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[S7] .  ABSTRACT

A vlbratory locomotion device which . consists of one

or more skids resting on the ground supporting a pay-
load, and a vibrating mass attached to the skid. The
mass, operated by a motor which creates a sinusoidal

'Dscillatiun, alternatively pulis and pushes c¢n the skid

at a prﬂdetennined angle to the ground as it vibrates,
When the mass is at the top of its stroke, it lifts and .
pulls forward on the skid and, when it is at the bottom
of its stroke, it pushes downward and backward on the
skid. Since the downward force increases the normal
and, hence, the available friction force, the angle of
the mass to the ground can be ad]usted so that no
backward slide results. As a result of the vibration of:
the mass, the skid incremently shuffles forward along .

the ground.

22 Claims, 15 Drawing Figures
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VIBRATORY LOCOMOTION MEANS
BACKGROUND OF THE INVENTION

1. Field of the Invention ~
This invention relates generally to pmpulsmn devices

and more particularly to propulsion by vibrating loco-

‘motion devices. .
- 2. Description of the Prior Art
In order to provide an efficient and useful vlbramr},'

2
aft dlr&ctmn The motion of the mass is in a two-dimen-
sional ar¢ or straight line. It is only because the mass

. - actually lifts the whole vehicle, thereby reducing the
friction to near zero that an efficient net forward loco-

motion is accomplished. The vehicle slides forward in a
shuffling motion each time it is lifted. On the rearward
stroke, the vehicle is pressing down on the ground with

- a force equal to the vehicle weight; thus the vehicle and

10

locomotion device, cumbersome weught and space pen- .

alties must be overcome. Further, due to the vibrations,
- prablems with maintenance of equipment and discom-
fort to riders must also be solved. The present invention
provides solutions to these problems by producing a
relatiw‘.rely smooth shuflling type of locomotion of a de-
vice havmg reasonable space and weight limitations.
There is a history of vlbratnry locomotion. For exam-

ple, pogo sticks bounce up and down and accomplish

locomotion, and automatic washing machines provide
locomotion of a sort by walking across the. laundry
floor with an unbalanced load during the spin cycle.
Several vibratory compactors for soils have been fabri-
cated and analyzed that also accomplish locomotion.
However, the land locomaotion capability of these de-
vices was minimal since the impact was the main effect
sought. Hopping and jumping vehicles have been pro-
posed and tested, but these are evVen less SII.’I‘II]EII’ to the
- invention disclosed herein.

There are varying types of land lacomotion devices
which appear simifar to the present invention but
which, in effect, are ac¢tually fundamentally. different.
These locomotion devices have propulsion systems
which may be defingd as rachet dnves quick-return de-
vices and catfish drives.

The rachet drive systern contains some means of at-
taining two coefficients of friction. It must have a low
coefficient of friction when sliding in the forward direc-

15

mass together push down with a force almost doubling

the gross vehicle weight. This important feature ena-

bles the device to exhibit efficient and powerful charac-
teristics not contemplated by the prior. art.

There are a number of suitable arrangements for
driving the mass. Internal combustion engines, hydrau-
lic motors and compresséd air were found suitable to

~ oscitlate the mass through link, crank, rod and vartous:
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tion and a high coefficient of friction when sliding in

the rearward direction. The differential coefficients of
friction are attained in a number of ways: backward
leaning serrations; flaps that dig into the ground in one
direction; or bristles leaning backwards.

The impact or quick-return drive means is a device in
which a mass is oscillated non-sinusoidally. That is,
with a different peak acceleration in the fore directinn
from the aft direction, we can get a net forward motion.

The catfish drive is named after the land locomotion

40

43

catfish which somewhat swims along the ground with -

its fins alternately digging into the ground and dragging
the body along. The locomotion i1s similar to rowing a

skiff with alternate strokes. The catfish drive is there-
fore a case in which the vehicle rests substantially its
entire weight on a sliding surface (or wheels) and is
pushed forward by one or more levers or feet,

SUMMARY OF THE INVENTION

The purpase of the present invention is to provide a
vibratory locomotion device which operates smoothly
and efficiently to exhibit powerful characteristics.

With vibratory locomotion, as it has been termed, the.

whole vehicle being driven is supported on a sliding
surface that has a completely equal-resistance to fric-
tion in both the fore and aft directions: A substantial
‘mass is oscillated in a direction inclined to the vertical
sufficiently to substant:all}r lift the whole vehicle in the
desired direction, once each cycle. The mass oscillates

smusoidally with equal peal acceleration in the fore and -
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spring arrangements as will ‘he more fully discussed
hereinafter. It 1s important to note that the problems’
discussed above were solved by using particular sinu-
soidal oscillations of the mass and a.low mass weight to

'gmss vehicle weight ratm which are buth fundamen-

tally new.
U‘BJ ECTS OF THE. INVENTIDN

Accnrdmgly, it is one object of the present invention
to provide a vehicle with vibratory lncnmntlnn whlc:h i5
smooth and efficient. -

Another object-of the present invention is to provide
a vehicle with vibratory locomotion by sinusoidal oscil-

lation of a mass..

