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ABSTRACT

This report presents the methodology and results of a program
conducted to develop two underseat energy absorber (E/A) concepts
for application to nonadjustable crashworthy passenger seats for
general aviation aircraft. One concept utilizes an inflated air
bag, and the other, a convoluted sheet metal bellows. Prototypes
of both were designed, built, and tested. Both concepts demon-
strated the necessary features of an energy absorber (load-~limiter);
however, the air bag concept is particularly encouraging because
of its light weight. Several seat frame concepts also were inves-
tigated as a means of resisting longitudinal and lateral loads and
of guiding the primary vertical stroke of the underseat energy ab-
sorber. Further development of a seat system design using the
underseat energy absorbers 1s recommended because they provide
greatly enhanced crash survivability as compared with existing
general aviation aircraft seats.
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DEVELOPMENT OF TWO
UNDERSEAT ENERGY ABSORBERS
FOR APPLICATION TO
CRASHWORTHY PASSENGER SEATS FOR
GENERAL AVIATION AIRCRAFT

James C. Warrick and S. P. Desjardins
Simula Inc.

SUMMARY

Two energy-absorbing, crashworthy seating system designs were
developed for general aviation aircraft. Each design utilizes an
underseat energy absorber (E/A) to attenuate vertical crash decel-
eration magnitudes to within the range of human tolerance. The E/A
of one seat system is an inflated air bag, and of the other, a
convoluted sheet metal bellows. The seat bucket and occupant are
allowed to stroke vertically, crushing the E/A against the floor.
A seat frame was deemed necessary in order to prevent the seat
system from overturning during horizontal loading. Several seat
frame systems were evaluated, but hardware was not built. Project
emphasis was on development of the underseat E/As.

Analytical models for both the bellows and air bag type E/As
were developed. Subscale preliminary models of the bellows were
built and tested; then, full-scale models of each type of E/A were
designed, built, and tested statically and dynamically. Dynamic
testing was performed in a drop tower facility with the E/As
mounted 1n a fixture that simulated the motion and moving mass of
an actual seat.

The air bag is intended to remain inflated under the seat at
all times, thus avoiding the complexity of crash sensors and pres-
surization systems. An orifice uncovered at the beginning of the
stroke allows expulsion of the gas within the air bag. The ori-
fice size and air bag shape were optimized by use of a computer
program in order to most uniformly and completely decelerate the
occupant.

The testing proved the acceptability of the air bag for its
intended use. Tests of the bellows were encouraging but somewhat
inconclusive because of the loading-rate dependence of the bellows
limit load.






INTRODUCTION
Purpose and Scope

The primary objective of the project documented within this
report was to develop two underseat energy absorbers (E/As) for
application to the passenger seats of general aviation aircraft.
One E/A concept was to be a convoluted metal bellows, and the other,
an inflated air bag. Analytical models of both E/As were created
to predict and optimize performance. Then, subscale and full-
scale E/A models were built and tested. The program emphasized
the development, fabraication, and testing of practical E/A hardware
for the purpose of attenuating vertical crash deceleration magni-
tudes to within the limits of human tolerance. A secondary purpose
of the program was to investigate methods of resisting forward and
lateral decelerations. For this purpose, frame concepts were de-
signed and stress-analyzed, but fabrication and testing of these
frames were not within the scope of the program.

Background

Historically, seats for general aviation aircraft have been
designed for four major characteristics. These include appearance
and customer acceptance, low cost, low weight, and reasonable com-
fert. Strength requirements for the seats, as specified in NAS809,
the National Aircraft Standards Committee Specification for Air-
craft Seats and Berths, are so low that they provide totally unac-
ceptable protection to their occupants in a crash. These strengths
for Type II Seats, which are for normal and utility aircraft, are:

forward 9.0 G
sideward 3.0 G
upward 3.0 G
downward 7.0 G

(G 1s defined as the acceleration of gravity = 9.807 m/sec? =
32.17 ft/sec?)

