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SYNOPSIS

Hypothesis
A modified brace position would help to prevent injury to some aircraft

passengers 1n the event of an impact accident.

Aim of Experiments

To evaluate a modified crash brace position.

Materials and Methods

1. Impact Testing

Impact testing was performed at the RAF Institute of Aviation Medicine.
Farnborough. Aircraft seats, mounted on a sled, were propelled down a track
at an acceleration of 16G. A 50% Hybrid III dummy was used as the
experimental model. Four dummy positions were investigated: upper torso
either braced forwards or sitting upright and lower legs placed either forwards
or rearwards. The impact pulses used were based upon guidelines defined in
Acrospace Standard AS8049 which relates to the dynamic testing of aircraft
seats. Transducers located 1n the head. lumbar spine and lower limbs of the
dummy recorded the forces to which each body segment was exposed during

the impact. These forces were compared for each brace position.

2. Computer Simulation

A mathematical model was developed to simulate occupants kinematics during

an impact aircraft accident. This was based upon MADYMO - a crash victim
simulation computer programme for biomechanical research and optimization

of designs for impact injury prevention.

Results

Impact testing revealed that the risk of a head injury as defined by the Head



Injury Criterion was greater in the upright position than in the braced
forwards position (p <0.001).

The risk of injury to the lower limbs was dependant in part to their flailing

behaviour. Flailing did not occur when the dummy was placed in a braced

legs back position.

Computer simulation revealed that lower limb injury may result from the feet

becoming entrapped under the luggage retaining spar of the seat ahead.

Conclusion

A modified brace position would involve passengers sitting with their upper
torso inclined forwards so that their head rested against the structure in front

if possible. Legs would be positioned with the feet resting on the floor in a

position slightly behind the knee.

This position differs from those previously recommended 1n that the feet are

positioned behind the knee.

This study suggests that such a position would reduce the potential for head

and lower limb injury 1n some passengers given that only a single seat type

and single size of occupant have been evaluated.

Standardisation to such a position would improve passenger understanding and

uptake.

Such a recommendation should not obscure the fact that an occupant seated

in a forward facing atrcraft seat, restrained only by a lap belt is exposed to
considerable forces during an impact accident. Such forces are capable of

producing injuries in the femur, pelvis and lumbar spine.
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INTRODUCTION

Aircraft passengers are advised to adopt a "brace for impact position” prior
to a crash landing with the aim of reducing occupant injuries from secondary
impacts. Whilst the aim is simple, the many conditions that can exist in
commercial aviation have resulted in a number of different crash brace
positions being advocated. This has led to a lack of understanding and

uncertainty amongst air passengers about which position to adopt (6).

On 8th January 1989 a Boeing 737-400 aircraft crashed on the M1 motorway
near Kegworth, England. Subsequent research revealed that the passengers
had suffered a large number of injuries. In particular injuries to the head and
the lower limbs were prevalent. If there had been a post-crash fire this

combination of injuries would have severely limited the ability of the

occupants to escape from the aircraft fuselage.

Following the M1 Kegworth accident 1t was suggested that the brace for
impact position might be modified in order to reduce the incidence of head
and lower limb injunes. It was suggested that an occupant adopting a braced
forward position with the feet placed firmly on the floor but in a position
stightly rearwards of the knee might suffer a reduced incidence of head and
lower limb injury. The aim of this research was to evaluate biomechanically

this modified brace for impact position.

This research was carried out over a period of 18 months between January
1992 and July 1993 An approximate timetable of the events which occurred

during that 18 months 1s given below.

January 1992 - Mr. Peter Brownson appointed as clinical

research fellow. Department of Orthopaedic and Accident
Surgery. University Hospital, Queens Medical Centre,

Nottingham.



May 1992 - start of impact testing and development of
mathematical model.

September 1992 - completion of impact testing and initial phase
of development of computer model.

October 1992 - presentation of research findings to the Air
Operators Committee at Gatwick Airport, London. Decision to
proceed with further research aimed at improving the
understanding of the spinal loads to which the occupant is

exposed during an impact accident.

May 1993 - report submitted to the CAA entitled 'Passenger
Brace Position Study - Impact Testing’.

June 1993 - meeting at Hawtal Whiting Structures, Royal

[.eamington Spa. Discussion of the results of the impact testing

study and the mathematical modelling study into the brace for

impact position.
August 1993 - thesis entitled 'The Brace Position Study - A

Biomechanical Evaluation” submitted to the University of

Nottingham by Mr. Peter Brownson.

With the knowledge that, 1n the future, this thesis may be read by individuals
about to undertake a similar project, I feel that it would be appropriate to give
a short account of the 18 months over which this research was carried out,

outlining some of the difficulties with which one can be presented when

entering the field of passenger safety research.

On the 13th January, 1992, I was appointed as the Clinical Research Fellow

in the Department of Orthopaedic and Accident Surgery in Nottingham. I had

just completed my basic surgical training and had recently become a Fellow

of the Royal College of Surgeons of Edinburgh.

It seemed appropriate that I should be involved in research relating to the M1

Kegworth accident, as I had been a junior member of the orthopaedic team in



Nottingham at the time of the accident. Unfortunately, my knowledge of

passenger safety research and, in particular, impact testing was all but non-

existent as I embarked upon this project.

The first difficulty which [ encountered was in attempting to review the
literature on aircraft passenger safety. In this specialized field, research is
presented at certain international meetings and the results published in the
proceedings of those meetings. Unfortunately, if one is not intimately
involved in this field, one is presented with two problems. Firstly, it is not
easy to identify research which 1s related to one’s own planned field of
investigation and, secondly, if such research can be identified, it is not always
easy to access the relevant documents, although, in this respect, the Society

of Automotive Engineers in the United States can be particularly helpful.

In May 1993, impact testing commenced at the RAF Institute of Aviation
Medicine in Farmmborough. This facility had been selected by the Civil
Aviation Authority primarily because of its involvement in the initial phase of
the research following the Kegworth accident. Unfortunately, the design of
the impact test facility 1s somewhat limited and. in particular, the following
points should be noted.
| The facilitv 1s a deceleration-type impact facilitv which
necessitates the dummies being placed in position prior to
acceleration down a track before an impact with an arrestor
block.  This makes positioning of the dummy somewhat
inaccurate as inevitably there will be some movement between

the time of the imiual firtng and the time of impact.

tJ

Only a single Hybrid IIl anthropomorphic test dummy was
available.  Previously the Hybrid II anthropomorphic test

dummy has been recommended for impact testing relating to the

aircraft passenger.

10



3. The test vehicle is propelled by stretched bungee cords. This
makes fine control of the impact pulse somewhat difficult. This
problem being further compounded by the fact that leads
running from the vehicle to the transducer monitors, introduce
a drag coefficient which further retards the vehicle velocity
during any impact test. The effect of this combination of
factors was that one had to accept a slightly reduced impact
velocity when compared to the impact velocity recommended in
Aerospace Standard 8049 relating to dynamic performance
testing of aircraft seats.

4. Whilst an instrumented Hybrid III dummy was available not all
of the instrumentation was present. Particularly, it was not
possible to iIncilude a cervical spine load cell nor any
instrumentation relating to thoracic injury potential.

5. Due to financial considerations it proved necessary to use ten
sets of triple row seats from the Kegworth accident as new seats

were not available. Initial discussions between Mr. Peter

Brownson and Mr. Raf Haidar highlighted the desirability of

new aircraft seats for testing particularly for the correlation of

the mathematical model.