Yet another object of the present invention is to pro-
vide a vehicle with vibratory locomotion by a mass hav-
ing low ratio of mass weight to gross vehicle weight.

Still another object of the present invention is to pro-
vide vibratory locomotion for a vehicle having equal
resistance to friction in both the fore and aft directions.

Yet still another object of the present invention is to
provide a vehicle with vibratory locomotion by oscillat-
ing a mass, iriclined to the vertical, sufficiently to lift

_the vehicle, thereby reducing the friction in the forward

direction to near zero, thus producing a net forward lo-
Eﬂ“lﬂtiﬂﬂ

Still further, another object of the present invention
is to provice a vehicle with vibratory locomotion by os- -
cillating a mass inclined to the vertical such that the ve-
hicle and mass press downward during the rearward

‘stroke with a force almost equal to double the gross ve-

tucle weight, thus preventing any backward motion.

Other objects, advantages and novel features of the
invention will become apparent from the following de-
tailed description of the invention when considered in
conjunction with the accompanying drawings in which -
like reference numbers identify like parts throughout
the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a side elevation illustrating the pﬁnciplf:s uf

. the mvention in schematic form.

FIG. 2 is a graph illustrating the regimes of ﬂlght fnr
various oscillation amplitudes with the product of the
mass of the vehicle, .

FIG. 3 is a chart illustrating the non-dimensionalized
step size or net forward advance of the vibratory loco-

-motion vehicle per cycle of mass oscillation.

FIG. 4 1s a side elevation illustrating the principles of
the cﬂuntEr-mtatmg eccentric weights embodlment of
the .invention.
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. FIG. 5 15 a diagrammatic drawing illustrating the net
effect of the cnunter-rntatmg eccentnc weights of FIG.
4- . ’

FIG 6 11]ustrate5 n. smmewhat schematlc form one

method of construction of the counter-rotating eccen-

tric weights embodiment of FIG. 4.

FIG. 7 is a side elevation of a practical model similar

to the counter-rotating eccentric weight embodiment
of FIG. 6, actually constructed and successfully tested.

FIG. 8 1s a side elevation in schematic form illustrat-
ing a link supported crank oscillating mode of the in-
ventt-:m
" FIG. 9 is a side elevation in schematic form of a
- scotch yoke oscillating mode of the invention. .
FIG. 19 is a side elevation of a hydraulic oscillating
mﬂde of the invention.

FIG. 11 is a side elevation of a base-driven resonant

spring oscillating mode of the invention.

FIG. 12 15 a side elevation of a reaction- drive reso-

nant spring oscillating mode of the invention.

FIG. 13 is a schematic view of an embodiment using

a compressed air driven vibrator for the nsml]atmg
mass.
- FIG. 14 is a side elevation of a specific embodiment
- of the invention utilizing the resonant spring oscillating
method of FIG. 12. |
FIG. 15 is a front elevation of the specific embodi-
ment of FIG. 14. -

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

Vlhratﬂr:,r locomotion is a means for accnmphshmg
land locomotion by vibration. The specific means dis-
closed here consists of a vehicle with at least one skid
10 resting on the ground supporting a payload, such as
a platform 12 (shown in phantom) and a vibrating mass

14 attached to the skid 10 as shown in FIG. 1, The skid
10 may be made of a wear resistant material such as

wood, tubber, metal or the like, The mass oscillates in.

a 'suhstantially straight line with a direction, «, to the
ground surface and it alternately pulls ‘and pushes on
the skid 1@ in the direction, «, as it vibrates. When the
mass 14 is at the top of its stmke it Lifts and pulls the
vehicle forward. Near the bottom ﬂf its stroke, the mass
14 pushed backward and downward on the skid 10, but
since the downward force component increases the
normal and, hence, the available friction force, the an-
gle, a, can be adjusted so that no backward slide re-
sults. As the result of the vibration of the mass, the skid
10, and, hence, the vehicle, incremently shuffle for-
ward alﬂng the ground,

An oscillator 16, attached to the skid 10 and also to
the mass- 14, causes the mass 14 to oscillate sinusoi-
dally, at a predetermined frequency, in the direction
indicated. An optimum frequency is used to avoid the
destructive effect of vibrations on the vehicle and com-
ponents and to avoid discomfort to the rider. Legs 18
attached to the skid support springs 20, which in turn
support the payload platform 12, In thls way, suitably
sized springs isolate the payload platform from vibra-
tion. The frequency selected keeps the vehicle just
below a bouncmg or a flight mode. This is because the

object here is not for the purpose of impacting but to

provide a smooth, forward motion of the vehicle. Thus,
frequencies over approximately 10 cycles per second
have been found not to be suitable.