Requirements for military aircraft far exceed the require-
ments for general aviation. With no energy absorption, the same
comparative requirements for the Army's rotary- and light fixed-
wing aircraft are:



forward 35.0 G
sideward 20.0 G
upward 8.0 G

downward 48.0 G (this is the peak input
deceleration that must
be attenuated to a value
not exceeding 23.0 G to
provide occupant safety)

The requirements for military aircraft were developed from
extensive studies of crashes and the statistical distribution of
crash environment severities encompassed within potentially sur-
vivable limits. Of course 1t is useless to provide seat strengths
far exceeding the capability of the aircraft to provide a protec-
tive environment for a well-restrained occupant. However, past
tests have shown that the survivability of existing aircraft ex-
ceeds that of the seats and restraint systems with which they are
equipped. It is desirable, therefore, that the strengths and
energy-absorbing characteristics of the seating systems for general
aviation aircraft should be improved to provide the maximum pro-
tection possible consistent with the overall crashworthiness of
the aircraft frame.

Methodology

In the first phase of the project, a systems analysis was per-
formed to i1dentify the constraints upon the seat system. These
constraints included the range of occupant weights, crash impulse
requirements, and load limiting required to provide safety for the
occupant, restraint method for the occupant, and other general re-
quirements of the seat system and its interface with the cabin of
a typical light aircraft. Then, several preliminary seat concepts
employing underseat E/As were analyzed 1in terms of their ability
to provide the necessary vertical stroke while at the same time re-
sisting overturning moment due to longitudinal and lateral forces.
Two frame concepts, which were capable of resisting the applied
loads, were selected, and a stress analysis was performed on each
of them to verify their structural integrity and to predict deflec-
tions.

Then, attention was directed towards the actual detail design
of the underseat E/As. An analytical model of the bellows was de-
veloped in order to predict the crushing load. A number of differ-
ent variations of convolution shapes were tested and the data were
used to check the accuracy of the analytical model. No preliminary
models of the air bag were built or tested because the analytical



model developed to predict the air bag's behavior had a high con-
fidence level. The air bag analytical model consisted of a com-
puter program accounting for the transient dynamic response by
stepwise integration of all of the parameters affecting the escape
of air from the air bag orifice.

Full-scale test samples of both the bellows and the air bag
were fabricated, and a test fixture that simulated the stroking of
an actual seat was constructed. The air bags were dynamically
tested using a drop tower facility, and the bellows were statically
tested using a standard combination tensile-and-compression test
machine. Also, one sample of the bellows was dynamically tested
in the drop tower to determine the dependence of the limit load
upon loading rate.

Information gained during the tests was used to refine the
preliminary seat system design to produce a final design that is
recommended for further study as a practical crashworthy general
aviation aircraft seat.

Units of Measurement

Measurements of most quantities were made in U.S. Customary
Units, which were then converted to SI Units for presentation in
this report. For convenience, the U.S. Customary Unit equivalent
1s included in parentheses following the SI quantity.






SEAT SYSTEM DESIGN CRITERIA

In this section, the functions of the seat, constraints upon
its design, its interface with the aircraft, the crash impulse it
i1s to withstand, and the range of occupant sizes 1t 1s to accommo-
date and protect are described and defined. The environment in
which the seat 1s to operate defines seat characteristics which in
turn define the characteristics required of the underseat E/As.

Seat System Required Characteristics
The general requirements of a seat system are that it be:
e Crashworthy
e Lightweight
® Compact
e Low Cost
e Comfortable
e Pleasing in appearance
e Acceptable to the end user.

Design crashworthiness is treated in detail in later sections
of this report. The other characteristics are elaborated upon in
the following paragraphs:

The seat must be light in weight to gain acceptance by air-
craft manufacturers. An upper limit of 6.8 to 9.1 kg (15 to 20 1lb)
was chosen; a greater weight than this would probably be unaccep-
table to aircraft manufacturers, and a lesser weight than this
would not allow the frame to be strong enough to carry its required
loads.

Another consideration was that the seat should be compact in
size to fit into the cramped quarters of light aircraft. The total
width of the seat was limited to 45.7 cm (18 in.). Height and
length were minimized consistent with stroke requirements and frame
strength requirements. A simple design using no elaborate mater-
1als or fabrication techniques was sought to minimize cost.

