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ABSTRACT

This report documents the design and analysis effort
undertaken in the development of two crashworthy passenger
seats. Rationale used in the selection of the concepts is

discussed and advantages and disadvantages of each concept
are presented.



FOREWORD

. This report was prepared by the Boeing Vertol Company

for the National Aeronautics and Space Administration, Langley
Research Center, under NASA Contract NAS1-14637. E. Alfaro-Bou
was NASA technical monitor for this work. The Boeing Vertol

Project Engineer was M. J. Reilly.
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SUMMARY

The purpose of this program was to design two types of
energy absorbing passenger seat concepts suitable for instal-
lation in light twin~engine fixed wing aircraft. An existing
passenger seat for such an aircraft was used to obtain the
envelope constraints. Ceiling suspended and floor supported
seat concept designs were developed. A restraint system
suitable for both concepts was designed. Energy absorbing
hardware for both concepts was fabricated and tension and
compression tests were conducted to demonstrate the stroking
capability and the force deflection characteristics. Crash
impact analysis was made and seat loads developed. The basic
seat structures were analyzed to determine the adequacy of
their strength under crash impact loading.
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INTRODUCTION

This study was conducted to develop 2 crashworthy passen-
ger seat concepts suitable for use in light twin-engine fixed
wing aircraft.

Background

Serious development of crashworthy seats for aircraft was
begun approximately 15 years ago, principally for use in mili-
tary helicopters. Development progressed slowly due to the
constraints of low weight and cost and the need for reliable
energy attenuating devices. Arrangement of the attenuators
such that the crash impact stroking kinematics were not affec-
ted by various impact angles presented a formidable challenge.
This was complicated by the need to maintain the integrity
and function of the seat in a crash environment where its
mounting structure and attachments are severely distorted by the
impact. Providing an adequate restraint system to limit the
occupant's motion relative to the seat, necessitated the
development of new materials and configurations.

The lightweight crashworthy seat state-of-the-art has just
reached a point where the first practical seats are being
designed for production military aircraft. Consideration can
now be given to adapting some of these proven principles to
crashworthy seating in private and commercial airplanes. The
Boeing Vertol Company, who has been a leader in crashworthy
development, was awarded a contract by NASA-Langley to design
2 crashworthy passenger seat concepts suitable for light twin-
engine airplanes.

Technical Discussion

A crashworthy seat is one that will withstand a specified
crash impulse loading and will reduce the crash accelerations
on the occupant to within the limits of human tolerance. A
crash impulse, produced by the rapid reduction of the aircraft's
velocity at impact, consists of a high acceleration for a
short duration of time. The resulting peak G can produce
serious or fatal injury to the aircraft occupants. The
objective then is to reduce the peak G to within the limits
of human tolerance and to account for the energy in the pulse

1



by increasing the duration of the lower G pulse until the
areas under the curves are equal. An example of this reduc-
tion in G level or energy attenuation is shown in Figure 1.

Energy attenuation in a crashworthy seat is accomplished
by suspending the seat in a manner so that the seat, with the
occupant, can move or stroke, relative to the aircraft, in a
direction opposite to the resultant crash force. Load limiting
devices or energy attenuators resist motion in the direction
of the crash impact at a level which is within force levels
that can be tolerated by the occupant. The limiting load
of the attenuator is set by multiplying the occupants weight
by the tolerable acceleration level or G.

Human tolerance limits vary depending upon the direction
in which the forces act on the occupant. Higher forces can
be tolerated in the forward and rearward directions than in
the vertical direction (Figures 2 and 3). Seats with separate
attenuation systems for the various axes require different
load settings for each axis so as not to exceed the human
tolerance limits.

