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NOTICE

The invention disclosed in this document resulted from -
research in aeronautical and space activities performed under
programs of the National Aeronautics and Space Administration.
The invention is owned by NASA and is therefore available for
licensing in accordance with the NASA Pgttent Licensing Regu-
lation (14 Code of Federal Regulations 1245, 200),

To encourage commercial utilization of NASA-owned inven-
tions, it is NASA policy to grant nonexclusive, royalty-free,
revocable licenses to any company or individual desiring to use
the invention while the patent application is pending in the U, S.
Patent Office and within a specified period, presently two years,
after issuance of the patent to NASA. If commercial use of the
invention does not occur during this period, NASA may grant a
limited exclusive, royalty-free license thereby adding an incen-
tive to further encourage commercial development, Any company
desiring to make, use, or sell this invention is encouraged to
obtain a royalty-free license from NASA.

Address inquiries and all requests for licenses to Assistant
General Counsel for Patent Matters, Code GP-1, National

Aeronautics and Space Administration, Washington DC 205486,
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AWARDS ABSTRACT NASA Case e~ MSC-12279-1

ENERGY ABSORBING STRUCTURE

The instant invention relates to a low onset rate, one time energy
absorber formed of a plurality of spaced washers press fitted on a
rod of extremely uniform diameter. The purpose of the invention is
to provide a controlled rate of energy absorption wherein there is
provided a low onset rate. The energy absorber utilizes friction
as a direct means of converting the energy to heat and achieves the
low onset rate by applying the load in many small stages. The
invention has particular application in struts of astronauts'
couches on the Apollo command module. '

The couch strut assembly 11 comprises rod 18 of substantially
uniform diameter throughout its major length with a tapered end
portion 19. A first plurality of washers 24 and a second plurality
of washers 40 are force fitted along rod 18 in spaced apart position.
A thrust ring 27 encircles rod 18 at a point intermediate the
‘plurality of spaced washers 24 and 40. Rod 18 is connected at one
end to connector 12 which forms one end of strut assembly 11l. Thrust
ring 27 is connected to an internal tube 32 which is connected to

a connector 34 which is arranged to receive thrust force on the
opposite end of strut assembly 1l. During the application of
compression forces to strut assembly 11, thrust ring 27 contacts

and axially strokes the end one of spaced washers 24 and sequen-
tially picks up and strokes others of said washers 24. As each
washer 24 is picked up, the load is increased a small amount,

thus extending the total load deceleration over a significant

time interval. The washers have an initial inside diameter of
approximately 2 1/2% smaller than the rod. Preferably, rod 18

is coated with a dry film fluorocarbon lubricant during installa-
tion of each of the washers 24 and 40 and prior to 1nstallatlon

of rod 18 into strut assembly 11.

The novelty of the invention appears to lie in the arrangement of
the plurality Of spaced apart washers force fitted upon a rod of
substantially uniform diameter and thrust means which is arranged
to initially contact an end one of the washers and stroke the same
along the rod and sequentially pick up and stroke additional
.washers during the deceleration operation. By selection of the
materials and the number and spacing of the washers, there can be
produced an energy absorbing system which will produce the desired
onset rate and rate and amount of energy absorption. The press
fitting of the washers on the rod eliminates major manufacturing
tolerances which would otherwise present problems.

Inventors : William H. Keathley, "
. Clarence J. Wesselski,

Employer s NASA, Manned Spacecraft'Center
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APPLICATION FOR LETTERS PATENT

TO ALL WHOM IT MAY CONCERN:

BE IT KNOWN THAT we,
William H. Keathley and Clarence J. Wesselski, citizens of
the United States of America, employees of the United
States Government, and residents of Pasadena, Texas, and
Alvin, Texas, respectively, have invented certain new and
useful improvements in a LOW ONSET RATE ENERGY ABSORBER of

which the following i1s a specification:
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BACKGROUND OF THE INVENTION

Field of the Invention

This invention relates to an energy absorbing
structure. More particularly, it relates to a reliable
and efficient system for decelerating a moving mass at a
controlled rate without amplification of loads through the
system and one preferred embodiment is in the form of créw
couch struts for the Apollo command module to absorb ener-

gy during the landing phase, for example.