As the mass 14 oscillates back and forth, the momen-
tary upward pull reduces the frictional force beneath

10

4 |
the skid 10 such that the vehicle is moved to the right,
Conversely, 2s the mass 14 is at the bottom of its
stroke, it is pushing down and to the left on the skid 10,
This upward push increases the friction force and the
platform has a much reduced tendency to move back-
ward. The net affect of the inertia forces due to the os-

cillation of the mass 14 is a displacement of the skid 10
to the right. Thus, the vehicle shuffles along the

ground,
Contro! of such a vehicle can be accnmpllshed in a
number of ways. The angle, a, between the oscillation

direction and the herizontal, as shown in FIG. 1, has a

great effect on the net locomotion velocity as dnes the

- - oscillation amplitude. A vehicle can be made with two

15

20

long skids with one supporting the right half of the vehi-
cle and the other supporting the left half. By altermg
the rate of advance of one skid or the other, turning can
be accomplished. The oscillation angle can be reversed
on one skid, which will cause the vehicle to turn with a

minimum radius. The vehicle is pulled along in the di-

- rection of the horizontal component of the oscillation

25

30
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direction; thus, by altering the direction of this compo-
nent, even a sndewa},?s motion can be ‘accomplished.
The oscillating mass is generally. approximately be-
tween 5 to 20% of the gross vehicle weight,

For practical purposes, we can explain the theory of
operation of vibratory locomotion as follows:

Conceptuaily, as shown in FIG. 1, everything but the
vibrating mass 14 is cnnmdered attached to a skid 10 of
mass n7;. The skid 10 can slide over a terrain inclined to
the horizontal an amount, 8, under the influence'of a
coetficient of friction, u. A weight ¥4 of mass m, is vi-
brated substantially sinusoidally with amplitude, g, and
frequency measured in radians per unit time, w, in a
straight line inclined to the skid 10 at an angle, o. The

. correct interpretation of the amplitude, 4, is half of the
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peak to peak dlEplElCEl‘I‘lEnt of the weight 14 during an
oscillation. The intensity of vtbratmn amphtude Al
given by:

Jef 30 a
gcos B

(1)

where
a= amphtude
w = frequency per unit of time {m radians)
a = the angle of inclination of the weight
£ = acceleration of gravity
£ = angle of terrain

The relative mass is given by:

iz
N+ g

(2)

where; |
m, = mass of skid and attachments
my = mass of the weight

_ Shuffling mode vibratory locomotion takes place when:

MA=x 1.0{3}

When m, is vibrated such that:
M4 =10

smalt flights occur once per cycle so long as:

MA*:1#1TE+I=‘=31'J? (5}

If we take the motion of m,, with respect to m, (repre-
sented by a direction z}, to be given by:

=g sin

(4}

(G)

“all motions of the skid 10 will be pernodic with a period

of;




The relation of the angular quantity, o, to the posi-
tion of the vibratory mass can be made clear with refer-
ence to the scotch yoke oscillator in FIG. 9. When @t is

7

3,916,704

G _
With the computed values of MA and ¢, enter the de-
sign chart and determine the valve of 5/ M -
where § is the non-dimensicnal total cycle displace-
ment. -
With the value {lf 5, the step size can be determined

from:

zero, the mass 14 is at its mean position. If we think of

-the angle, wt, measured in radians, sufficient values are
considered if we limit out attention to.a single t}rpical

_¢yele with values of i such that
0 = wi = 2w

10

Hi} '

Various regimes of Dperatmn of v:bratc:-ry lncnmn— o

tion can be distinguished by the value of quantity MA

as 15 summarized below, The curve in the graph of FIG.
2 will give two values of wt, or 7, between which flight
will occur, for particular values of MA greater than 1.0
and less than 3.297, indicated by the dotted line on the
graph. These two values of wr, indicatéd as 7, and 75 on
the graph, respectively, represent the angle of the
crank (see FIG. 9) when flight begins and when the
flight ends for a value of MA of 2.0. Thus, the value of
MA completely prescribes the flights as to beg;mnmg,
end and duration. -

Devices that are thenretlcall},r similar to the vlhratury |

. locomotion devices disclosed herein can be differenti-
ated particularly with reference to MA. These devices
require flight to develop impact and thus must operate

such that flight occupies a substantial portion of the cy-
cle. They operate with an MA in the region of approxi-

15

20
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mately 3.0. A compactor is in this category. It is almost -~
impossible to build a tractor capable of withstanding

such impacts; therefore, they have not been accepted
for widespread use. In contrast, the vibratory locomo-
tion vehicle of the present invention does not need to
be built to suffer such mnpacts because they are con-

structed to operate 90% of the time at valies of MA

less than unity. Consequently, they almost never
achieve flight but achieve locomotion. in a shuffling
mode. Thus, there is little impact to damage equip-
ment. Tests have shown that the highe:st drawbar pull is
obtained with MA of less than unity (i.e., M A < I 0).

Finally no vibratory locotion occurs unt:l

& MA > 1.0 (9)

g+ cot o
=+ tan

th = {10}

where _

A detailed theoretical analysis has been made and the
resulting computations have been programmed for ma-
chine computation. A more complete presentation of
the theory is not possible here but a more detailed theo-
retical analysis can be found in a paper entitled * Vibra-
tory Locomotion” by H. A. Gaberson and P. L. Stone,
Navel Civil Engineering Laboratory, Port Hueneme,
Californta.

The results of the programmed machine computa-
tionts are conveniently summarized in the chart of FIG.
- 3. The chart yields the non-dimensionalized step size or
the net forward advance per cycle of mass oscillation.