Load settings for energy attenuators should be set for a
light weight occupant at their maximum human tolerance limit.
Heavier occupants will experience lower G level accelerations
at this load setting because a lower G level multiplied by
the heavier occupant weight will equal the load setting of
the attenuator. Heavier occupants, however, will stroke a
farther distance than the lighter occupant. For this reason
stroking requirements are established for the heavier occu-
pant. ’

Requirements

The design regquirements established by NASA were for two
seat concepts, one a ceiling suspended seat and the other a
floor supported seat. The seats were to be designed for a 75kg
(165 1b) occupant. Navajo aircraft crash test data was to be
provided by NASA to be used in establishing crash design pulses.
However, due to the unavailability of finalized test data, NASA
directed that the Crash Survival Design Guide impulse data in
TR 71-22 (Reference 1) be used as a guide in establishing the
crash pulse for the NASA seat designs. This essentially is a

lCRASH SURVIVAL DESIGN GUIDE, Dynamic Science; USAAMRDL Tech-

nical Report 71-22, Eustis Directorate, U.S. Army Air Mobility
Research and Development Laboratory, Fort Eustis, Virginia
October 1971, AD 733358.
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Figure 1. Crash pulse and attenuation curves.
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forward impact at 15 m/s (50 fps) and a three-axis vertical
impact at 15 m/s (50 fps). Both seats were to be designed
within the envelope constraints for installation in the Piper
Navajo aircraft. The seats however, could be adapted to any
fixed wing aircraft or helicopter. Seat weight was to be
approximately the same as that of the Navajo seat which is

10 kg (22 lbm).

GOALS

The following goals were established as the objectives of
the crashworthy passenger seat development program.

e Establish energy absorbing seat design criteria

® Develop ceiling supported and floor mounted seat
geometries.

® Determine crash loading on seat structure

® Perform stress analysis on basic seat structure

® Develop, fabricate, and test energy attenuating mechanisms

® Prepare detail design drawings

Scope

The crashworthy seat design progfam was divided into the
following tasks:

Task I - Crashworthy ceiling suspended seat design
Task II - Crashworthy floor mounted seat design
Task III - Restraint System Design

Task IV - Energy attenuators development and tests



CRASHWORTHY CEILING SUSPENDED SEAT DESIGN - TASK I

Design Considerations

Ceiling suspended seats have been the preferred config-
uration selected for light weight crashworthy seating in mili-
tary helicopters. This concept can be designed to be inherently
stable during stroking without using guide tubes or tracks
generally used on heavier floor mounted crashworthy pilot seats.
The energy attenuators of seats suspended from the ceiling
~tend to be self-aligning with the occupant's center-of-gravity.
This feature minimizes the change in moment and results in a
near constant loading on the attenuators and a more constant
acceleration on the occupant. One disadvantage is the need
for adequate ceiling structure from which to suspend the seat.

Ceiling suspended seats must be designed such that they
are fully suspended from the ceiling with energy attenuating
devices. Supports below the seat pan (such as diagonal braces
or cables) should only stabilize the seat and should freely
collapse as the seat moves down. Rigid legs, even with de-
forming or stroking features, should not be used because
attenuating devices above and below the seat do not tend to
act together. Center-of-gravity shifts due to variations in
occupant weight or variations in impact angle cause the load
distribution to the attenuators to vary. As the load is shifted
toward one or the other attenuator, that attenuator will stroke
first, and the threshold stroking load for the second atten-
uator may not be reached (Figure 4).

Seat Design

In designing a crashworthy seat which is fully suspended
from the ceiling and has no vertical supports from the floor,
the seat pan must be stabilized by attachments to the ceiling.
This can be accomplished by slinging the seat with straps
attached to the four corners of the seat pan (Figure 5a).
Although this would provide the lightest weight approach,
ingress and egress to the seat would be encumbered by the
front straps.

- The geometry of a seat which is fully supported from
above, yet provides unencumbered freedom to the seat pan, is
shown in Figure 5b. In this design a compressive tube member
is used at the back of the seat and a tension strap runs from



)]
v

-

(VN

Pl

Seat Pan

N\

}?\

Ceiling ’
Energy Attenuator

~

/

Figure 4.

I

Leg Energy
Attenuator

S~

\

Ceiling Suspended Seat

Floor Supported Seat

~

Effects of attenuators in parallel.



Figure 5. Seat pan suspension and stabilization.



the ceiling attachment to the seat pan, a short distance
forward of the back. This provides a truss from which the
tubular seat pan is cantilevered.