Of course, the seat must be comfortable and have a pleasing
appearance to be acceptable to the end user.



Another consideration was the method by which the occupant
would be restrained to the seat. A lap belt together with a sin-
gle diagonal shoulder strap, the minimum acceptable system, ap-
peared to be most practical. A full shoulder harness, of course,
would be more crashworthy, but it is doubtful that a great percen-
tage of passengers would wear it. A single diagonal shoulder
strap is considered to be the best compromise between crashworthi-
ness and what the public will accept. The importance of wearing
the installed restraint system, however, must be stressed, as fail-
ure to do so renders much of the crashworthiness of the seat inef-
fective.

Candidate seat systems were evaluated on the basis of the
above~mentioned characteristics, as well as upon their crashworthi-
ness. The intention was to create a practical, crashworthy seat
design that could gain acceptance in future light aircraft. Suit-
ability of the designs for retrofit was not considered.

Most of the emphasis 1n the remaining portion of this report
is devoted to the crashworthiness aspect of the seat system design
and, specifically, in later sections, to the detailed development
of the underseat E/As.

Crash Impulse Requirements

The crash impulse requirements used in this project are shown
in Table 1. They are design conditions representative of the 95th-
percentile survivable crash and are criteria established for pas-
senger seats of light fixed-wing aircraft contained in the Crash
Survival Design Guide, USAAMRDL TR 71-22 (Reference 1). Minimum
strengths of 8 G and 12 G, respectively, are required in the upward
and backward directions. The downward vertical deceleration of the
seat must be attenuated to not more than 23 G for durations longer
than approximately 5.5 ms i1in order to prevent spinal damage. Also,
per recommendations of Reference 1, the vertical energy-absorber
limit load was set at 14.5 G so that deceleration peaks caused by
dynamic overshoot would not exceed 23 G. (Dynamic overshoot is a
term referring to transient acceleration peaks of masses in a sys-
tem --i.e., seat pan, cushion, buttocks, chest-- which are coupled
to each other elastically. It is defined in Reference 1 as "the
amplification of decelerative force on cargo or personnel beyond
that of the floor input decelerative force.") The load in the la-
teral direction was suggested by NASA/Langley Research Center and
was based upon preliminary information from crash tests being con-
ducted there. In the forward direction, it is not necessary to
attenuate the acceleration to prevent occupant injury; however,
some energy absorption was necessary in order to reduce the frame
strength requirements and, thus, reduce the seat weight to an ac-
ceptable level.




TABLE 1. CRASH IMPULSE DESIGN REQUIREMENTS

Velocity
Change Pulse*
Impulse m/sec Peak Duration
Direction (ft/sec) Acceleration (sec) Reference
Forward 15.24 24 G dynamic 0.130 p. 42 & 138,
(50) attenuated to Ref. 1
15
Side - 10 G static - Input from
NASA/Langley
Research
Center
Down 12.80 48 G attenuated 0.054 p. 42, Ref. 1
(42) to 14.5 G at
occupant
Upward - 8 G static - p. 152, Ref. 1
Rearward - 12 G static - p. 152, Ref. 1

*Pulse shape is isosceles triangle.

Occupant Weights

The 1inertial load, which is applied to the seat frame in a
given loading direction, is equal to the acceleration load factor
for that direction (from Table 1) multiplied by the sum of the oc-
cupant weight plus the seat bucket weight (e.g., 14.5 G x 62.1 kg =
14.5 x 9.808 x 62.1 = 8831 Newtons). For all loading directions
except downward-vertical, the entire body weight, including clothes,
of the 95th-percentile occupant is included in the calculation. 1In
the downward-vertical direction, the weight of the 50th-percentile
occupant is used, and only 80 percent of the body weight is in-
cluded because the lower legs of the occupant are supported by the
floor. The effective weight in the downward-vertical direction
then is equal to 80 percent of the occupant weight plus the seat
bucket weight. Occupant weights and effective weights are shown
in Table 2 for the 5th-, 50th-, and 95th-percentile weight adults.