In September 1992, the impact testing had been completed at Farnborough.

In addition. .a mathematical model had been developed and an attempt made

to correlate this model to impact tests.

In October 1992 the inital results of the research were presented to the Air
Operators Committee at Gatwick Airport, London. At this dicussion it was

pointed out that the loads recorded in the lumbar spine during both the impact

testing and computer simulation studies were causing concern. It was
suggested that further information might be obtained by either cadaver testing

or incorporating ‘a more advanced mathematical model representation of the

spine into the already developed mathematical model. Over the next two
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months the possibility of performing a limited number of cadaver tests was

explored. This proved impossible as the legislation to allow for such testing

does not exist in the United Kingdom. Fortunately, a mathematical model
representation of the human spine was acquired from Wayne State University,
and this was incorporated by Mr. Raf Haidar into the Hybrid III data set of
the MADYMO model which had been correlated to earlier impact test study.

In May 1993, a report was submitted to the Civil Aviation Authority entitled

'Report No.1 Passenger Brace Position Study - Impact Testing’ by Mr. Peter

Brownson.

In June 1993 a meeting was held at Hawtal Whiting Structures Limited, Royal
Leamington Spa. At this meeting a discussion was held between the Civil
Aviation Authority, Hawtal Whiting Structures Limited and the Department
of Orthopaedic and Accident Surgery in Nottingham. The results of the

impact testing studies and computer simulation studies were discussed and

recommendations were made relating to the "brace for impact position".

In August 1993 this thesis was submitted to the University of Nottingham.
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REVIEW OF THE LITERATURE

1. AIRCRAFT ACCIDENT STATISTICS

As a form of transport, commercial scheduled aviation must be regarded as

extremely safe.

In 1979, Wilson (42) analyzed for a vaniety of activities, the risks estimated

to increase the chance of death in any year by 0.000001 (1 part in one

million):

Activity Cause of death
Travelling 10 miles by bicycle Accident

Travelling 150 miles by car Accident

Travelling 1000 miles by jet Accident

Living 150 years withinn 20 miles Cancer caused by radiation

of a nuclear power plant.

However as Anton (2) has stated the perception of safety bears little relation
to real risk and flying 1s regarded with apprehension by many. This appears
to be because of the lack of personal control over the risk and because when

accidents occur, large numbers of people may be killed at one time.

Flight International 1n an editorial in January 1990 (21) stated that for decade
upon decade the chances of a (non-USSR) scheduled passenger being involved
in a fatal accident have nearly halved. Today, the safe passenger distance in
revenue passenger kilometres between fatal accidents, is two and a half times

what 1t was in the 1970’s. On charter airlines the safe passenger distance
trebled.

Today’s average scheduled passenger would have to make 571,000 flights
before boarding one which had a fatal accident. Even on that flight, the
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passenger’s chance of survival would be 65%, for in the average fatal airline

accident, only 35% of passengers and 40% of crew die (21) .

This improvement 1n safety has been achieved largely by improvements in

primary safety or airworthiness and hence a reduction in the accident rate.

However, despite the obvious improvement in air safety in the early 1980’s
compared with the 1970’s the trend has not been sustained over the last
decade. The annual average number of fatal accidents during the second half
of the decade was 21.4, where in the first half it was 20; the annual average

number of deaths for the second five years was 752 where in the first five it
was 588 (21).

Human error is now the major contributory factor in most aircraft accidents
(22). Whilst attention has been directed towards this area, the difficulty in

predicting how an individual will react to a given situation precludes a simple

solution.

Consequently, attention has been directed towards improving air safety by

improvements in secondary safety or crashworthiness.

Improvements in crashworthiness involve development in many areas

including aircraft design. seat design and perhaps most importantly, fire

safety.

Fire 1s a significant factor 1n a large number of deaths following aircraft

accidents.

The National Aeronautics and Space Administration (NASA) (41) sponsored
a study of transport aircraft crashworthiness for the period 1959 - 1979.
Worldwide transport aircraft data were reviewed. The Boeing Commercial

Aircraft Company, which took part in the study, selected 153 impact
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survivable accidents out of a worldwide total of 583. Of 3791 fatalities in the
153 impact survivable accidents, Boeing reported that 1356 were known to be
related to fire (although the occupant may have sustained serious crash trauma

in addition), 476 to trauma, 218 to other, unspecified, causes and 1741 for

unknown reasons. Fire clearly presents a considerable hazard.

The scope for reducing trauma related casualties might appear low. The FAA
estimate that it is likely that only a small percentage of passengers will be
helped by the new seat standards; the estimate being a 3-15% reduction in
fatalities and a 2-9% reduction in serious injuries. However the FAA
estimates that as a result of overall improvements in fire safety, in air traffic

control systems, in training of crew members and in aircraft design, the

prospective casualty rate can be reduced by 50% from that in the study period
(1970-1978) (2).

Improved air safety remains a worthwhile and achievable goal and this 1s

especially so in view of the plans to increase the carrying capacity of

passenger aircraft.

At present a billion passengers per year are carried by air but that figure is
expected to double by 2005 and the world’s busiest airports and air traffic
control system are already stretched close to their limit. The only practical

way to cope, without creating further congestion in the sky, 1s to build much

bigger aircraft.

Boeing's 747 is currently the world’s largest airliner, capable of carrying 400
passengers 13,000 kilometres (or half way round the world) nonstop. Boeing
has already increased the carrying capacity of a short range 747 to carry 500
passengers for Japan Airline’s packed domestic routes. However airlines in

the Far East are demanding an 800 seater plane before the end of the century.

Boeing has already designed a 612 seater mega-jet which has a new three deck
fuselage.
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The European consortium Airbus has the most radical ideas about mega-jet
design. One Airbus design is a giant flying wing whilst another design
incorporates a "double bubble" design to the fuselage with two tubes
side-by-side or a "clover leaf” design with a wide lower deck and a smaller
upper deck. Both of these planes could carry 800 passengers or possibly
1,000 if the fuselage was elongated (24).
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2. CRASH INJURY RESEARCH AND AIRCRAFT SAFETY

2.1 THE PRE-WAR ERA

The first documented powered aviation accident was in 1908 when Lieutenant
Thomas Selfridge of the US Army Evaluation Board was killed whilst flying
with Orville Wright in ‘Wnight Flyer’ (3). Selfridge died of skull fractures,
his autopsy being, apparently, the first recorded aviation pathology case.
Little appears to have been learnt from Selfridge’s accident and the high toll

in death and injury continued to be exacted in the early years of aviation.

The concept of personal protection was almost completely 1ignored in the quest
for improved aircraft control and structural reliability. The emerging
requirement to restrain the pilot to the airframe arose more from examples of
unrestrained individuals fouling controls or falling from the aircraft during

flight manoeuvres, than from consideration of crash impact injury prevention.

The importance of adequate restraint was, 1n part, overlooked because of the

lack of crash worthiness 1n early types of aircraft.