35
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| To compute the cyclic advance for any given set of op-

erating conditions one must calculate A from equation
(1} and M from aquatiu:m (2), and their produce {MA)
formed. The value of ¢ is then determmed from equa-

tion (10}, Next, comnpute ¢ where:

gr=git ov (p + tan 3) £11})

G5

where

‘d =the actual dmplacemﬂnt of each cycle of oscilfa-

tu:-n |
= displacement half ampfzmde ﬂj the ﬂS{HHﬂIIHg'
nmss o S
The average velocity will be the product of the step -
size, d, and the frequem*:;,F in c:}rr.:les rather than radlans

per unit timie. That 1is:
v o= .r.-!_f_ -

e}

2 (3

Jf'z

where

As an example, consider a case with the fﬂ[lﬂwm g op-
era'tmg condittons: |

= 700 lbs.

mg == 100 Ibs.

=105

o = 45°

g=0

‘a = 4 inches

f=28222 r:yc:lﬂﬂfmmute

Using these values, we make the calculations. de-
scribed above which yield: -

A=64

M=0.125

M4 =10.800

¢$b=3.0

P =10.3536
now from the design chart (FIG 4}

Y 5.3 und

therefore § = 0.234.

The actual cyclic step, therefore, is:
d=ga 5=0337

The average velocity is given by:
v =f d= 264.4 inches/minute,

Many different arrangements of mechanical compo-
nents are possible to accomplish the shuffling mode of
vibratory locomotion. Several plans for accomplishing
the oscillation of the skid-mounted mass, in a direction
inclined to the vertical, foliow.

Ina prafﬂﬁed embndlment of the invention, the os-
cillator is comprised of counter-rotating, eccentric
weights, which is a known type of high-power mechani-
cal oscillator. The manner in which the counter-rotat-
ing, eccentnc oscillator operates is illustrated in FIGS.
4 and 5. This oscillator produces the same effect as os-
cillating a mass along a straight line. |

FIG. 4 shows two large gears 22, 24 meshmg and
driven by a pinion gear 2¢. If the pinion gear 26 rotates
clockwise, then the next gear 24 rotates counterciock-
wise, and the last gear 22 clockwise. Attached to the
two large gears, in any suitable manner, are two eccen-
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tric weights 28, 30 of equal mass. Since the two large
gears 22, 24 and the pinion 26 are balanced, only the
ecceniric weighis 28, 30 constitute any unbalance.

The diagram of FIG. § shows conceptually the suc-
cessive position of the centers of gravity, designated
A'' through G", of the two weights 28, 30 as the two
large gears 22, 24 counter rotate. The points desig-
nated A through G and A’ through G’ represent the
motion of the centers of mass of the two weights, re-
spectively. With the weights beginning at the positions
designated A-A’, and successively moving to positions
B-B', CC’, and s0 on, it can be seen that the center of
gravity {(CG) of the two weights moves from A’ to E"'
and back to A’'. Thus, the simple counter-rotating, ec-
centric oscillator has, as its net effect, the sinusoidal os-
cillation of the mass of the two weights 28, 30 in a
straight line; precisely the correct form for use in vibra-
tory locomaotion.

Many variations of this basic oscillator idea are possi-

ble and, in fact, quite practical. A particularly compact

form is to place the weights on concentric shafts, as
shown schematically in FIG. 6. The most convenient
method to keep everything balanced is to divide one of
- the weights. Thus, in FIG. 6 the two outside weights 32,
- 34 are of equal mass, and combined, equal the mass of

the center weight 36. The outside weights are con-

nected to the inside concentric shaft 38 by legs 40 and
rotate with the concentric shaft. The inside concentric
shaft 38 is supported by bearings 42 on a pair of posts
44, attached firmly to the frame at 45 to be vibrated.
The center concentric weight 36 is connected by a
leg 40 to the hollow outside concentric shaft 46 which
rides on two bearings 48 on the inner concentric shaft,
Collars 56 attached to the inner concentric shaft 38
with set screws keep the hollow outer concentric shaft
46 in place and mn position with respect to the bearings.
Two bevel gears 52, 54 are fastened to the hollow shaft
and inner shaft, respectively, and are held in place by
set screws and keys, as is typical. A pinion gear 56 en-
gages the two bevel gears 52, 54 and is mounted on the
shaft 57 of a hydraulic motor 58, Hoses (not shown)
supply hydraulic fluid to the motor 38 and are fastened
(or strapped) to the side of the support post 44. The hy-
draulic motor 58 1s bolted to the top of the support post
44

centric weight 36 rotates i one direction while the
outer eccentric weights 32, 34 rotate in the opposite
direction.