Load Limiting

The limit load of the underseat E/A was sized to provide
14.5 G deceleration of the effective weight of the 50th-percentile
occupant. The weight of the 50th-percentile occupant was chosen
because this provides the best protection to that large percentage
L 4



TABLE 2. ADULT OCCUPANT WEIGHTS

Seat
Occupant Bucket Effective
Weight, W, Weight, Wb Weight, W
Percentile kg kg kg €
Occupant (1b)* (1b) (1b) *=*
5th (Female) 43.09 3.63 38.10
(95) (8) (84)
50th (Male) 73.26 62.14
(161.5) (137)
95th (Male) 97.52 81.65
(215) (180)

*From Reference 2.
**Applicable only to downward-vertical loading direction.

Effective weight = 0.8 x WO + Wy

of passengers whose weights are close to the 50th-percentile, as
can be seen on a typical bell-shaped distribution. A minimum of
30.5 cm (12 in.) of vertical stroke is recommended (for adjustable
crewseats) by Reference 1 as being necessary to decelerate the
50th-percentile occupant 1in the 95th-percentile survivable crash.

The 95th-percentile occupant would be expected to bottom out
against the floor in the 95th-percentile vertical crash, because
his greater weight 1is decelerated at a lesser rate by the fixed
limit load of the underseat E/A. The 5th-percentile (female) oc-
cupant, on the other hand, may be subjected to deceleration peaks
greater than 23 G because of her lesser weight in relation to the
fixed 1limit load. She would not utilize a very great portion of
the available stroke. These off-design conditions are unavoidable
but represent the rare extremes of crash severity combinations.

A forward stroke of 15.2 cm (6 in.) is recommended by Refer-
ence 1 as the requirement to safely attenuate the 24 G peak longi-
tudinal crash pulse to 15 G.

The forward stroke is measured at the center of gravity (c.g.).
Since the final seat design does not merely translate forward but,
rather, pitches forward about a pivot point at floor level, the
head can be expected to move forward a distance at least twice as
great as the center of gravity.

10



The limit load in the forward direction is sized for the 95th-
percentile occupant, and the stroke requirement calculated above is
for the 95th-percentile survivable crash. In this extreme combina-
tion, representing only a small fraction of survivable crashes,
the occupant would stand a chance of head impact against some por-
tion of the cabin interior but would at least remain restrained in
his seat. 1In the majority of crashes where occupant weights are
near the 50th percentile, or 73 kg (161 1lb), little, if any, seat
stroking would take place in the forward direction.

Seat Attachment Points

The final criteria required that the shoulder strap inertia
reel be mounted to the seat back rather than to the cabin sidewall.
Such a freestanding, floor-mounted seat requires more frame
strength i1in order to resist overturning moment in forward loading
directions than would a seat in which the inertia reel is attached
to the cabin sidewall. However, attaching the reel to the seat
makes the seat immune to loads resulting from large cabin sidewall
buckling deflections that occur in crashes. If it were possible to
mount the shoulder straps to hard points on the airframe that would
not deform greatly relative to the floor mounting of the seat, it
would be possible to reduce the frame weight. The great forward
overturning moment on the seat could be carried by the shoulder
strap to the airframe.

A preliminary design concept was developed utilizing a cabin
sidewall attachment of the shoulder strap, and a method was found
to prevent this arrangement from interfering with the vertical
stroke of the seat. The concept is illustrated in Appendix A.
This method of shoulder strap attachment would be valuable for
seats located in front of bulkheads.

11






SEAT SYSTEM DESIGN

Much effort was expended in developing practical seat system
designs that resisted the severe longitudinal and lateral overturn-
ing loads while at the same time maintaining the seat weight at an
acceptably low level. Of particular importance is the requirement
that the seat perform its vertical stroke in the presence of any
combination of longitudinal and lateral loads as well as the verti-
cal load. The combined loading case in which the maximum longitu-
dinal and lateral loads are applied to the seat simultaneously is
the most severe loading condition, not only because it tends to
overturn the seat to the front and the side, but also because the
bucket is cantilevered somewhat forward from the frame causing the
frame to yaw.