2.2 THE FIRST WORLD WAR

The First World War did little to advance impact protection. Parachutes were
developed to save airman’s lives from crashes, although few ‘aircrew carried
them routinely. Restraint systems were adopted but with the principal
objective of securing the pilot against flight loads. However, some studies
were, directed towards crash injury protection; Chandler (7) refers to
observations made in 1919 that, in one type of aircraft, cutting 20.3 cm (8

inches) away from the cowl, to allow clearance for the pilots head, practically

eliminated head injuries.
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2.3 THE SECOND WORLD WAR

In 1924, in America, civil pilots experienced a fatal accident every 13,500
miles flown. Little real progress was made until the Second World War
which brought fresh problems due to the advent of metal monocoque airframes
and aeroengines of greater power. These advances allowed the speed of
aircraft to increase substantially and pilots could no longer abandon a stricken
aircraft manually because of the increase in aerodynamic load and the risk of
striking the tail fin of the aeroplane. Although a patent for an aircraft escape
system had been filed in the United States in the 1920’s it was research in

Germany and Sweden that led to the development of the first practical ejection

S€ats.

Questions raised regarding the tolerance of the pilot to the loads imposed by

the ejection seat led to what was possibly the first research study into what

could be termed the biomechanics of impact.

Arno Geertz of the Heinkel Aircraft Company, submitted a doctoral thesis in
1944 describing his work investigating human tolerance to ejection stress. He
made the important observation that an acceleration can be of any magnitude

from the point of view of skeletal strength, if its duration is correspondingly

brief.
2.4 THE POST-WAR ERA

In North America, De Haven, who had been seriously injured in an aircraft
crash in the First World War, tounded the Crash Injury Research Project at
Cornell University Medical College and in 1945 he reported the results of the
first systematic analysis of injuries in atrcraft accidents (10).

He concluded that:

1. In accidents where the cabin’s structure was distorted but remained

substantially intact, the majority of serious and fatal injuries were
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caused by dangerous cabin installations.

2. Crash force, sufficient to cause partial collapse of the cabin structure,

was often survived without serious injury.

3. The head was the first, and often the only, vital part of the body

exposed to 1njury.

4. The fundamental causes of head injury were set up by heavy

instruments, solid instrument panels, seat backs and unsafe design of

control wheels.

. The probability of severe injuries of the head, extremities and chest

was increased by failure of safety belt assemblies or anchorages.

6. Failure of the 454 kg (1000 Ib) (breaking strain) safety belt occurred

in 94 cases among 260 survivors of the crashes. Only 7 survivors

showed evidence of injury to the abdominal viscera; 2 of these injuries

were classified as serious.

7. The tolerance of crash forces by the human body has been grossly
underestimated.
8. If spin stall dangers were lessened and safer cabin installations were

used, fatal or serious injuries should be rare in the types of aircraft

studied in extreme accidents.

De Haven's study was a forerunner of the systematic combined engineering

and medical/pathological investigation which now characterises investigations

In a number of countries.

Stapp explored the field of human tolerance to short duration accelerations.
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He showed that the primary forces acting in the majority of car collisions
were survivable if the packaging of the human frame was satisfactory (37).

In the 1950’s Mathewson and Severy were developing the technique of
experimental crash testing with instrumented dummies and high speed film

analysis.

In 1959, Eiband summarised the literature on human tolerance to impact (12).
He indicated adequate torso and extremity restraint was the principal variable
in establishing tolerance limits. Survival of impact forces increased with

increased distribution of force to the entire skeleton for all impacts, from all

directions.

In 1967 the first 1ssue of the "Aircraft Crash Survival Design Guide" was
produced; an organised compendium of the research conducted on both human
tolerance of impact and crashworthiness. At this time, the majority of crash
injury research was centred 1n America. It was here that two movements took
place which were to greatly influence the direction of efforts in the field of

crash injury reduction.

Firstly, the principles resulting from the Crash Injury Research Project had
been found to apply to the automobile industry and the project was divided
into Aviation Crash Injury Research (AvCIR) and Automobile Crash Injury
Research (ACIR). The ACIR studies encouraged large amounts of research
funded by the automobile industry and the insurance companies. From this

time, automobile crash injury research has maintatned a higher priority than

that of aviation (8).

The second event which took place was the development of the legal concept
of strict hability. As Chandler has stated (8): "For our purposes, strict
liability means that a manufacturer can be held liable tor injuries sustained in
an accident involving his product even though the accident was not the fault

of the manufacturer. This concept meant that adhering strictly to the practises
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of accident prevention would no longer be an effective argument for protecting

the manufacturer from law suits involving crash injuries."

In North America the manufactures of small airplanes were seriously affected
by this new legal development. The accident prevention efforts had not had
the same level of success for small private atrplanes as had been achieved for

large transport airplanes. Litigation under the strict liability concept was
continuing to increase and was resulting in greatly increased insurance
premiums. Because of these problems, and many others, the production of

private airplanes had almost stopped by the early 1980’s.

In 1982 the FAA instigated the formation of the General Aviation Safety

Panel. This group contained members from all areas of the aircraft industry.

It presented specific recommendations in February, 1983. The

recommendations suggested included improved crashworthiness for small

airplanes.

The group went on to provide specific recommendations for a dynamic test

procedure for small aeroplane seats, restraints and interior fittings with
defined performance standards for the structure and for crash injury

protection. A Final Rule adopting the recommendations was issued in
August, 1988.

Once these recommendations had been made it was apparent that similar

action would be necessary for other categories of airplanes.
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3. THE DEVELOPMENT OF THE 16G AIRCRAFT PASSENGER
SEAT

In 1983 the FAA published a review of crash injury protection in survivable
US civil air transport accidents between 1970-1978 (14). The purpose of the

review was to:

a) compile a data base on passenger seat and restraint system

performance 1n survivable accidents:

b) determine 1f a correlation existed between occupant, seat and

restraint system performance, airframe and floor deformation,

and passenger injuries and fatalities.

The report indicated that: “although injuries and fatalities seem to be
decreasing in the more recent survivable crashes, seat performance continues
(o be a factor in these crashes. Failures ranging from seat pan collapse to
complete break-away of the seat assembly from the floor are reported. Floor
or cabin detormation is frequently a cause of seat failure. Flailing injuries,
due etther to bending over the restraint system or secondary impact with the

aircraft interior appear to be common”.

The study listed 327 fatahities and 294 serious injuries to passengers involved
in accidents with US carniers where seats could have been a contributing

factor.

Four areas were indicated which required attention in order to improve

occupant protection:

a) Definition of the survivable crash environment.
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b) Development of an understanding of structural component and

whole aircraft response to the crash environment.

C) Development of validated analytical modelling and test

engineering methods.

d) Definition of human factors and injury mechanisms for

occupants of transport aircraft.

In 1984, after the announcement of the General Aviation Safety Panel
recommendations, the Aerospace Industries Association and the Air Transport

Association joined with the Civil Aeromedical Institute (CAMI) in a special

project.

A programme was developed to investigate the effects of impact pulse shape,
impact deceleration level and impact velocity on the seat structure and floor

deformation. Test configurations and methodology developed in the earlier

General Aviation Safety Panel project were adapted for passenger seats.

From this study the FAA announced its intention to introduce new seat and
restraint standards for new type certificate passenger aircraft. The existing
requirements provided that seats and safety belts should sustain the following

load factors assuming a minimum seat occupant weight of 77.18 kg (170 Ibs)

(2).

Forward -9.0G,
Sidewards +/-1.5 G,
Downwards +4.5 G,
Upwards -2.0 G,

Seat manufacturers were allowed to demonstrate compliance with the load and

safety factors by static testing.
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The new FAA standards, which took effect in June 1988, provided for static

load factors of:

Forwards -9.0 G,

Rearwards + 1.5 G, (no previous requirement)
Sidewards +/-3.0 G, airframe, 4G seats and attachments
Downwards + 6.0 G,

Upwards -3.0 G,

Additionally two dynamic tests were defined, using instrumented 50% 49 CFR

Part 572 anthropomorphic test dummies to simulate seat occupants:

Test 1 approximates to a near vertical impact, with some forward speed,
applying a minimum of 14G deceleration from a minimum velocity of 10.67

m.sec’' canted aft 30" from the vertical axis of the seat.