Description of the Prior Art

Heretofore, crew couch struts for the Apollo com-
mand module were constructed from two tubes, an inner tube
and an outer tube, one of which was arranged to move axi-
ally with respect to the other. The two tubes were sep-
arated by many small rings which were assembled in the
form of bracelets. The outslde diameters of the small
rings were greater than the clearance between the two
pipés, thereby making the rings deflect when the strut is
assembled. When the assembled strut was stroked, alil of
the small rings would roll and deflect, thereby absorbing
energy. By varying the number of bracelets in a given
strut, the load level was controlled. One disadvantage of
the aforesaid ring and bracelet system was that on impact,
as for example on landing, the total load for which the

struts were designed was applied in an extremely short
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period of time, the only time lag being the result of the
material elongation. During this short time, the crew
members were not firmly seated in the couches and the
couches themselves were deflecting under the increased
loading. When the crew members caught up with the couch
and became firmly seated, they received shock loading which
resulted in a "G" load approximately twice the amount for
which the struts were designed. None of the other prior
art of which the applicants are aware provides the neces-
sary reliability and efficiency of decelerating a moving
mass at a controlled rate without the amplification of loads
through the system in a simple and easily constructed and

maintained system, as in the present invention.

SUMMARY OF THE INVENTION

Accordingly, 1t i1s an object of this invention
to provide an improved low onset rate energy absorber
which solves the aforesaid problems and provides the de-
sired characteristics, as stated above.

Briefly stated, this invention is for an energy
absorbing structure which utilizes friction as a direct
means of converting the energy to heat and achieves a low
ocnset rate by applying the load in many small stages. The
structure includes in combination a rod of substantially
uniform diameter having one end arranged to receive the
force of a moving mass thereagainst in a generally axial
direction. A plurality of spaced apart washers are mounted
on the rod in forced fitting relationship therewith. The
invention also includes thrust means, such as a

thrust ring, arranged to receive the force in the

-3
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axial direction and to initially contact and axially stroke
an end one of the washers and sequentially stroke others of
the washers along the rod in response to a force applied
fhereto in the generally axial direction, whereby the ener-
gy of the force is absorbed during the stroking with an ini-
tial low onset energy rate of absorption.

In the preferred embodiment, the stroking portion
of the rod is coated with a dry film lubricant, such as a
fluorocarbon type. Preferably the rod is of INCONEL and
the washers are of annealed stainless steel.

In addition, the washers are so sized that they
have an initial inside diameter of about 2.5% smaller than
the diameter of the rod, and are thereby force fitted on
the rod to provide the desired energy absorbing character-
istics.

In certain embodiments of the invention, a sec-
ond plurality of spaced apart washers may be mounted on the
rod in forced fitting relationship therewith, with the washers
of the second pluralify being arranged for contact by thrust
means and for axial stroking on the fod when the force of
a moving mass 1s applied in the opposite generally axial

direction.

BRIEF DESCRIPTION OF THE DRAWING

Reference to the drawing will further explain the
invention wherein like numerals refer to like parts, and in
which:

Fig. 1 is a view generally in central section
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showing one embodliment ofia strut assembly for a crew couch
in the Apollo command module.

Fig. 2 is an enlarged view of a portion of the
washers and thrust means shown in Fig. 1, with the initial
position of the thrust means shown in solid line and one

actuated position shown in outline form.

DESCRIPTION OF THE PREFERRED EMBODIMENT

The strut assembly is generally designated by
the rumeral 11 and is comprised of a connector 12 having a
bolt eye 13 at onelend, which connector is arranged to re-
ceive the force of the moving mass thereagainst in a gen-
erally axial direétion. Connector 12 is threaded or other-
wise connected to external tube 14 which extends substantial-
ly the full length of the strut assembly, as shown.