The bellows underseat E/A is inherently rigid in torsion and
1s capable of reacting this yaw moment that occurs during combined
loading. The air bag, however, is not rigid in torsion; therefore,
the seat frame design of the air bag underseat E/A must incorporate
its own means of resisting the yaw moment. Because of the struc-
tural bonus from the bellows underseat E/A, a frame design was
first developed for it. Then, a slightly more sophisticated frame
was developed for the air bag underseat E/A.

The structural members of both seats were rough sized by hand
calculation to carry the occupant inertial loads to the floor. A
stress and deflection analysis was performed on both seat frame
concepts using the finite element program, STARDYNE, which is avail-
able from Control Data Corporation. The results of this study in-
dicated that the seat designed for the air bag E/A was more effi-
cient from a strength-to-weight standpoint; therefore, it is the
one recommended for use with either underseat E/A.

Kinematics and Load Path Analysis

Early in the seat system conceptual design phase, it was
learned from the kinematics and load path analysis that the under-
seat E/As by themselves would not be capable of resisting the lon-
gitudinal and lateral overturning moments while at the same time
performing their necessary vertical load-limiting stroke. A free-
standing seat with no support other than that provided by the un-
derseat bellows and occupied by a 215-1lb passenger was calculated
to overturn at a horizontal acceleration of 1.6 G. The analysis
behind this conclusion can be found in Appendix B. Under the same
conditions, the air bag E/A would allow the seat to overturn at an
even lower horizontal deceleration due to the force from the pres-
sure in the air bag being spread uniformly over the area of the
air bag rather than being concentrated at the perimeter as it is
with the bellows.

13



Several simple concepts were evaluated as means of resisting
the longitudinal and lateral loads, one of them being to provide a
frame to support the front of the seat. A hinge would attach the
frame to the front of the seat. This concept would have required
the seat to pitch backwards during the vertical stroke.. For the
seat to rotate in this manner requires a torque applied by the in-
ertial load, but the torque is dependent upon the direction as well
as the magnitude of the inertial load vector. During combined lon-
gitudinal and vertical loading, the resultant vector could pass
directly through the hinge, and stroking would be impossible regard-
less of the magnitude of the inertial load vector. This concept
and any others requiring the vertical stroke to occur in a largely
rotational manner were determined to be unacceptable for the reason
just stated.

For the vertical stroke to be independent of the other influ-
ences, it was concluded that a semirigid frame, separate from the
stroking portion of the seat, would be necessary. The frame had
to resist the longitudinal and lateral loading and be provided with
linear bearings to guide the vertical stroke of the seat bucket.
Therefore, for loading directions other than downward-vertical,
the kinematics and load path analysis concentrated on load paths
through the frame.

The underseat E/A does not necessarily have to resist longi-
tudinal and lateral loading; however, the location of the E/A under
the seat does provide some resistance to forward overturning moment,
and in the case of the bellows, also provides resistance to seat
deflection in other directions as well (yaw). The underseat E/A
in such a system can be designed to perform its primary function
as a vertical load limiter without compromising its characteris-
tics in order to resist loading in other directions.

For loading directions other than downward-vertical, the iner-
tial load is based upon the sum of the 95th-percentile occupant
weight, 97.5 kg (215 1b), plus the weight of the moving portion of
the seat, 3.6 kg (8 1b), multiplied by the acceleration load factor
shown in Table 1. Several seat system frame designs were developed
and analyzed on the basis of carrying these 1inertial loads safely
to the anchor points on the aircraft floor.

The location of the underseat E/A below the center of gravity
of the occupant made it unnecessary to analyze the load paths
through the frame in the downward-vertical loading case; in this
case, the load 1s carried by the E/A directly to the floor, bypas-
sing the seat frame.

Preliminary Seat System Design, Bellows Equipped

Description. - Figure 1 shows the preliminary bellows-equipped
seat design. The seat consists of three major parts: the fixed
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Figure 1. Preliminary bellows-equipped seat, Drawing No. SK10077.
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seat frame consisting of upright guide tubes held erect by rear
tubular energy-absorbing struts, the moving seat bucket formed of
aluminum sheet metal, and the underseat bellows E/A. Its calcu-
lated weight is approximately 10 kg (22 1b).