Test 2 approximates a horizontal impact with some yaw, applying a minimum

16G deceleration from a minimum of 13.41 m.sec”, the seat yawed 10" from
the direction of deceleration. To simulate the effects of cabin floor
deformation, the parallel floor rails or fittings in test 2 are misaligned by at
least 10° in pitch, and 10 in roll before the dynamic test. The tests require

that the seat remains attached although, it may yield to a limited extent.

The tests also include a requirement limiting the pelvic load to 6.7kN
(15001bs), head deceleration to a HIC = 1000 (Head Injury Criterion) and
axial femoral load to 10.0kN (22501b).

Of these two tests, Test 2 is considered the more stringent. The peak
deceleration (16G) and the velocity change (13.41 m.sec) were chosen as the

result of a study of crash dynamics and the levels were also considered to be

compatible with existing floor strengths in the current fleet of transport

aircraft.
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Subsequent to the promulgation of these rules the FAA issued a Notice of
Proposed Rule Making to cover the installation of the upgraded seats in new
aircraft of current type and within the existing fleet; all transport category
aircraft would be required to have seats installed, meeting the new criteria, by
June 1995.
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4. PASSENGER SEAT ORIENTATION

The question of passenger seat orientation has been a matter of debate for
many years. Eiband suggested that a rearward facing passenger seat would
offer the best protection in an impact (12). He cautioned that such a seat
should include a lap and chest strap, a winged back with full head rest, load
bearing arm rests with recessed hand holds and provision to prevent arm and
leg flail. For forward facing seats Eiband recommended full body restraint

and a full height seat back with integral head support.

Pinkel analysed the theoretical performance of forward and rearward facing
seats in transport aircraft (32). He assumed that passenger restraint forces
were applied through the seat back attachment points on the forward facing
seats, and through the seat back, for the rearward facing seats. Using these
assumptions he calculated that rearward facing seats would have half of the
design strength of forward facing seats, if the increase in weight due to the
need for a stronger seat back was ignored. In summarising Pinkel’s findings,
Chandler (7) discussed the relative merits of forward and rearward facing

seats 1n the following terms:

"In crashes involving fire or ditching, it i1s important that the
passengers survive the actual crash with only minor injuries, so
that thevy can evacuate the aeroplane. Rearward facing seats

should provide better protection from injury, and appear to have
an advantage under these conditions”.

"In crashes which do not involve fire or ditching, rapid and
unassisted evacuation of the aeroplane 1s not so critical, and a
higher level of injury might be acceptable. The forward facing
seat should have greater strength than a rear facing seat of
equivalent weight, and thus restrain the passenger in more
severe crashes. Since a passenger who is held 1n place by his
seat generally fares better than one who breaks free, a forward
facing seat appears to have an advantage under these
conditions”.
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Mason reviewed practical experience with rearward facing seats (26). He
quoted one series of investigations in which 19% of forward facing passengers
died compared with 5% of rearward facing occupants. In another study 11%
of passengers in forward facing seats were killed and 84% were uninjured

with comparable figures for rearward facing seats of 1% killed and 98%

uninjured.

Notwithstanding the obvious biomechanical advantages of a rearward facing

seat the overwhelming number of passengers in commercial aircraft travel

facing forwards, restrained only by a lap belt. There are several reasons for
this:

Firstly, as Pinkel's work indicates, on a material for material basis, rearward
facing seats are heavier than forward facing ones if the same impact
performance is required. Increased floor strength, and hence mass, is also
required if the increased loads on impact, with a rearward facing seat, are to
be resisted by the structure, without failure. The cost implications of mass
increase were addressed by the FAA, which calculated that each 0.454kg (11b)
weight increase tn an aircraft can cause 56.8 litres (15 United States gallons)

of additional fuel burn per annum (2).

Secondly, there 1s a considerable reluctance on the part of the airlines to fit
rearward facing seats. It i1s claimed that passengers do not like them. This
is borne out by apparent passenger preference for forward facing seats in
those aircraft where both seat types are fitted. Regrettably, many rearward
facing seats have not been correctly designed and are uncomfortable.

Experience in those aircraft fitted only with correctly designed rearward facing

seats shows that passengers are frequently unaware of seat orientation (2).

Thirdly, there 1s evidence to suggest that passengers in rearward facing seats

are at risk from being struck in the face by objects falling from overhead bins

during impacts. The risk of head and facial injury is believed to be less when

seats face forwards.
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S. THE BIOMECHANICS OF RESTRAINT

Most passengers in commercial aircraft travel facing forwards, restrained only

by a lap belt. A lap belt refers to a single belt which sits across the anterior

aspect of the pelvis.
5.1 THE DEVELOPMENT OF THE SAFETY BELT

In 1910 a safety belt was used in US Army airplane No. 1. A luggage strap

was modified in such a way as to prevent the pilot from falling out of the
atrcraft (5).

During the First World War many fighter aircraft were equipped with

cruciform types of upper torso restraint systems, usually without lap belts or

other lower torso restraints. However, most of these early devices were

developed primarily to keep the occupant coupled to the aircraft during normal

operation.

[n the Second World War investigations into human tolerance to ejection stress

led 10 the realization that safety belts were more than a means of coupling the

pilot to the aircraft.

In the post war era attention turned towards the use of safety belts in
automobiles. Safety belts were first offered 1n the United States in 1955 by
Ford and Chrysler (33).

The early restraint devices used in automobiles were of a lap belt design. Lap

belts were subsequently replaced by seat belts, the term seat belt referring to

any combination of lap and torso restraint.
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5.2 THE LAP BELT

The majority of research studies into lap belt restraint originated in the
automobile industry. The lap belt restraint system used in commercial aircraft
is broadly similar to that used in the automobile however, differences do exist.
In particular, the seat anchorage points in an automobile are different to those
in an aircraft. This affects the angle at which the belt sits over the pelvis and
results in an increased potential for the belt to ride up over the lower abdomen

and allow "submarining" of the automobile occupant. This is associated with

an increased potential for injury.

In 1962 Garrett, referring to automobiles, reported that lap belts could save
at least 5,000 lives per year and reduce injuries by one third. He also stated
that the reduction in the frequency of major injuries amongst belt users was
related largely to the performance of lap belts in preventing the occupant from
being ejected from the vehicle under crash conditions. This was confirmed

by Campbell and Kihlberg in 1963 (52). Their Automobile Crash Injury

Research study reported on a matched pair study of 232 lap belted occupants
half wearing belts and halt not. They concluded that whilst lap belts could
save thousands of lives, no substantial benefits were shown beyond ejection

control. They went on to state that substantial further increases in protection

would probably require the use of upper body restraint in addition to pelvic

restraint.

In a review of lap belt restraint systems in automobiles, Biss et al concluded
that lap belts were associated with a 15-20% reduction in overall mortality but
that this effectiveness was reduced to between -10% and +10% in frontal
impacts, ie lap belts are parual restraint systems only and their limitations

show up most markedly in the most frequent type of accident, the frontal

impact (4).
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Lap belts have been associated with a number of different injury mechanisms.
Initially it was thought that lap belts might reduce head injury potential by
directing the head at a specific target area which could be treated with energy
absorbing material. However, subsequent research showed this to be a
tenuous assumption at best with the head target area being difficult to predict
in an oblique impact (4). Moreover the head velocity may be increased in an

impact as a result of adding the vertical force vector to the horizontal force

vector as the occupant jack-knives around the lap belt (i.e. a release of

potential energy).