The left end of connector 12, as viewed in the
drawing, is provided with a threaded counterbore in which
is threadably received one end of an INCONEL shaft or rod
18 which has a substantially constant or uniform diameter
throughout i1ts major length, which diameter may be on the
order of about .375 inches. However, rod 18 is provided
with a reduced diameter end portion designated by the numeral
19, which may have a smaller diameter on the order of
about .012 inches smaller than the main portion of rod 18,
the purpose of which is for sliding washers thereover which
are to be described hereinafter. In addition, portion 19
may be provided with a counterbore hex-socket 20, which

can be utilized to rotate rod 18 and thereby thread the
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same into and out of connector 12 during assembly and dis-

assembly. In the embodiment shown, rod 18 has a diameter of

..375 inches and is constant in.diameter within .0001 inches, -

except for portion 19 which is tapered to a diameter of .363 inches.

The surface of rod 18 should have an 8 to 16
microinch finish and is preferably hard relative to washers
24 and 40. The taper of end portion'l9 may be on the order
of approximately 1/4 inch/foot for installation purposes.
Rod 18 may, for example, be made of 718 INCONEL which with-
stands velocities of at least 28 feet/sec., with the rod-
having a hardness of 40 Rockwell C.

Rod 18 has mounted thereon a first plurality of
spaced apart washers which are mounted thereon in forced
fitting relationship,,which‘first plurality is generally
désignated by the numeral 24. Washers 24 are individually
mounted on rod 18 by being slid over end portion 19 and
pressed along rod 18 to the desired position and spacing.
The spacing will be arranged such as to provide the strut
assembly with the desired onset rate and energy absorbing
characteristics.

The inside diameters of washers 24 were initiélly
generally on the order of .010 inches, or about 2.5% smaller -
than the diameter of the rod 18 throughout its major por-
tion. Hence, by forcing the washers 24 along rod 18 to the
position shown, the washer material tends to yield which
causes each of the washers 24 to conform to rod 18 almost
exactly the same as every other washer, méking the load

very uniform.
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In the embodiment ehown, it is preferred that the
washers have a thickness on the order of .040 inches and an
external diameter of‘.625 inches and an internal diameter
of .363 inches, all plﬁs or minus within .001 inches for
tolerance purposes. Washers 24 are twenty-eight in number
and provide twenty-seven spaces of .08 inches each and span
a distance of 3.28 inches.

Washers 24 and 40 were machined from process—

. annealed bar stock and the faces were surface ground. When

each of the washers 24 and 40 is pressed onto rod 18, the
0.010 inch interference causes the washer to yield, making

it conform exactly to rod 18 without the necessity of ex-

tremely close tolerances on this part. Rod 18 then in

effect becomes a sizing mandrel and causes each washer

to offer the same frictional resistance to sliding. It is
presently believed that the load will be a linear function
of the thickness of the washers also. The outside diameter
of the washer was selected to limit the bearing stress to
approximately one-half the material yield strength. After
machining of the washers was completed they were fully annealed
in an inert gas atmosphere. Fully annealing 416 stainless
steel requires that the material be held at 1600°F. for one
hour, followed by cooling at a rate no faster than 50°F.
per hour to 1100°F. The material may then be cooled at a

faster rate, but care must be taken to insure that the

material does not come in contact with air until room tempera-

ture is reached. Contact with air at elevated temperatures
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may cause heavy oxidation and scaling and both of these con-
ditions may cause variations in the loads that the washers will
produce. |

As stated above, the washers 24 and 40 are made with
an inside diameter which is approximately 2 1/2% smaller than
the rod size. Because the elasticAlimit on the strain is
approximately 0.1 per cent, the entire washer is deformed plasti~
cally when it is driven on the shaft. The 2 1/2% strain will
not rupture the washer when it is fully annealed because the
ultimate strain is approximately 30%. This feature minimizes
the effect of manufacturing tolerances which otherwise would
have to be considered in construction of the apparatus.