The seat is stabilized by members under the seat. These
members are designed so as not to impede the seat from strok-
ing fully to the floor. Diagonal tubular struts provide seat
stability during vertical stroking. The struts rotate down-
ward as the seat moves downward to the floor (Figure 5c¢). The
seat pan is maintained in a level attitude through the action
of the struts and the cantilevered suspension system. Energy
attenuators are incorporated in the diagonal struts which
stroke during predominantly forward crash accelerations.

Two sets of energy attenuators are used in the seat, one
set at the ceiling and the other set in the diagonal struts
under the seat. The attenuator at the ceiling consists of a
- hairpin loop of high tensile strength wire and 2 double grooved
rollers. Each side of the wire loop is passed over both rol-
lers in a double pass manner, providing a compact arrangement
(Figure 6). The ends of the wire extend down into the seat
back tubes.

During crash impact, controlled force/deflection is pro-'
duced by bending and unbending wire as it passes back and
forth over the rollers. Force of the occupant against the
seat will cause stroking or movement of the wire over the
rollers when a predetermined crash force is reached. This
stroking force is determined by multiplying the occupant
weight by an acceleration within the human tolerance limits.
Stroking length of the attenuator is limited only by the
length of the wire used. The unit is light in weight, weighing
less than 0.06 kg (2 oz). It is highly reliable producing
repeatable and flat force/deflection curves and is not affected
by environmental factors. The unit is limited to use in ten-
sion load applications only.

The diagonal strut wire-bending energy attenuators
(Figure 7) consists of telescoping aluminum tubes with fittings
at each end for attachment to aircraft structure and the seat
structure. Music wire or similar high tensile strength wire
is attached to both ends of the inner tube. The wire is
passed through 3 rollers on a trolley inside the tube. The
trolley is pinned to the outer tube and a slot is provided
in the inner tube to allow the trolley to move back or forth
relative to the inner tube. This arrangement provides all
the advantages of a pure wire-bending attenuator which is
highly reliable, producing repeatable and flat force deflec-
tion curves and is not affected by environmental factors. It
has the additional advantages of being able to stroke under

tension or compressive loading and will maintain the rigidity
of the seat after stroking.
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Figure 6.
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The diagonal strut attenuator serves as a stabilizing
brace during predominantly vertical impact accelerations. It
also serves as an energy attenuator and will stroke under
predominantly forward impact accelerations. Figure 8 shows
the kinematics for the seat in the fully stroked vertical and
forward positions.

Energy attenuation is also provided on the seat in the
lateral direction. Annealed stainless steel cables are crossed
under the seat to provide stability for normal use and also
to act as an energy attenuator. In a crash impact having
lateral components, the annealed cable will yield at a pre-
determined load and will limit the lateral acceleration on
the occupant. Due to the close proximity of the seat to the
side of the aircraft, the seat will stroke laterally only
toward the aisle. The seat and occupant would be restrained
on the opposite side, by the side of the aircraft.

The seat pan and back are constructed of tubular frames.
These frames are covered with low elongation polyester fabric
which distribute the occupant load to the frames. Foam seat
and back cushions are placed over the fabric covers. The
thickness of the seat pan cushion is the maximum recommended
for crashworthy seats. Thick cushions are not used because
the occupant would be accelerated into a thick cushion
during a crash and a high peak G overshoot would occur as the
occupant bottoms-out.

The foam cushions are covered with upholstery material
and vinyl. A metal skirt is provided around the bottom of
the seat pan for aesthetic appearance and is padded with
foam and covered with vinyl. The skirt is made of thin alumi-
num which is designed to crush as the seat pan strokes to the
floor, providing the maximum seat stroke.

A foam headrest is provided over the top of the seat
back. The vertical energy attenuators and shoulder strap
attachments are contained in the headrest. The headrest is
covered with the same material as the seat cushions.

Installation of the seat in the aircraft consists of 2
attachments at the ceiling and 4 attachments at the floor.
Brackets are provided on the floor at the rear of the seat
for attachment of the diagonal struts and vertical hold-down
cables. Clips are provided on the floor at the front of the
seat for attaching the stabilizing cables.