Garrett and Braunstein analyzed reports of 944 injured occupants wearing lap
belts (15). There were 150 serious lower torso injuries, of which 26 might
have been attributable to the wearing of the lap belt. The injuries which they
related directly to the wearing of a lap belt included: intra-abdominal injuries,

pelvic injuries, lumbar spine injuries and soft tissue bruising.

[n 1948, Chance (49) reported 3 unusual fractures of the lumbar spine where
horizontal splitting of the spinous process and neural arch occurred. The
patho-mechanics of the injury were clarified by Smith and Kaufer who
reviewed fractures of the lumbar spine associated with the wearing of lap
belts, including 5 "Chance fractures” (34). Thev deduced that distraction was
an important component of the disruptive force and that injury took place
when the subject "submarined” under the lap belt at impact, with hyperflexion
of the lumbar spine over the fulcrum of the high riding lap belt. Such injuries
remain rare and in their review of 1982, Gumley et al reported that in a

search of the literature only 36 Chance fractures had been identified (17).

The automobile industry realising the limitations of lap belt restraint moved
to the three point belt svstem with its advantages in terms of upper torso

restraint.

In the aircraft industry the move to a three point belt system has been resisted
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as such a measure would not be cost effective due to the relatively infrequent

nature of aircraft accidents.

5.2.1 Human Tolerance to Lap Belt Forces in an Impact

Lewis and Stapp investigated human tolerance to lap belt forces in an impact
(23).

In 1958 they reported on a series of human volunteer experiments in which
the volunteers were exposed to horizontal impacts restrained by a lap belt only
(3 inches width). They reported that subjective reactions to 15-20G impacts
included complaints of abdominal pain. It was concluded that decelerative
forces up to 10G at 300G per second rate of onset, for 0.002 second duration
would result in minimal contusion over the hip region due to lap belt
impingement. At 13G with the same time duration and rate of onset, In

addition to contusions, strain of abdominal muscles could be expected with

accompanying discomfort.

In these volunteer experiments, belt forces from 1,518 to 3,588 pounds were

recorded. No serious injuries were sustained.

On one run, reported to be at 26G, the highest human voluntary impact of that
series, the subject complained of severe epigastric pain persisting for 30

seconds with pain in the area of the thoracic vertebrae continuing for 48

hours. Seat beit forces in this case were 4,290 pounds.

After the M1 Kegworth accident, pelvic injuries were attributed to the wearing

of a lap belt. Subsequent impact tests revealed that the occupants had
experienced loads of 9kN (33).
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6. THE BRACE FOR IMPACT POSITION

6.1 GENERAL PRINCIPLES

In 1988 Chandler discussed the brace for impact position (6). His comments

are summarised below.

Chandler stated that the purpose of the brace for impact position was to
pre-position the occupant’s body against whatever it was most likely to hit

during a crash and hence avoid secondary impacts.

Whilst the aim is simple, the many conditions that can exist in aircraft
operations have resulted in variations 1n the brace position advised and this in
turn has led to a lack of understanding and uncertainty amongst air

passengers.

Secondarv impacts take place because there is a space between the body

seement and whatever 1t might hit during the crash. Secondary impact is a

potential problem because the deceleration experienced can be much higher

than the deceleration of the crashing aircraft.

Chandler points out that the eftects of secondary impacts can be minimised in

one of several ways:

1. The use of a restraint system either a lap beit or combination lap belt and

shoulder belt system which will retard forward motion.

tJ

The interior of the aircraft mayv be designed using energy absorbing

materials.

3. The body can be placed in contact with the aircraft interior thus avoiding

a secondary impact.
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It is this third principle which led to the recommendation of a brace for impact

position.
Reviewing the evolution of the brace for impact position Chandler states that:

"In 1966 Swearingen evaluated eight different passenger seat designs by

impacting a dummy head against various locations on the seat back (38). He
estimated that of 34 test impacts of the head, with an impact velocity of 30 feet

per second, 30% would have been fatal, 97% would have rendered the
passengers unconscious, and 80% would have resulted in facial fractures.
Only 3% would have produced no injury or unconsciousness. Whilst his

conclusions focused on the design characteristics of seats, he also indicated

the importance of a proper brace for impact position so that passengers could

avoid these potentially fatal secondary impacts.

"The first study into the optimum crash brace position was performed at the
Civil Aeromedical Institute (CAMI) in December 1967 by JD Garner. The test

was done at the CAMI sled facility, and used two rows of passenger seats
spaced at a 35" seat pitch. Passengers were represented by 95th percentile
anthropomorphic dummies, which were instrumented with accelerometers in
their heads. The dummies were restrained with conventional lap belts. The
test indicated that the greatest head impact, as high as 80G, was recorded
when dummies were initially seated in the upright position. The lowest head
impacts, 8 to 32G, were recorded when the dummies were seated so that their

heads were resting against crossed arms which were placed against the seat

back in front of the dummies.

"The test results also indicated that bending all the way forward so that the
torso rested on the thighs would put the head directly against the lower seat

back in front of the dummy and compress the neck and the head between the

torso and the seal, generating concern about cervical spine injury. "
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This study provided the basis for an early Air Carrier Operations Bulletin
pertaining to the brace position (Air Carrier Operations Bulletin No.69-16/)
(46).

As Chandler states:

"One of the limitations recognised by Garner in his study was that the
anthropomorphic dummies then available were poor representations of the
human passenger seated in the brace for impact position. The current
standard 50th percentile dummy is considerably improved in both biofidelity
and repeatability over the dummies available in the 1960s. These new
dummies were used in a broad study of transport aircraft passenger seats
conducted at CAMI in 1981. Tests to evaluate the brace for impact position

were included in this series of tests.

"The tests evaluated passenger injury through the use of the Head Injury
Criterion. Seven tests using three different seat designs were conducted in this
series. Sled impact velocity was varied between 48.3 and 51.2 feer per

second, and sled deceleration was varied between 6 and 9G. Seat pitch was
varied benwveen 30" and 347, Sth percentile female, 50th percentile male and
95th percentile male dummies were used as passengers seated behind the

seals.

"The highest HIC measured in these tests was 863, well below the 1,000 level
considered as life threatening. This was measured on a 95th percentile
dummy which was nitially seated in the upright position. Dummies placed in
a brace for impact position as described by Garner in the early studies at
CAMI experienced HIC values which were only about half of those measured

when the dummies were seated upright.”

The results of these tests were reflected in a new Air Carrier Operations

Bulletin (Air Carrier Operations Bulletin No.1-76-23) (47).
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Chandler stated that the best brace for impact position for each occupant of
an aircraft will depend on many factors, such as the environment of the crash
(magnitude, direction and sequence of crash forces), the layout of the interior
configuration of the aircraft within the strike envelope of the occupant, the
design and use of the seats/restraint system provided to the occupant, and the
size and physical characteristics of the occupant. Obviously with so many
factors involved it is impossible to describe a single simple brace for impact
position which would be best in every situation. However, Chandler goes on
to say, that fortunately, it is possible to identify a few general principles
which will allow an appropriate brace for impact position to be selected. Such

principles will involve limiting the effect of secondary impacts and reducing

flailing behaviour.