The invention also includes thrust means arranged
to receive the force in the generally axial direction and for
iﬁitially contacting and axially stroking an end one of the
washers 24, and sequentially stroking others of said washers
along rod 18 in response to a force of a predetermined
magnitude applied thereto in a generally axial direction,
whereby the energy of the force is absorbed by the friction
encountered during the stroking operation. These means are
conveniently shown in the form of thrust ring 27 which is
provided with a counterbore 28 and a central axial opening
29 to loosely accommodate passage of rod 18 therethrough.
Thrust ring 27 is attached to the end of inner tube 32, the
opposite end of which is attached to a coupling 33 having
é threaded countefbore in the left hand view as seen in the
drawing, which coupling is arranged to receive threaded

connector 34 which is provided with bolt hole 35 for

-8~
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connection with portions of the couch assembly. Surrounding
tube 32 and in contact with the inner wall of tube 14 are a
plurality of torodiél members 36 which are plastically deformed
due to the dimensional relationship between the size of the
rings and size of the walls. The members 36 by cyclié deforma-
tion absorb a portion of the load.

During the landing phase‘of the Apollo command
module, the various strut assemblies, two of which strut
assembly 11 is illustrative, are arranged for absorption
of compression and tension forces. In compression which may
occur during tumbling of the spacecraft, the force of the
moving mass is applied so as to compress connector 34 rela-
tive to connector 12. When this occurs, thrust ring 27 moves
freely aloné rod 18 until contact is made with the end one of
the plurality of spaced washers 24, and strokes the same to
the right as viewed in Fig. 1, and subsequently’picks up
additional washers as the stroking continues. Energy is
absorbed by the friction encountered during stroking washers
24 along the rod which generates heat. As each washer is
picked up, the load is increased a smallvamount, thus
spreading the total load over a significant time interval.

In the assembly shown, a second plurality of
washers 40 are shown mounted on rod 18 to accommodate de-
celeration of tension forces applied between connectors 34
and 12, which will occur during land landing of the space-
craft. Washers 40 are identical to washers 24, and in the
embodiment shown are preferably spaced about .08 inches apart
with a total of seventy-six washers of .040 thickness, there-
by providing seventy-five spaces or a total span of 9.04

inches. Washers 40 are frictionally mounted on rod 18 in the
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same manner as washers 24, which mounting operation will be
described in greater detall hereinafter.

During application of tensioning forces to con-

nectors 34 and 12, thrust ring 27‘contacts the end one of

washers 40 and strokes the same along rod 18 and picks up
additional washers 40, as shown in Fig. 2. The stroking
action is similar to the stroking of washers 24 during com-
pression, as described above.

Before installing washers 24 and 40 onto rod 18,
it is important to thoroughly clean rod 18 of any grit,
0il, or other foreign substance. This cleaning may be
performed with freon to remove any such oil or grease prior
to washer installation and preferably rod 18 should not be
handled with the bare hand, since even the natural oil of
the skin may cause erratic loads.

Rod 18 is then stood upright with tapered end
portion 19 on top and the bottom of rod 18 rested on a
wooden block on the floor for example. Thereafter the
individual washers 24 and 40 are inserted onto the tapered
end portion 19 of rod 18 and a bushing (not shown) is placed
thereover. This bushing is made of steel, for example,
and has an outside diameter of 0.562 inches, an inside
diameter of .377 inches, and is approximately .50 inches
long. Then an aluminum tube (not shown) having a one-half
inch outside diameter and .0U45 inches wall thickness and
being approximately 20 inches long is placed over the bush-
ing. The aluminum tube is then tapped with a plastic hammer,

for example, to drive and thereby force each washer over the

-10-
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tapered portion 19 and to thereafter drive or press the washers
along rod 18 to the desired position where they frictionally
engage rod 18. Washefs 24 and 40 are arranged in the desired
order and spacing to accomplish the desired deceleration rate
required. The washers are spaced by an apprdpriate spacer which
may be removed after installation éf the washers.