Attachment to the ceiling is by means of turnbuckles.

One end of the turnbuckle is attached to the aircraft struc-
ture in the ceiling and the other end is attached to the

13
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vertical wire-bending energy attenuator. The tightening of
the turnbuckles provides tension on the cables under the
seat, producing a rigid seat installation.

The attenuation system is designed for the vertical effec-
tive weight of a 75 kg (165 1bm) occupant with a predominantly
vertical resultant force impact and for the full 75 kg (165 lbm)
occupant weight in a predominantly forward resultant force
impact. Vertical effective weight is 80 percent of occupant
weight because leg weight is supported by the floor. Ceiling
attenuators are sized to limit the 75 kg (165 1lbm) occupant
acceleration to 12 G so as to minimize ceiling structure loading.
Diagonal strut attenuators are sized to limit the forward accel-
eration of the 75 kg (165 lbm) occupant to 15 G. Crash pulse
is as specified in TR 71-22 (Reference 1) and as amended by

TR 77-13 (Reference 2). Details on the crash pulse used in
the ceiling suspended seat design are shown in Table I (Refer -
ence 2) . To obtain the crash pulse input to the seat, mea-

sured at the floor, it is assumed that some of the crash energy
is absorbed by airframe structural deformation or stroke. The
energy remaining is absorbed by seat stroking. Table I shows
the total system crash energy to be absorbed and the total
stroke required to absorb the energy. The energy absorbed by
airframe deformation, represented by test sled stroke, plus

the energy absorbed by the seat when added together equals

the total system energy absorption.

With energy attenuators provided above the seat for verti-
cal stroking, diagonal struts below the seat for forward
stroking and crossed cables under the seat for lateral stroking,
energy attenuation is accomplished in each of these directions.
When acting together, the attenuators provide combined three-
axis seat attenuation.

A weight estimate of the ceiling suspended seat shows the
weight to be comparable with the weight of the non-crashworthy
Navajo seat.

2Reilly, M. J., CRASHWORTHY, TROOP SEAT TESTING PROGRAM,
Boeing Vertol Company, Philadelphia, Penna.; USAAMRDL
Technical Report 77-13, Eustis Directorate, U.S. Army Air
Mobility Research and Development Laboratory, Fort Eustis,
Virginia, August 1977.
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TABLE 1. SEAT STROKE

o1

TEST PULSE Calc.

Test - Strokecm (in.)

or Impact Velocity 100% Estimated Required
Condition Item * | Change,fps| Peak G| Avg G Efficiency Efficiency Stroke

cm (in.)

3-Axis System 42 - 10.5 79.5 (31.3) 87% 91.4 (36.0)
Floor Sled . 42 34 | 17.0 49.1 (19.3) 85% 57.8 (22.8)
Seat Seat 42 - 10.5 30.4 (12.0) 89% 1 33.6 (13.2)
Fwd System | 50 -- 10.5 | 112.5 (44.3) 85¢ . |141.1 (55.5)
Floor Sled 50 24 12.0 | 98.6 (38.8) 85% 123.2 (48.5)
Seat Seat 50 -- 10.5 | 14.0 (5.5) 85% 17.7 (7.0)
3-Axis System 50 —— | 12.0 | 98.6 (38.8) | 85% 116.0 (45.7)
Ceiling Sled 50 34 17.0 69.6 (27.4) 85% 82.0 (32.3)
Seat Seat 50 - 12.0 29.0 (11.4) 85% 34.1 (13.4)
Fwd System 50 _ -- 10.5 112.5 (44.3) 85% 140.8 (55.5)
Ceiling Sled 50 24 12.0 98.6 (38.8) 85% 123.4 (48.5)
Seat Seat 50 - 10.5 14.0 (5.5) 85% 17.7 (7.0)

* System = Total deceleration of test sled plus seat




CRASHWORTHY FLOOR MOUNTED SEAT DESIGN - TASK II

Design Considerations

Design of a lightweight, free-standing, floor mounted
seat is more difficult than the design of a ceiling suspended
seat., A structural/mechanical system must be provided on
the floor to guide and stabilize the floor mounted seat dur-
ing crash impact stroking. The approach used for crashworthy
pilot seats in military aircraft is to provide a structural
stand or carriage on which guide tracks or slides are mounted
to control the seat during stroking. Such an approach is not
practical for a lightweight passenger seat. The structural
stand not only would be heavy but would also present a hazard
for impact by the occupant seated behind the seat. The atten-
uation and stabilizing guide system must be integral with
and contained within the seat bucket envelope to minimize
weight and to avoid impact hazards to other passengers.