A practical embodiment of the oscillator described
above is shown in FIG. 7. In this case, an automobile
differential 60 is used to produce the counter rotation
of the three eccentric weights 32, 34, 36. A hydraulic
motor 58 drives the center weight 36 by a chain 62, en-
gaging a sprocket 64 on the hollow shaft 46 and a
gsprocket on the motor shaft 66. A second chain 68 con-
nects a sprocket at the other end of the hollow shaft 46
to a sprocket 70 on the automobile differential 60. A
sprocket 72, on the opposite end of the differential 60,
is connected to a sprocket 74 on the inner shaft 38 by
yet a third chain 76. When the second chain 68 1s turn-
ing in one direction, the third chain 76 will turn on the
opposite direction {and, hence, the outer eccentric
weights 32, 34) as long as the drive shaft 78 is locked to
prevent its turning. The advantage of this arrangement
is that the shake (vibration) angle, « (FIG. 1), can be
varied by merely releasing the drive shaft 78, turning it
to vary the angle at which coincidence of the three ec-

When the hydraulic motor 58 rotates, the center ec-
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centric weights occurs and then relocking it. In FIG, 7,
the drive shaft is locked so that the shake angle is ap-
proximately 45° and the center of gravity travels from
right to left which would be the forward direction of
travel of the vehicle. To reverse the direction of the ve-
hicle, the shake angle, «, would begin at the left and the
center of gravity would travel from left to right. (This
can be visualized by viewing a mirror image of FK5. 7.)
Thus, by merely turnitg the drive shait, the forward or
reverse shake angle, o, can be varnied from almost verti-
cal to near horizontal. The optimum shake angle, a, de-
pends upon the type of terrain over which the vehicle is
traveling. That is, whether the vehicle 18 traveling uphill
or downhill, or over smooth or rough terrain. This 1s ap-
parent from equation { 13) which has the variables of
coefficient of friction, g , and angle of inclination, A.
One of the simplest arrangements is the link-sup-
ported, crank-driven oscillator for vibrating the mass,

~as shown in FIG. 8. A crank 80, connected through a

series of gears 82 to a pulley 84, which in tum is con-
nected to a motor 86, rotates when the motor is ener-
sized. The series of gears reduces the frequency of ro-
tation to an optimum value. A link 88 is attached to the
crank 80 and another link 940, and causes the latter link
90 to oscillate back and forth as the crank 80 rotates.
The latter link %0 pivois on an anchor 92 which is at-
tached to the skid 10. The skid 10 might be three feet
long and eighteen inches wide by approximately 2
inches thick. The vibrating mass 14 is attached to the
intersection of the link 88 attached to the crank 80, and
the pivoting link 90 attached to the anchor 92 and, as
a result of the rotation of the crank 80, oscillates back
and forth in a direction nearly perpendicular to the axis
of the link 90 attached to-the anchor 92. Thus, the mass
14 is forced to oscillate in substantially a straight line
direction inclined to the horizontal,

Another embodiment of the imvention can be envi-
sioned which incorporates a scotch yoke mechanism,
as shown In FlIG. 9, which assures a straight line oscilla-
tion of the mass. A link 94 is affixed to the shaft 96 of
a motor 98 such that it rotates with the shaft 96. A rol-
ler 100, or cam-follower bearing, is affixed to the other
end of the link. A roller rolls relatively frictionlessly in
the slot in a slide 102, which is in turn rigidly atiached
to a shaft 104, The shaft 14 slides frecly in bearings
106, 108, which are rigidly fixed to a frame 110, which
in turn if fixed to the skid 10. The mass 14 is attached
to the shaft 104 in a rigid fashion between the bearings
106, 108. Thus, the rotation of the link 94 by the motor
98 will cause the roller 1M to force the shaft 104 to un-
dergo a back and forth sinusoidal oscillation through
the slide 102, attached to the end of the shaft 104, The
mass 14, rigidly attached to the shaft 104, thus under-
goes the required sinusoidal oscillation motion in a
stratght line direction inclined to the horizontal.

Hydraulic systems can also be used as mechanical os-
cillators, as illustrated in FIG. 10, They have an inher-
ent attribute in that any number of cylinders can be
controlled from the same source and, hence, phasing of
several masses can be controlled.

In a typical electro-hydraulic embodisnent {shown in
schematic form in FIG. 19), the weight 14 to be oscil-
lated is attached to a double-acting hydraulic cylinder
112 which will oscillate it. The hydraulic cylinder 112
is connected to an electro-hydraulic servo valve 114
which receives high pressure fluid from a pump §16
and discharges return fluid to a reservoir 118, The sup-
ply to the pump 116 is from the reservoir 118, An inter-
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nal combustion engine 120 drives pump 116 and a gen-
erator 122 to supply power to an electrical oscillator
and control unit 124, The oscillator and .control unit
124 develops an electrical signal to control the electro-
hydraulic servo 114. Such electro-hydraulic systemns
are readily available from commercial manufacturers
such as MTS Systems, Wyle Laboratories, GllmGI’E In-
dustries, and many others.

One end of the hydraulic cylmder 112 is rotatably
connected to an anchor 126, which is rigidly attached
to the skid 10. The other end of the cylinder 112 is con-
nected to a shder 128, which is also rigidly affixed to
the skid 10, and permits adjustment of the inclination
of the hydraulic cylinder 112 to which it is adjustably
connected. The aforementioned oscillatory motion of
the mass is adjustably inclined to the horizontal and un-
dergoes the required oscillatory motion. Contrel of the

10

10

tion develops and, hence, only neghgible transverse
motion results.

