with a high yield

strength and low density, li
!

If, for example, the elastic modulus is lower by 50% then the thick- I

hess can be doubled resulting in a wheel which can carry four times the !

load. Likewise, if the yield strength is doubled then the thickness can i

again be doubled affording eight times the carrying capacity. The proper I

l

combination of properties will therefore yield an inverted wheel which is i

far superior to those depicted throughout Tables 5 to 7. !/

l_o

7.2 Wheels for the Proposed _rs Roving Vehicle |
!

As discussed previously, the proposed Mars vehicle will impose an I
|

axle load of approximately 140 pounds. The chosen wheel _dius was

T
15 inches with the hoop parameters in the following range: 1

Hoop Length, L - 26.0 to 34.0 inches

Base length, B = 1.0 to 5.0 inches

Flange Length, S = 1.0 to 3.0 inches

Flange Angle, __ffi I0° to 50°

The thicknesses used were the same as those previously, thus they

are not the optimum for this vehicle. The safety factor was set very

high at 2.5 while the efficiency had a lower bound of five. With these

requirements a number of solutions,wlth Beta Titanium, are obtained as

i ahown in Table 8. Although the band numbers are very high they can be

[
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M_TERIAL: TITANIU_ - |3V,iIC_,_AL

HOOP IHICKNLSS = 0.028 HCCP Wl_Th = 1.00
f

YOL,NGS w UODLLL_ = O.I6E 08 YIELC SI'I;_._S = 0.?" C6

DESIGN LOAD =140..0

HOQP CEI',,SITY = 0.175

YIELD PCINT RADILS = 0.90

WHEEL RADII_S =IS.CO

4

q

, i
HOOP CRITERIA i SF = 2.50 * WW = 28.0
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• _ easily lowered by doubling the hoop thickness which multiple.° the wheel
i

support by a factor of eight. Thls will result in two banded _olutions,

_I 1.5 inches wide, at a sacrifice of _afety with the resulting factor

I equal to 1.25. On the other hand, S-Class/Epoxy as shc_m in Table 9,
has a minimum efficiency of 10, a band number correctable to less than

one wlth numerous solutions having safety factors of approximately 1.4

Even though this material is seen to yield satisfactory wheels, as stated

I before, far superior wheels can be obtained with the proper combination

I of materials.

i

J
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I. PART 8

:_ DISCUSSIONS AND CONCLUSION

As demonstrated prevlously, an inverted toroidal wheel can be

synthesized for any vehicle, if the described derivation is employed.

Whether or not the result is the optimum mobility concept, for a

particular vehicle subjected to a given array of terrains, proves to be

another question. The answer to this would only come from a comparison

of the various mobility systems in their final form. To meet tills

challenge the sea-ch for superior materials; i.e. of very low elastic

modull, low densities, and of very high yield strengths; must continue.

Composites, which may be "tailored" for various applications, seem to

be the most promising materials with which to meet these special needs.

Future work must include the "cleaning up" of the few but important

assumptions made in the derivation, namely that:

1. The bending moment is zero at the lower cross-

section in Figures 26A, B and 27.

2. The peripheral hoops def!e-t only in their own

plane.

3. The circular region is truly circular.

4. The grouser does not affect the load carrying
capability.

Other areas of interest are the response of the wheel when subjected

to dynamic loads and an assessment of the adverse affect of such loads on,

wheel llfe. The extension of the derivation into the dynamic region is

also desirable. A method of determining wheel life for composite wheels

is needed, as the S-N/Goodman technique applies only to steel. J.ch work

will have to be done concerning the hoop-spoke _nterface *.fcomposite

! hoops are used, which leads to the interesting idea of a lightweight
5.

;a i
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_. composite hub as well. The investigation of wheels with more than

sixteen hoops covering the hub can easily be investigated with the

limiting case being a continuous inverted hoop or an "{nverted shell".

The inverted toroidal wheel, as presently formulated, is in a

class of so-called advanced mobility systems. This exceptional wheel,

as improved by the proposed future research, will prove to be one of

the very few concepts which will meet the extremely stringent require-

meuts imposed by the Martian terrain.

! o

in
i
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APPENDIX A

INVERTED TOROIDAL WHEEL PROGRA/.I

\
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APPENDIX B

BANDS PROGRA_._
.....AL_
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