A stabilizing guide system which is integral with the
seat must move as the seat strokes. Loads on such a system
are constantly changing as the center-of-gravity of the seat
and occupant change relative to the point that the system is
anchored to the floor. As the center-of-gravity shifts rela-
tive to the energy attenuators,.the load or occupant acceler-
ation required to cause the attenuators to stroke will also
vary.

The resultant load on the seat, due to variations in
impact attitude, will also have a similar effect on the
occupant acceleration required to cause attenuator stroking.
A ceiling suspended seat, being free to pivot about its
ceiling attenuator, tends to align the attenuators through
the point of applied force. This minimizes the change in
the moment arm and results in a more constant occupant accel-
eration. The floor mounted seat, being more affected by the
variations in the direction of the applied force, will have
more limitations than the ceiling supported seat. The floor
mounted seat design loading will have to be optimized for
the more probable impact attitudes and conditions.

The floor mounted seat concept presented uses the

predominantly vertical impact condition described in the
Crash Survival Design Guide (Reference 1) as the optimum
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condition for which the energy attenuating system is designed.
This condition prescribes a resultant force on the seat,
acting through the occupant center-of-gravity, at an angle

of 0.524 rad (30°) from vertical and with a 0.175 rad (10°)
roll. An impact velocity of 15 m/s (50 fps) is prescribed.
At this speed the airplane is not flying but is in a stalled
condition. 1Its vertical speed is probably near to or greater
than its forward speed. Impact would occur with a predominantly
vertical component. Some forward component would most likely
be present for a fixed wing aircraft. A pure vertical impact
is not as likely for a fixed wing aircraft as it would be for
a helicopter. For this reason, the pure vertical condition
will not be considered in the optimized design condition.

The requirements of the Crash Survival Design Guide (Ref-
erence 1) establishes a 15 m/s (50 fps) velocity change for
forward impact. Lateral components are considered by designing
for impact with a 0.524 rad (30°) yawed attitude. For this
condition the aircraft impacts the ground in a normal landing
attitude with landing gear either down or retracted. The air-
craft is considered to be flying at the instant of touchdown
and has a speed much in excess of the maximum design velocity
change of 15 m/s (50 fps). It is considered that the velocity
change occurs rapidly but the aircraft does not decelerate
completely. A bounce may occur after the first impact decel-
eration and subsequent decelerations would be more gradual
until the aircraft comes to a stop. Another horizontal impact
consideration is that the aircraft has landed and runs into
an abutment after the aircraft had gradually decelerated;
impact occurring at or below 15 m/s (50 fps). Little or no
vertical component is present in these horizontal impact
conditions. Human tolerance to forward acceleration is con-
siderably higher than for vertical, therefore, energy attenu-
ation in the forward direction is not critical.

Design for impact with resultant forces in the area between
horizontal and 0.524 rad (30°) from vertical will be given
minimal consideration. The reason is that for the aircraft to
develop resultant forces in this quadrant, the aircraft would
have to impact the ground in a nose-low attitude. The impact
velocity would be greater than 15 m/s (50 fps) and deceler-~
ation would be rapid, producing a high peak crash impulse.
Velocity changes above 15 m/s (50 fps) are not considered to
be potentially survivable, therefore the energy attenuation
system design for the floor mounted seat will not be optimized
for this region of impact attitudes or resultant forces.

Due to the lower efficiency of the attenuation system of
the floor supported seat, as compared to the ceiling suspended
seat, the predominantly vertical 15 m/s (50 fps) crash impulse
requirement of Reference 1 and 2 could not be met. A 13 m/s
(42 fps) impact was used for this conditien and is shown in
Table 1.