1. The seat belt should always be located low on the torso just above the

legs.

2. The seat belt should be adjusted after the occupant has pushed back in

the seat so that the lower torso 1s firmly placed against the seat back.

3. The more tightly the seat belt is adjusted, the better the restraint it will

provide.

4. The occupant’s feet, unless the occupant is a crew member who must use

the feet for aircraft control, should be placed firmly on the floor, slightly

in front of the edge of the seat.

5. Passengers should not attempt to put their feet on the seat in front of
them and brace with their legs, because this could double the loads
acting on the seat in front. The seat 1s not designed to accept these
additional loads and may fail. Likewise, the feet should not be wedged
under the seat in front because the legs may act as levers trying to prize

the seat off the floor breaking the seat legs.
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6.2 FORWARD FACING PASSENGERS

Chandler states that for an occupant 1n a forward facing seat restrained with
a lap belt, the following position should be used: "the occupant should bend
forward over the snug lap belt. If this moves the occupant’s head so that it
would contact the seat back or other parts of the aircraft interior, the hands
and arms should be placed so that they are between the head and the contact
surface, to provide secure support for the head. In the case of an occupant
resting against the seat back with a "break over feature”, it should be possible
to get better support with the seat folded over until it rests gently on the

occupant tn front.

"If the seat is located so that the head will not contact any portion of the
aircraft interior as the occupant bends forward over the lap belt, the occupant
should continue to bend forward and rest the upper torso against the upper
leg. The head should be tucked down, and not twisted to one side. Twisting
the head will twist the neck and this will reduce the ability of the neck to
withstand loading during impact. Flailing of the arms may be reduced in

lower energy impacts if the occupants grasp their ankles or legs. "

[t 1s pointed out that there may be installations where the forward seat is too
far away to provide a secure support for the head and upper body, but will
still be close enough to contact the head during the crash. It has been shown
that the head strike envelope for a 95th percentile male will extend 40 to 42"
in front of the intersection between the seat cushion and the seat back. If the
seat interior 1s, for example 38" away, it will be too far away to provide
support when bracing for impact, but will still be a potential source of
secondary impact for the occupant. No completely satisfactory brace for
impact position can be given for such installation. Perhaps the only
suggestion is to take the brace position described previously and keep the head

well tucked 1n.
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6.3 REARWARD FACING PASSENGERS

Chandler advises that for the occupant in a rearward facing seat, with a seat

belt restraint, passengers should be advised to push themselves back into the

seat and tighten the seat belts. They should sit upright with their heads firmly
against the head rest. The lower arms should be placed on the arm rest which

may help to reduce loads in the spinal column. If arm rests are not available,

the arms can be positioned with the hands on the thighs or clasped in front of
the waist. The feet should rest flat on the floor. Clasping the hands behind
the head is not recommended because this may increase the stresses on the

neck due to the mass of the arms and the hands acting on the head.
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IMPACT BIOMECHANICS

Viano et al (39), in 1939, published a review of injury biomechanics research.

Much of the following section is based upon that review.

1. THE PRINCIPLES OF IMPACT BIOMECHANICS

Viano stated that:

"In an impact, injuries to the human body are caused by deformation of
biological tissues beyond their recoverable limit, resulting in damaged

anatomical structures or alteration in normal functions.

"The science of impact biomechanics uses the principles of mechanics to

investigate and explain the physical and physiological responses to impact that

result in injury.

"The aim of impact biomechanics research is to develop an understanding of
an injury process so that methods may be developed to reduce or eliminate the
structural and functional damage that can occur in an impact environment.
To achieve this aim researchers must identify and define a mechanism of
impact injury, quantify the responses of body and tissues in defined impact
conditions and determine the level of response at which the tissues or systems

will fail to recover. This will allow the development of protective materials

and structures that reduce the level of impact energy delivered to the body."

1.1 INJURY MECHANISMS
Viano stated that:

"A mechanism of injury is a description of the mechanical and physiological

changes that result in anatomical and functional damage.
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"Deformation of tissues beyond their recoverable limit is the general injury
mechanism associated with blunt impact trauma. This mechanism is measured
in terms of strain, defined as the change in a dimension divided by the
original dimension. The primary types of strain that damage tissues are
tensile strain and shear strain. A third type is compressive strain which

produces crushing injuries.”

Biological tissues are viscoelastic and therefore the rate of loading and the
strain rate are also important factors in the production of injury. In a
viscoelastic structure, the faster the load is applied, the stiffer the material
behaves. In addition, strain energy stored elastically in the tissue will vary
with strain rate (at higher rates of deformation strain energy becomes greater
for any specific amount of strain, but smaller for any specific amount of load).

When loaded to failure, total energy absorption increases dramatically with

increased rates of loading.

1.2 MECHANICAL RESPONSES

Viano states that:

"Once a mechanism is described or hypothesized, the biomechanical response

during impact deformation must be quantified.”

[deallv such response measurements would be obtained from living human
subjects under various impact conditions, but this 1s largely not practical.
People involved in accidental impacts are not instrumented with electronic
measuring devices and the experimental impact of human volunteers can only

be done up to the pain threshold.

Therefore, although measures of response to non injurious impact can be

obtained from volunteer experiments, the primary data on impact response and

injury tolerance levels must be obtatned using human surrogates.
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1.3 TOLERANCE LEVELS

At some measurable level of deformation magnitude and rate, the tissue will
not be able to recover and damage or injury will occur. This level of
response is the injury threshold and indicates the tolerance of the body organ

or tissue to impact.

Although any injury is of concern, 1t 1s common in impact biomechanics to try
to identify a response threshold beyond which there is unacceptable damage
to tissues or structures, such as gross anatomical injury or injuries that result
in a permanent alteration of normal functions. Thus, the definition of an
acceptable injury is not fixed but 1s a function of a variety of parameters,

including the body region, the type of tissue, and for experimental purposes,

the type of test subject used.
The current state of knowledge concerning human impact tolerance is very

incomplete. and experimental impact data are practically non-existent for adult

females and for children (39).
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2. EXPERIMENTAL MODELS IN IMPACT BIOMECH!
RESEARCH

In impact biomechanics, the definition of injury mechanisms, biomechanical

responses and tolerance levels, requires an exploratory approach using

experimental models.

The following experimental models may be used. Each model is associated

with particular advantages and disadvantages.
2.1 BIOLOGICAL MODELS

2.1.1 The Accident Victim

Although the accident victim is not an experimental model, it is an important
source of data. However, careful analysis of injuries 1n accident victims

cannot replace the experimental situation because the lack of knowledge of

crash parameters means that only rarely are reliable kinematic and dynamic

data available to determine relevant tolerance levels.

2.1.2 The Volunteer

The volunteer is an excellent model since he 1s human and living. However,

when using a volunteer, the results obtained are himited and sometimes may

be misleading. This 1s due to several reasons:

1. A volunteer can only be subjected to levels of impact up to the pain
threshold.

2. The volunteer is not representative of the population at risk. Usually

he is a young adult, enjoying good health.
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3. In the experimental situation the volunteer can prepare himselif for the

impact.

In spite of these limitations, volunteer experiments can give useful information

on kinematics at low impact levels. However, these data cannot be

extrapolated easily to higher levels.

2.1.3 The Animal

The animal is a living model but In contrast to the volunteer, it can be

subjected to high impact levels likely to produce severe injury.

However, the animal is anatomically quite different from the human.
Therefore the results from animal experiments cannot be applied directly to

the human situation, especially as concerns their quantitative aspects.