Another embodirment of the mventmﬂ EI’I‘IFID}’S a. vi-
brator 156 driven by compressed air, as shown tn FIG.
13. The vibrator 156 i1s comprised of a cylinder having
a massive piston driven by compressed air against an air
cushion, with no impact. The vibrator 156 is attached
to the shid 16 such that the angle of inclination, «, can
be varied. A successful vibratory locomotion vehicle
was built using an air cushion-ne impact vibrator, hav- -

- ing a. 66-pound piston and 1.7 inch stroke, manufac-

“tured by the Cleveland Vibrator Company.

FIG. 14 1s an example of a tractor buiit around the

- Ivibratﬂry focomotion concept and utilizing the reac-

13

amplitude of the oscillation is produced by alternating -

the hydraulic input to the lines 134, 132 at the top and
bottom of the cylinder 112 in such a manner as to re-
- strict the motion of the piston assembly to something
less than the full length of the cylinder 112, |
Another embodiment of the invention employs a
base-driven, resonant spring system which is #lustrated
in FIG. 11. A flat base 134, supported by at least two
inclined guide shafts 136, 138 on bearings 140, 142 is
attached to a motor 98 by a scotch voke type of ar-
rangement, as described with respect to FIG. 9. The flat
plate 134 1s caused to execute a sinusoidal oscillation as

the shaft of the motor turns by sliding on the guide .

shafts 136, 138 through the relatively frictionless slide

bearings 140, 142, The guide shafis 136 128 are rigidly -

attached to the skitd 10, as is also the motor 98, A
spring 144 is rigidly attached to the plate 134 and to a

mass 14, The plate 144 is caused to execute a sinusoi-

dal escillation as the shaft of the motor 8 turns. When
the plate 134 is set into oscillation at the resonant fre-
quency of the combination of the mass 14 and the
spring 144, large excursions of the mass 14 ensue; thus,
the system achieves the desired characteristic, causing

the mass to sinusoidally oscillate in a direction inclined

to the horizental hlthnugh excitation at other frequen-
ctes could cause the spring to deflect in the transverse
direction, the motor speed is to be so controlied that
excitation is only provided at the correct frequency for
axial spring motions. It is a comparatively simple mat-
ter 1o size the spring to achieve this result.

FIG. 12 illustrates another embodiment of the inven-
tion. in which a reaction-driven, resonant spring is uti-
lized. At least one eccentric mass 146 is affixed to the
shaft of the motor 148 such that it rotates with the shaft
and thereby produces an unbalanced force. The motor
148 is mounted through a plate 150 onto a spring 152
which in turn is rigidly atfixed to the base 154 at a par-
ticular angle. The base 154 is rigidly attached to at least
one skid 10, The spring is sized so that the axial natural
frequency of the motor-plate-spring systern coincides
with the motor speed and a resonant condition results.
Thus, when the motor 148 attains speed, large ampli-
tude vibrations of the motor, plate and spring result.
The motor, plate and eccentric weight, therefore, be-
come an oscillating mass, oscillating with a direction

inclined to the horizontal. The spring, as shown, is also

capable of deflection perpendicular to its axis, but it is
a simple matter to design the spring so that the natural
frequency of this transverse motion is far different from
the motor speed so that no transverse resonant condi-
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tion-driven, resonant spring embodiment. The tractor
body 160 is suspended on four relatively soft, suspen-
sion springs 138 configured such -that buckling of the
springs does not occur. Each pair os suspension springs
158 is attached to a skid 10 at the bottom so that the
skids can oscillate without transmitting the oscillatory
metion to the tractor body. There are two skids, one on

.each side of the tractor body 160 (see FIG. 15)

mounted in the fashion just described. Each skid oper-
ates as follows: One or more eccentric weights 146
{two are shown in FIG. 15} are rotated by a hydraulic
motor 148, or the like, which is attached to a mass 154.
The mass 156 is bolted to an oscillator spring 152,

‘which in turn is bolted to a spring base 162, The spring.

base 162 is connected to the shaft 164 of a hydraulic
torque motor 166 which is connected solidly to the skid
10. The hydraulic motor 148 is rotated at the natural
frequency of the mass, motor, eccentric weight combi-
nation resting on the spring £52. This causes the mass
150 to elongate the spring 152 with a relatively large
moiion and propels the skid 10 and, hence, the tractor,

'The eccentric weight 146 should be oscillated at the

natural frequency of the motor-plate-spring system.
Control of the amplitude of the oscillation of the mass
130 1s accomplished by increasing the pressure to the
hydraulic motor 148. The speed of the motor 148 must
remain also constant to maintain the resonant condi-
tion of the mass and the spring. Additional control is
accomplished by applying power, more or less, to each

- skid 104 the faster moving skid moves along the ground
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fasier and rotates the vehicle. The torque motor 166
can rotate the whole spring-mass-motor-eccentric
weight combination and change the angle of oscilla-
tion. If it is tilted backwards, the skid 10 will back up.
For hard pulling and tough going, the spring 152 must
be tilted forward, but in a relatively vertical position.
For easy going, the forward tilt can be increased which
will increase the velocity. That is, the whole spring-
mass-motoer-eccentric weight combination would be
tifted closer to a horizontal position.