By force fitting washers 24 and 40 on the rod 18, as
described above, the major manufacturing tolerance problems on
the washers is completely eliminated. By varying the number and
spacing of washers 24 and 40 on rod 18, the desired load de-
celeration characteristics can be obtained for the assembly. By
such a device a mass moving at 30 feet per second (20.4 miles
per hour) may be brought to rest in 18 inches at a maximum "G"
load of 14 and an onset rate of 350 "g's" per second.

After all the washers 24 and 40 have been installed
in this manner, it is desirable that the entire rod and washer
assembly be wiped clean and lubricated as described above with
a dry film fluorocarbon type lubricant. At this point, rod 18
with the washers mounted thereon is ready for assembly in the
strut assembly 11.

In the preferred embodiment, the stroking portions of
rod 18 are provided with a liberal coat of dry film lubricant,
preferably of the fluorocarbon type, as for example the lubricant
manufactured and sold under the name Miller Stephenson MS-122
which provides excellent results at velocities as high as 28
feet per second (19.1 miles/hr.). This lubricant is contained
in a spray can and the active ingredient is tetrafluorethylene

polymer solids. It is produced by the Miller Stephenson

Chemical Company, Inc.,

~11-~
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Los Angeles, California and is covered under military speci-
fication MIL-L-60326(MU) Amend. 1, Type 1. The lubricant
should be applied liberally to the rod prior to each washer
installation and the rod should be thoroughly sprayed again
prior to installation of the rod in the assembly. There
should be an obvious build-up of lubricant on all stroking
areas of the rod.

It is to be understood that lubricated sliding
surfaces fall into two categories. The first category is
hydrodynamic (or thick-film) lubrication in which ideally
the surfaces never touch. The friction falls within the range
of u = 0.001 to 0.0001; no wear occurs. The second category
is boundary (or thin-film) lubrication in which the high
points on the surfaces touch. The friction falls within
the range of u = 0.05 to 0.15; some wear occurs. The latter
condition occurs when the pressure between the contact sur-
faces becomes so great that the lubricant film cannot support
the load. 1In view of the above criteria, it is obvious that
boundary lubrication is the most applicable to this friction
mechanism. When the lubricant and the materials are chosen,
the coefficient of friction usually falls in a much narrower
range as long as severe wear (galling, seizing, etc.) does
not occur. It is assumed that some wear is normal under
boundary lubrication conditions, but it should not be visible
to the eye; severe wear is abnormal and visible.

Rod 18 shown in the drawing is of 3/8 inch diameter,
but other size rods may be utilized to carry out the invention.

For example, hollow rods can be used for larger sizes to effect

-19-
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weight savings. The apparatus of this invention is not limited
to use with struts but can be readily adapted to other devices
requiring a one time high energy absorption with low onset
rate. Other examples of uses of this device include embodi-
ments in the form of collapsible steering columns, stroking
automobile or aircraft seats, stroking automoblle bumpers,
highway barriers, air dropping sensitive equipment, or an
overload device on aircraft landing gear.

One of the main advantages of the present invention
is that it provides the low onset rate, and high rate energy
absorber with a minimum of equipment. The energy absorber
of this invention uses friction as a direct means of convert-
ing the energy to heat and achieves the low onset rate by
applying the load in many small stages. Another major ad-
vantage of the equipment 1s the ability to absorb energy
at the rate of 1l horsepower per square inch of contact area,
while the conventional systems., such as brakes and clutches,

c of contact area.

have a maximum rate of about 0.5 HP/in

Because of the arrangement of washers 24 and 40
on rod 18 and because the washers are only piéked up one at
a time by thrust ring 27, the total load 1is realized only
after a thrust stroke of some signifiéant distance. By
varying the spacing of the washers, the onset rate can be
cohtrolled. Similarly, the load can be controlled by the
number of washers installed.

Further modifications and alternate embodiments
will be apparent to those skilled in the art in view of

this description and accordingly, the foregoing specifica-

tion is considered to be illustrative only.
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