2.1.4 The Human Cadaver

This model contrasts strongly with the preceding models (especially the
animal) because, whilst it 1s perfect from a morphological point of view, it is

an inert model.

The main probiems encountered in cadaver experiments can be summarised

as follows:

. The lack of muscle tone with, tn its place, cadaveric nigidity,
significantly changes the kinematic behaviour with respect to the

living model.

2. The lack of blood circulation means that all organs normally turgid
become flaccid. This results in lower inertia forces and decreased

sensitivity to loads.
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3. Experimental cadavers have very heterogeneous individual
charactenistics. This implies that corrective factors need to be
determined and applied to the results in order to make them more

homogeneous before establishing relationships between mechanical
variables and body injury.

In conclusion the cadaver is a useful model especially with regard to bone

tolerance but as in all the other cases, has its limitations as an experimental

model.

2.2 MECHANICAL MODELS

Mertz has reviewed the roles of mechanical models (30). His comments are

summarised below:

Anthropomorphic dummies are mechanical surrogates of the human body or

body parts which are used to assess the potential for human injury in a

prescribed impact and/or acceleration environment.

The dummies are designed to mimic pertinent human physical characteristics

(size, shape, mass, stiffness, articulation, energy dissipation).

Dummy responses (head acceleration, lumbar spine and leg loads) are
measured with transducers. Amnalyses of the timed histories of these

measurements are used to estimate the potential for various types of injury to

the human.

Anthropomorphic models are classified according to their physical size, for
example, the height and weight of a 50th percentile adult male dummy
approximates the median height and weight of the adult male population of the
United States. Other adult dummy sizes are the Sth percentile adult female

dummy and the 95th percentile adult male dummy. Child dummies are
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classified according to the age of the child they aim to represent.

The efficacy of an anthropomorphic model for injury prediction is dependant
on 3 factors (30):

1. The degree to which pertinent human physical characteristics are

simulated (commonly referred to as biofidelity).

2. The ability to measure appropriate mechanical responses.

3. The ability to predict injury, its type and severity based on analyses

of the measured responses.

A deficiency in any one of these factors will reduce the effectiveness of the

anthropomorphic model as an injury predictive surrogate.

If pertinent physical characteristics are not mimicked by the model, its
responses to a prescribed acceleration or impact environment will not be
representative of a human’s response to the same environment and the
credibility of any injury prediction based on the model’'s responses will be

questionable.

[t the model 1s not instrumented t0 measure a given mechanical response or

iIf the relationship between a measured response and associated human injury

1s not known, injury prediction 1s made tmpossible.

Most anthropomorphic models mimic the total weight and size of their human
counterparts accurately because these human characteristics are easy to
determine and incorporate into the model design. In contrast, mass
distribution 1s more difficult to represent as metals are usually used for the
structural aspects of the model in order to provide adequate durability for

testing in the severe impact environment.
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Appropriate mechanical responses can be measured but the ability to predict

injury from an analysis of these measured responses in the dummy, is

impaired by the relative paucity of data available regarding injury tolerance

in the human.

2.3

2.3.1

MATHEMATICAL MODELS

Types of Mathematical Model

Mathematical models of humans can be divided into three groups:

a)

b)

Lumped Parameter Models

These models use common engineering analogs, such as springs and
dampers, to represent the tissue, fluid and bones. If the primary purpose
is to represent the anatomic kinematics, lumped parameter models are
excellent. They are commonly-used for whole body simulations and
articulated regions, such as the neck. However, these models cannot
calculate stresses in the tissues or trace distribution of force in the
various internal body structures. Thus, they do not predict tissue failure.

Only with extensive injury test correlation can the kinematics be related

{0 (rauma.

Distributed Parameter Models

Models in this category are most often of the finite element type.
Structures to be analyzed are divided into small elements -blocks,
tetrahedrons, plates, membranes - each having the continual material
properties of the host structures. The mass is concentrated at points in
the corners or along the sides of the elements. These points are referred
to as "element nodes". Equations for nodes are developed and then
combined to form a differential equation for the entire system. Using
this technique unusual shapes and combined materials can be analyzed.

This procedure requires many equations. The volume of data and the
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number of calculations requires powerful data handling techniques.
Unfortunately, the cost of the solutions increases exponentially wiﬂ; the
increase in the number of equations. Because of the size of the matrices,
non linearities are not easy to handle; they increase cost and influence
computational accuracy. Non linearities produced by large rotations and
displacements are especially difficult to accommodate and require special
numerical analysis techniques, which few finite element codes possess.

For these reasons a finite element model of the entire body does not

exist.

Moreover the use of distributed parameter models for human tissue
studies 1s rendered even more difficult as the suitable tissue properties

are largely unknown.

The value of finite element 1dealisations lie in their ability to calculate
internal stresses and subtle internal motions and displacement. This
information cannot be obtained by any other means. Using these

idealisations. the researcher can obtain facts that could not have been

anticipated. Since failures of tissue and bone can be predicted, these

models are excellent for the study of trauma, provided that the body part

can be modelled.

Lumped and Distributed Parameter Models

To reduce the complexity of the finite element representation, regions of
the body that are remote from the area of interest are approximated with
lumped parameter idealisations. Although they are more difficult to
solve, these hybrid models avold some of the disadvantages of lumped
parameter models and make the finite element representation of a

complex biologic structure feasible.
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2.3.2 Limitations of Mathematical Models

Mathematical models are valuable tools in the study of trauma. They can be

used to predict responses to injury producing conditions which cannot be

simulated experimentally.

However, there are limitations in mathematical modelling and these include
(40):

1. Over-sophistication - This remains a problem for it 1s often easier to

make a model overly complex than to make limiting assumptions.

2. Lack of validation - Validation is essential and correlation with
experimental test data remains the most important requirement for
any biodynamic model. Unfortunately experimental tests are costly
in all respects and the number of experiments used to provide
validation have to be limited. It 1s assumed that if a model’s
predicted response comes close to the measured result then it is
validated, but this assumption i1s not necessarily correct and a
mathematical idealisation must be tested in many situations before it

can be considered validated.
3. Lack of good physical properties data.

2.3.3. Occupant Simulation as an Aspect of Flight Safety Research
With Particular Application to MADYMO

Nieboer in 1992 published a review of occupant simulation as an aspect of

flight safety research. Much of the following discussion 1s based upon that

review (54).

In recent years there has been an increasing trend towards using mathematical

models 1n crash simulation studies.
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As Nieboer states "examples of computer simulation programmes for aircraft
crash safety analyses are KRASH, SOMLA/SOMTA (Seat Occupant Mode! -
Light Aircraft/Seat Occupant Model - Transport Aircraft) and ATB (Articulated
Total Body). The programme KRASH uses masses interconnected by massless
beams and springs to model the crash behaviour of aircraft structures, while
seats and passengers can be represented by mass-spring systems in order to

obtain a rough indication of the injuries sustained (55, 56)."