The suspension springs 158 are required to isolate

the payload from the incremental motion of the skids
10, and in the case of a two skid tractor, to permit inde-
pendent operation of the two skids 10 (see FIG. 15).
Simple vibration isolation theory is sufficient to provide
a suitable suspension system, Such a system should
have a natural frequency of less than half of the excita-
tion frequency. For example, for a spring having a reso-
nant frequency of two cycles per second and oscillation
frequency of 3% to 6 cycles per second for the eccen-
tric weight was found suitable. Naturally there are
many ways to do this. One successful method is to use

unguided compression springs. The reference (“Me-
chamical Springs”, by A. M. Wahl, 2nd ed. McGraw
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Hill 1963} gives very accurate theory for the perfor-
mance of coil springs. Using this theory, a design for
suspension-springs can be achieved such that the verti-
cal stiffness and fore and aft stiffness are low enough
that when compuiing the natural frequencies by the fa-
miliar formula

= (15

2w M,

the suspenson natural frequencies are less than half of

10

the oscillator operating frequencies. In the above for-

mula, & is the suspension stiffness provided by the sus-
pension springs. and M, is the total mass on the pay-
- load platform. Care must be exercised to guard against
buckling of the springs, but the theory. in the above
mentioned reference covers this adequately. Shock ab-
sorbers (not shown} mounted through the center of the
coil spring or in any suitable manner obvious to those
skilled in the art would also probably be advantageous
to dampen any bouncing which might be produced by
- the coil spring.

- Control of the torque motors and eccentric weight
motoss is accomplished through valves (not shown)
controlled in the cockpit which regulate the flow of hy-
draulic fluid through flexible lines 172, The engine
- compartment 168 contamms an mternal combustion en-
gine to drive the hydraulic pump for the motors. A bull-
dozer blade might be connected approximately as is in-
dicated by the phantom lines at 170.

Finally, the system is envisioned as a supplementary

locomotion means for fulldozers, tractors and the like.

For example, the reaction-driven resonant spring em-
bodiment illustrated in FIG. 14 can be added to a bull-
dozer, on either side above or adjacent the tracks, to
provide locomotion in cases where the tracks bog
‘dovm. The vibratory locomotion system then can be
brought into play to pull the bulldozer or tractor out of
the mire. Thus, the vibratory locomotion system is not
limited to vehicles mounted on skids but can be used as
an assist-system on various types of vehicles with a vari-
ety of existing drive systems,

. Thus, there has been disclosed a novel vibratnry lo-
comotion means which has an almost countless number
of applications as a primary or secondary locomotion
means which will be obvious to those skilled in the art.

Obviously, many modifications and variations of the
present invention are possible in the light of the above
teachings. It is therefore to be understood that within
the scope of the appended claims the invention may be
practiced otherwise than as specifically dascnbed

What is claimed is..

1. A vibratory locomotion system for a vfzhlc:le: com-
pIising:

a payload;

means fur supporting said payload resting on the

- ground; -

- at least one weight having a predetermined mass at-
tached to the payload and supporting means;

means for vibrating said weight with sinusoidal oscil-

lations of predetermind frequency to produce a vi-

. bration in a direction nonparallel to the direction

of travel of said payload; and

means for adjusting the angle at which the weight is

vibrated with respect to the supporting means.

2. The vibratory locomotion sjrstﬂm of clain 1
wheren:
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the vibrating weight is comprised of at [east two bal-
anced eccentric weights of equal mass; and

the vibrating means is comprised of means for coun-
ter-rotating the eccentric weights so that the center
of gravity of the eccentric weights oscillates sinu-
soidally in a straight iine.

3. The vibratory locomotion system of claim 2

wherein the. balanced eccentric weights are comprised

of:

three eccentric weights; said eccentric weights being
mounted adjacent each other on concentric shafts

- with two of the weights being mounted on opposite
ends of an inner concentric shaft equidistant and
on either side of a center weight mounted on an
outer concentric shaft; the two weights on the inner
concentric shaft being of equal mass and having a
combined mass equal of the center weight.

4. The vibratory locomotion. system of claim 3

wherein the vibrating means is comprised uf‘

a hydrauhc motor;

a pinion gear attached to the shaft of the hydraullc
motor;

a first bevel gear attached to the inner concentric
shaft and engagmg the - pinion gear to rotate the
inner concentric shaft;

- a second bevel gear attached to the outer concentric

shaft and engaging the pinion gear to rotate the
cuter concentric shaft in a direction counter to the
- inner concentric shaft. .

3. The wibratory locomotion system of claim 3

“wherein the vibrating means is cnmpnsed of:

a hydraulic motor;

a sprocket attached to the shaft of the hydrauhc mo-

tor,

a. ﬁrst sprocket attached to the outer concentric

shaft; |

a c¢hain connecting the hyclraullc mntur sprocket to

the first sprocket;

a second sprocket attached to the ﬂppﬂslte end of the

outer concentric shaft;

a differential; -

a first sprncket attached to one end of the differen-

tial;

a chain connecting the second sprocket on the outer
concentric shaft to the first sprucket on the differ-
ential;

a second sprocket on the opposite end of the differ-
ential; |
a sprocket attached to the inner concentric shaft, and
a chain connecting the second sprocket on the differ-
ential to the sprocket on the inner concentric shaft
wheeby operation of the hydraulic motor produces
counter-rotation of the two weights attached to the
outer concentric shaft with the center weight.
6. The vibratory locomotion system of claim 5
wherein the means for adjusting the vibration angle of

the weights comprises;

a drive shaft attached to the differential;

means for locking the drive shaft; and

means for releasing and relocking the drive shaft so
that the angle of coincidence of the three weights
can bé¢ adjusted.