18



Seat Design

The basic construction of the floor mounted seat structure
is similar to that of the ceiling suspended seat structure.
A tubular member outlines the seat pan and fabric cover is
stretched across the tubular frame supporting the foam cushion.
The seat back is also formed of tubular members covered with
a fabric membrane. Seat back support is provided by a tubular
strut attached to each side of the seat back at the top and
to each side of the seat pan. Shoulder harness loads, applied
to the top of the seat back, are reacted by a tension load
on the vertical back members and a compression load on the
diagonal strut members.

The seat pan is supported from the floor by a .4-bar
linkage system. The arrangement allows the seat to stroke
downward and forward during crash impact while maintaining
the seat pan in a level attitude. Figure 9 shows the kine-
matics of a stroking seat. Parallel links attached to the
front and rear of the seat pan are rigid, withstanding tension
and compression loading. A third link connected between the
top of the rear fixed link and the bottom of the front fixed
link is a compressible link or energy attenuator.

The energy attenuator is a wire-bending tubular device
similar to the telescoping tube diagonal strut attenuator
used under the ceiling suspended seat. The principal difference
is the outer telescoping tube which has been shortened and the
attachment to the seat is at the trolley pin, rather than at
the end of the outer telescoping tube. This arrangement allows
a greater stroke-to-length ratio permitting the seat to stroke
to the floor. The stroking attenuator is projected into the
seat back (Figure 9). During stroking, as well as during
normal flight, lateral stability of the seat is maintained
by diagonal cables attached in the plane of the fixed links.

The parallel linkage energy attenuation system provides
an optimum crash force attenuation for the 0.524 rad (30°) from
vertical resultant condition. It also provides energy attenu-
ation up to the 1.571 rad (90°) from vertical resultant or
horizontal crash force. The single attenuator, through the
action of the parallelogram linkage, provides for the predomi-
nantly vertical as well as horizontal impact pulse while
separate attenuators are required for the ceiling suspended
seat. With the use of diagonal cables for lateral attenuation,
the seat provides energy attenuation in all three axes.

A weight estimate of the floor mounted energy attenuating

seat shows the weight to be comparable with the weight of the
non-crashworthy Navajo seat.
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RESTRAINT SYSTEM DESIGN - TASK III

The restraint system proposed for use on ceiling suspen-
ded crashworthy passenger seats is unique for aircraft instal-
lations. A system for proper crashworthiness requires a lap-
belt and double shoulder strap arrangement. The problem is
one of designing a system which makes it difficult for the
occupant not to use the shoulder strap portion of the system.
When a system is provided which employs an individual lapbelt
and an individual shoulder harness, only the lapbelt is used
in most instances.

The proposed system combines the lapbelt and shoulder
strap into a continuous strap such that the shoulder strap
must be used in order to properly adjust the lapbelt. The
shoulder straps are connected in an inverted Y arrangement
to the seat back at the headrest (Figure 10). Conventional
lapbelt anchor fittings are provided on each side of the
seat pan. The shoulder straps are threaded through the
anchor fittings and a lapbelt buckle is attached to one end.
The other end is threaded through an adjuster which plugs
into the buckle.

Donning the restraint system consists of sitting in the
seat and slipping the shoulder straps over the shoulders.
The ends of the lapbelt are grasped and the plug-in connection
inserted in the buckle. The free end of the strap is pulled
through the adjuster until the shoulder straps and lapbelt
are snug. Only one adjuster is provided otherwise the lap-
belt could be_ adjusted snugly while the shoulder straps
remained stowed against the back of the seat. The position
.of the lapbelt buckle would be toward the right side of the
seat when the system is properly adijusted for a heavy person
and toward the left side of the seat for a small person.
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Figure 10. Combined lapbelt shoulder harness restraints sy‘stem.
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ATTENUATION SYSTEM TESTING - TASK IV

Types of energy attenuators tested and the performance
of the tests are discussed in this section.