The seat bucket 1s guided in 1ts vertical stroke by its at-
tachment to the tubular upright guide tubes by use of spool-shaped
rollers. The rollers wrap around the guide tube to transmit la-
teral as well as longitudinal loads from the seat bucket to the
guide tubes. Low friction for lateral as well as longitudinal
loading conditions is ensured by the use of needle thrust bearings
as well as needle radial bearings at the roller support areas.

In the important forward loading case, the greatest loads are
applied at concentrated points by the lap and shoulder belts. The
bearings have been positioned so that the concentrated belt loads
are transmitted directly to them with a minimum amount of interven-
tion by the relatively fragile seat bucket.

It 1s necessary for the bellows to be attached to both the
seat bucket and the floor in order to resist the yaw moment that
occurs during combined longitudinal and lateral loading. Other-
wise, one of the energy-absorbing rear struts would be loaded much
higher than the other and would stroke, allowing the seat to twist
excessively.

Stress Analysis. - The stress analysis of this design indi-
cated that the guide tubes wexe overstressed i1n the region where
they connect with the energy-absorbing struts, while, at the same
time, they are underutilized at their upper extremities. This
problem could be remedied by starting with a heavier walled guide
tube, then thinning the wall where the tube is less highly stressed,
or by starting with a guide tube with a thickness sized for the
least highly stressed region, then adding sleeves or bushings to
the inside of the guide tube to strengthen the more highly stressed
regions.

Discussion. =~ Rear struts, as opposed to front struts, are
recommended to hold the seat erect. Rear struts were chosen for
two reasons: first, the rear struts are in tension during forward
loading when they are required to stroke. This avoids buckling
problems associated with slender, compressive-type E/As. Second,
the front struts have to ke far enough apart to permit the moving
portion of the seat to stroke down between them. Their thick sec-
tions, necessary to prevent buckling, plus clearances between them
and the seat bucket make the frontal profile of a seat with front
struts wider than can be accommodated by most light aircraft. The
rear struts do not greatly reduce leg room for the passenger lo-
cated behind the seat in question since the passenger's feet can
rest between the struts. Also, an optional sheet metal panel,
which would prevent a passenger's feet from being in a position to
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be crushed by the stroking seat in front of him, could be placed
between the guide tubes.

In order to provide the required minimum 30.5 cm (12 in.) ver-
tical stroke, allowance must be made for the crushed height of the
bellows. Because the crushing load of the bellows starts to rise
beyond tolerable levels after the bellows has been stroked approxi-
mately 80 percent of its original height, this would require that
the seat pan be located approximately 38 cm (15 in.) above the
cabin floor.

Preliminary Seat System Design, Air Bag Equipped

Description. - Figure 2 shows the layout of the seat system
designed for the air bag. Its weight is approximately 7.2 kg (16
1b), about 2.7 kg (6 1lb) lighter than the bellows-equipped design
discussed previously. Only 1.1 kg (2.4 1lb) of this weight reduc-
tion is due to the difference in weight between the air bag plus
1ts accessories and the bellows plus 1ts accessories. The remain-
ing weight reduction of 1.6 kg (3.6 1lb) is due to more efficient
use of material in the frame, specifically: the utilization of
truss construction in the moving seat back, the elimination of re-
dundant fixed-frame structure above waist level, and the substitu-
tion of sleeve bearings for the lower bearings.

Another important feature of this design is 1ts ability to
resist the twisting (yaw) effect of lateral forces while at the
same time stroking forward to attenuate the longitudinal deceler-
ation. This feature, one of the primary design objectives, is made
possible by the energy-absorbing crossmember shown in Figure 3. A
consideration of the geometry reveals that both left and right
guide tubes must stroke forward equally (within the elastic limits)
in spite of one being more heavily loaded during the combined for-
ward and lateral load case.

The emphasis 1n this design was to position the upper bearings
at a location level with the center of gravity of the 95th-percen-
tile occupant, and to make the moving part of the seat an indepen-
dent structure, strong enough to transmit all lateral and longitu-
dinal occupant inertial loads to the upper bearings. Only a small
portion o