7. The vibratory locomotion system of claim 1

65 wherein the means for vibrating the weight comprises:

a motor;,
a crank adapted to be rotated by the motor;
a first link connected to the crank;




3,916,704

13

a second link anchored to the vehicle; satd weight
being connected at the intersection of the first and
second links so that rotation of the crank vibrates

- the weight to produce a sinusoidal oscillation in
substantially a straight line.

8. The vibratory locomotion system of claim 7

wherein the means for vibrating the welght cnmpnses

a motor; :

a link attached to the mntnr :and adapted to rotate:
a roller attached to the free end of the rotating lmk
a slide having a slot engaging the roller;

a shaft rigidly attached to the slide;

a frame rigidly attached to the vehicle and supporting -

the shaft on bearings permitting the shaft to shde
freely; said weight being rigidly attached to the

shaft so that rotation of the link vibrates the shaft

10

14
tor body by two suspension springs at the front and
rear; and
each skid has a vibrating weight system pivotally at-
tached to a hydraulic motor which in tumn is rigidly
- attached to the skid; said hydrauvlic motor adapted
to vary the angle of mclination of the vibrating
weight system from a nearly horizontal position to
a vertical position in the forward or rearward d1r3c~
tion.
14, The vibratory locomotion system of claim 13
wherein the suspension springs are selected to have a

- natural frequency of less than half the operating. fre-

15

and weight to produce sinusgidal s}scﬂlatmns ina

straight line.

9. The vibratory locomotion system of claim 1
wherem the means for vibrating the weight comprises: -

a double-acting hydraulic cylinder with the weight
rigidly connected to the piston of the cylinder; and

20

an electro-hydraulic servo system connected to the |

hydraulic cylinder for driving the cylinder so that
the mass is sinusoidally oscillated in a straight line,

10. The vibratory locomotion system of claim 9

wherein the means for vibrating the weight comprises:
~ a flat base; |

at least two inclined guide shafts supporting said base
on bearings permlttmg the base to slide on the
guide shafis; -

il mﬂtnr

a scotch yoke assembly connecting said motor to said
flat base;

a spring of predetermined resonant frequency at-
tached to said base; said weight rigidly attached tc
the opposite end of the spring so that operation of
the motor oscillates the base to pmduce sinusoidal
oscillations on the spring and weight in a straight
Ime.

1i. The vibratory lﬂcummlﬂn systern of claim I

wherein the means for vibrating the weight comprises:
an inclined base attached to the vehicle:

a spring of predetermined resonant frequency at-
tached to the inclined base:

a plate attached to the oppsoite end of the spring;

a motor rigidly attached to the plate;

at least one eccentric weight attached to the shaft of
the motor so that operation of the motor rotates
the eccentric weight to produce sinusoidal oscilla-
tions of the motor-plate-spring system In & straight
line.

12. The vibratory locomotion sy.stem of claim 1

wherein the means for vibrating the weight comprises:

a compressed air driven vibrator,

13. The vibratory locomotion system of claim 11

wherein:

the payload is compnsed of a tractor body;

the means for supporting the payload 1s comprised of 60

two skids mounted on either side of the tractor
body; each of said skids being attached to the trac-
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-quency at which the weight is to be oscillated.

.15, The vibratory locomotion system of claim 1
wherein the mass of the vibrating weight is between ap-
proximately 5 to 20% of the gross vehicle weight.

16. A method ¢f vibratory lncnmntlnn for a vehicle
comprising; -
mounting at least one weight ch predetermmed mass

on the vehicle;
producing a vibration in a direction nonparaltel to

the direction of travel of the vehicile by vibrating
the weight at a predetermined frequency of oscilla-
tion; -
| lmlatlng the b{}d}' of the vehicle from the vibrations
of the weight; and _ . |
adjustably inclining the mass to produce locomotion.
17. The method of claim 16 wherein the vibration -

frequency of the weight is such that;
MA =< 10

where | |

‘A = the mass of the weight divided b}f the total mass
Df the vehicle and weight |
= the intensity of the vibration amplitude,

IB. The method of claim 15 wherein the vibration

frequency of the weight is such that;
$MA > 10

where

oot o
i+ tan 2

where
(= coefficient of friction between the vehicle and
the ground
a = angle of inclination of the vibrating weight
£ = angle of terrain.
19, The method of claim 18 wherein the angle of in-

~clination of the vibrating is adjustable from near hari-

zontal to near vertical in the forward or rearward direc-
tion. :
20. The vibratory locomotion system of claim 19
wherein the means for supporting the payload comprise
at least one skid.

21. The vibratory locomotion system of claim 20
wherein the vibrating weight is adjustably attached to
the skid.

22. The vibratory locomotion system of claim 21
wherem the payload is connected to the skid by suspen-
sion springs to provide isolation from the oscillations of
the vibratory weight,

&
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