Energy Attenuator Configurations

Attenuators used for the ceiling suspended seat and the
floor mounted seat are similar in that they all employ a wire
element which bends in passing over rollers during crash load
stroking. Two types of attenuators are used for the ceiling
suspended seat, a simple tension wire and roller arrangement
at the ceiling and telescoping tube tension/compression device
under the seat. The floor mounted seat uses only one type
attenuator, a modified telescoping tube type, which is supported
at the center pin rather than at the end, allowing a shorter
couple between support points. The outer telescoping tube is
shortened to provide more clearance.

Energy Attenuator Static Testing

Four static tests were conducted on the three types of
energy attenuators. The test number will be the same for simi-
lar tests; however, a letter suffix designates the repeat of a
given test. Tests were conducted in a tension/compression
Instron test machine.

Test 1 - Tension Attenuator Ceiling Mounted - The ceiling
mounted energy attenuator, consisting of a wire loop passing
over 2 rollers in an aluminum housing, was installed in the
test machine. The wire loop was 2.54 mm (0.)l in.) diameter
music wire. Adapters were used for attaching the test specimen
to the lower base plate and to the load cell at the top (Fig-
ure 11).

A load was applied and increased until-it reached 4804 N
(L080 1bf). At this point the attenuator began stroking as
the wire moved over the rollers. A characteristic peak force
due to starting friction was recorded (Figure 12). The load
dropped down to 4448 N (1000 lbf) and ran steadily as the
attenuator stroked 0.33 m (13 in.). The test was stopped and
then restarted at the 0.33 m (13 in.) point to determine the
peaking effect. The load rose to 4671 N (1050 1bf) and dropped
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Figure 11. Pre-test 1, tension wire energy attenuator.
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back to 4448 N (1000 1lbf) during the remainder of the run. A
smooth and flat force/deflection curve was produced which is
characteristic of wire-bending energy attenuators. Figure 13
shows the attenuator in the stroked condition.

Test lA - Tension Attenuator Ceiling Mounted - A second
test was conducted with a wire-bending tension attenuator
using a different configuration wire element. To eliminate
the starting peak, shown in Figure 12, a slack loop configur-
ation was used (Figure 14). The wire element was made of 302
stainless steel wire of 2.8 mm (0.11 in.) diameter. Test
installation was the same ‘as shown in Figure 11.

A load was applied and stroking began at 4715 N (1060 1bf).

The starting peak had been eliminated and the load rose gradu-
ally until the steady stroking force of 5516 N (1240 lbf) was
reached at 0.05 m (2 in.) of deflection. Stroking continued

at this level until test was stopped after 0.33 m (13 in.) of
deflection (Figure 15). Elimination of the starting peak is
desirable to prevent excessive initial peak accelerations on
the occupant in a crash.

Test 2 - Tension/Compression Telescoping Tube Attenuator -
A test was conducted on the attenuator used for predominantly
forward crash loads and installed diagonally under the ceiling
suspended seat. The attenuator consists of a telescoping tube
in which a wire element is passed over 3 rollers during strok-
ing (Figure 7). Music wire of 2.54 mm (0.1 in.) diameter was
used for the wire element. Adapers were used to install the
test specimen in the Instron test machine (Figure 16). Attach-
ment was made to the load cell at the top and base plate at
the bottom.

A force was applied to the attenuator and was increased
until a load of 4849 (1090) 1lbf) was reached at which point,
stroking began. An initial peak of 5071 N (1140 1bf) was
recorded and the load dropped to the continuous stroking load
of 3870 N (870 1lbf) (Figure 17). Stroking continued until the
test was stopped at 0.20 m (8 in.) of deflection.

The initial starting peak was excessive; however, this
can be eliminated by providing slack in the wire loop similar
to that shown in Figure 14. Figure 18 shows the attenuator
in the stroked condition.

Test 3 - Tension/Compression Trunnion Tube Attenuator -
A trunnion tube energy attenuator, similar to the telescoping
tube attenuator, for forward load attenuation of the ceiling
mounted seat, was tested for the floor mounted seat. The
trunnion attenuator is mounted by a trunnion connection at the
wire bending rollers (Figure 19). The attenuator consists
of a tube in which a wire element, anchored to both ends of
the tube, 1s passed over 3 rollers during stroking. Music
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wire of 2.54 mm (0.1 in.) diameter was used as the wire
element. The attenuator was placed in the Instron test machine
between the load cell at the bottom and the base plate at the
top. A length of tubing was used between the load cell and

the attenuator trunnion point to provide a space for the atten-
uator to stroke into (Figure 20).

A force was applied to the attenuator and was increased
until a load of 4003 N (900 1bf) was reached at which point
stroking began. An initial peak of 5160 N (1160 1bf) was
recorded. The load dropped to 3825 N (860 1lbf) within 0.03 m
(1.0 in.) of stroking and settled at a load of approximately
3559 N (800 1lbf) during the remainder of the stroke (Figure 21).
The test was stopped at 0.163 m (6.4 in.) when the end of the
attenuator contacted the test fixture. Figure 22 shows the
attenuator after the test with the length of tubing, used for
support, removed.

Energy Attenuator Static Test Summary

All of the attenuators tested functioned properly pro-
ducing flat force/deflection curves. Initial peaks experienced
with the tubular attenuators can be eliminated by the use of
slack in the wire loop similar to that in the tension attenu-
ator. Wire size may also be changed if the loads produced
during stroking differ from the desired load determined by
the load analysis study.
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APPENDIX A

STRUCTURAL ANALYSIS

The two seat concepts are shown in Figures A-1 and A-2
indicating the primary structural members and the notations
used in subsequent analyses. The structural analysis sum-
marizes the requirements and predicted performance.

Ceiling Suspended Seat Analysis

This concept was derived from the Boeing Vertol design
for a U.S. Army troop seat. This seat has been satisfactorily
tested and the selection of material and sizing has been re-
tained substantially the same for this NASA seat. Changes
have been made to attenuator limits to ensure maximum specified
G limits are not exceeded for a 75 kg (165 lbm) occupant.

Applying simple Newtonian relationships to a seat/air-
craft system results in occupant acceleration levels, velocities,
and strokes as the total system comes to rest, subsequent to a
selected impact condition. A floor acceleration characteristic
was selected to be consistent, or as nearly so as possible,
with the U.S. Army crashworthiness requirements in TR71-22 or
TR77-13. These conditions are shown in Table I.

Figures A-3 and A-4 show variations with time of selected
parameters for both a longitudinal impact and a three-axis
0.524 rad (30°) nose-down vertical impact. These data assumed
100% efficiency and were used to compute member loads as the
seats stroked for use in the structural analyses.

Floor Mounted Seat Analysié

This seat introduces a new concept and more detailed
analysis was performed to define the structure.

As for the previous seat concept, analyses were performed
to define the variation of acceleration, velocity and displace-
ment as functions of time. These results are included in
Figures A-5 and A-6.
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This seat posed greater structural loading especially so
when approaching the end of its stroke. These variations are
included in the detail analysis. :

Discussion

It is important to remember that a certain pulse has been
assumed to act at the aircraft floor. If such a condition is
not compatible with a given installation then the total analysis
must be recomputed to ensure realistic boundary conditions.

If a given underfloor structure/landing gear combination is
incapable of providing the assumed energy absorption, then the
seat will only provide protection at a given lower velocity.

An impact velocity much in excess of this recomputed lower
velocity will result in higher occupant G levels which may

be fatal, or structural failure of the seat which may be equally
catastrophic.

A further factor which can dramatically influence the
performance of a ceiling mounted seat is the relative displace-
ment of the ceiling, relative to the floor, during the crash
sequence. Excessive deformation which occurs concurrent with
seat stroking can result in a drastically reduced stroking
distance and occupant impact with the floor. To overcome this
problem, adequate structural stiffness of the overhead frames
is required when attenuators are attached.

Seat elements have been sized, wherever possible, using
their full plastic capabilities; for the design case, crash
condition permanent element deformations are expected. Some
elements which experience low load levels have been sized
using a criterion to preclude in-service damage, due to handling
or normal wear and tear.

The detail structural analysis is as follows:
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