"The programmes SOMLA and SOMTA combine a three-dimensional multi-
body model of aircraft occupants with a finite element model of seat structure
(57, 58). SOMLA models a single occupant, whereas SOMTA has the

capability to model up to three passengers. Only a fixed number of segments

can be specified for representation of the occupant in SOMLA/SOMTA. "

"The ATB programme is based on the CAL 3D Multi-Body Model for crash

victim simulation in the automotive field. "

"Due to modifications in the federal aviation regulations, in view of an
increased on board passive safety level and the growing awareness that a high
percentage of aircraft crashes are survivable nowadays, the aeronautics
industry started 10 use advance simulation tools which have become
commonplace in the automotive industrv. Among such tools are several
explicit finite element codes, especially useful in determining the crash

behaviour of aircraft structures, as well as the integrated multi-body/finite

element programme for crash analyses - MADYMO. "
"Recently, the two-dimensional version of this programme has been

successfullv applied to reconstruction of seat and passenger behaviour during

the M1 Kegworth accident (59)."
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2.3.4. MADYMO

MADYMO is a worldwide accepted engineering analysis progm:;xme
developed by the TNO Crash Safety Research Centre for the simulation of
systems undergoing large displacement. The programme has been designed
especially for the study of the complex dynamic response of the human body

and its environment under extreme loading conditions as occurs in crash

situations (54).

MADYMO combines in one simulation programme, In an optimal way, the

capabilities offered by the multi-body approach (for the simulation of the gross
motion of systems of bodies connected by complicated kinematical joints) and

the finite element method (for the simulation of structural behaviour) (54).

MADYMO as an injury biomechanics programme offers, in addition to
standard output quantities, like displacements and accelerations, which can be
visualized through advanced animation and time history programmes, the
possibility to calculate injury criteria like femur and tibia load, internal joint
loads and HIC values. A number of standard databases are available including
the 50th Percentile Hybrid IIl Dummy. The MADYMO model has been used

in the computer simulation of the Kegworth aircrash (59).

The use of MADYMO 1n aircraft simulation has undoubtedly proved of
benefit. Such benefits will continue as the model becomes more refined.
However, like all mathematical models the output data is limited by the

paucity of data relating to injury tolerance in the human subject, and is also

dependent upon accurate correlation to an impact test.
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3. HUMAN INJURY TOLERANCE

In this discussion of human injury tolerance I have concentrated upon those
areas which I considered most relevant to this research, i.e. head, lumbar

spine and lower limb. A discussion of human tolerance to lap belt forces is

included 1n Section 5.2.1.

3.1 HEAD

A variety of head injury mechanisms have been postulated but, all are related

to head acceleration. The most severe accelerations are usually the result of

direct impact to the skull or face.

The actual mechanisms of injury may include the following:

1. Direct brain contusion from skull deformation at the point of contact.

D

Brain contusion from movements of the brain against rough and

irregular skull surtaces (including the contre coup injury).

3. Bramn and spinal cord deformation in response to pressure gradients

and motions relative to the skull.

4. Subdural haematoma from movement of the brain relative to its dural

envelope resulting 1n tears of connecting blood vessels.

The Wayne State Tolerance Curve 1s said to provide a dividing line that
represents the onset of concussion. The curve is based on the hypothesis that
the dominant head mnjurv mechanism 1s linear acceleration. It was derived
from experiments on embalmed cadavers striking rigid surfaces on the
forehead in the antero-posterior direction for a duration of 1 to 6 milliseconds.
The results were correlated with concussive effect generated 1n animals and

were later supplemented by additional experiments on primates (16). The
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procedures for deriving the curve exhibited certain deficiencies and within a
few years a determined effort had been made to represent the Wayne State
Tolerance Curve in analytic forms. Ultimately this gave rise to the Head

Injury Criterion which is now defined according to the equation

0]

4ty [(1/ (tz-tl))J a()dt]** MAX.
L,

HIC

Where: t,, t, = any two points in time during the head impact, in seconds
a(t) = the resultant head acceleration during the head

impact, in multiples of g’s

The Head Injury Criterion is based upon the relationship between tolerable
acceleration level and the associated duration as described by the Wayne State

tolerance curve, but allows the analysis of a complex acceleration-time wave

form.

Statistical analysis of direct head impact cadaver test data has been used to

define a relationship between HIC values and the probability of sustaining a

particular level of injury, thus providing a continuous ability to interpret HIC
values (16). A HIC value of 1,000 was found to produce an expected 16%
incidence of life threatening brain injury in the adult population (16).
Criticisms of the Head Injury Criterion include:

1. There is no correlation between the HIC and the head injury severity.

2. Matching of the critenon to the Wayne State Tolerance Curve is

CIToNcous.

3. The criterion considers only linear motion.
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4. Its use in conjunction with dummy tests is limited by the accuracy of the
specifications for such dummies and the correlation of their performance

with that of the living human.

Despite these deficiencies, the Head Injury Criterion remains the most widely
accepted method of assessing head injury potential and a value of 1,000 1s the
accepted injury threshold (13). |
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3.2 LUMBAR SPINE

Injuries to the spinal column may cause permanent and serious disability due

to associated spinal cord injury and therefore an understanding of spinal injury

mechanisms 1S essential.

Injuries to the lumbar spine can be grouped as follows (18):

1.

Anterior wedge fracture - this is the most common type of traumatic
lumbar spinal injury seen in automotive and aircraft crash victims. It
results from spinal flexion with associated axial compression. The most

common site for anterior wedge fractures i1s between T10 and L2.

Burst fracture - this injury is associated with higher levels of impact
energy which results 1n the vertebral body breaking up into two or more
segments. The integrity of the spinal cord is threatened in this situation.

The mechanism of injury appears to be extreme flexion associated with

axial compression.

Dislocation and fracture dislocation - the essential difference between
a simple wedge fracture and a fracture dislocation is that in the latter
case, rupture of the posterior inter-spinal ligament occurs. A high
probability of neurological damage exists and the injury is considered to
be unstable. Dislocations 1n isolation occur when a shearing force is

applied to the vertebral column in a posterior to anterior direction.

Chance fracture - 1n this type of fracture, the vertebra is split in the
transverse plane beginmng with the spinous process or the posterior
ligaments. The inmjury was first described by Chance who did suggest an
injury mechanism for his observation. Subsequent studies (4) attributed
the injury to the improper wearing of a lap belt restraint while involved
in a frontal (-Gx) impact. The belt rides over the iliac crests and acts as

a fulcrum over which the lumbar spine flexes causing separation of the

posterior elements without wedging.
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5. Rotational injury - if the spine is twisted about its longitudinal axis and

is subjected to axial and/or shearing loads, one can expect lateral wedge

fractures and fractures of the articular facets and laminae.

6. Hyperextension injury - this type of injury is usually associated with the

three point harness. The mechanism is hyperextension.

Injury tolerance limits in the human spine are not well defined (18).

Human tolerance to caudo-cephalad (+Gz) acceleration has been analyzed as
a result of research into ejection seats. However, such research assumed that

the torso was fully restrained and hence the results cannot be extrapolated to
an aircraft crash even if the major force component of the impact is in a +Gz

direction.

Studies undertaken by Yamada have defined the tensile breaking load of the

lumbar vertebrae to be on average 409 kg in the adult with an average

compressive breaking load of 505 kg (44).

Melvin et al extrapolated injury loads in the lumbar spine of the Hybrid III
dummy to the human (29). The calculations were based on injury tolerance
levels determined in the cervical spine and the characteristics of lumbar and
cervical vertebrae as described by Yamada. Essentially the lumbar vertebrae

are larger than the cervical vertebrae but the compressive failure stress of the

lumbar vertebrae is only one halt of the cervical vertebrae.

The injury thresholds determined by Melvin et al were as follow:
Tension 12.7 kKN
Shear 10.7 kN

Compression 7 kN
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3.3 LOWER LIMB

In 1985 Melvin and Evans (28) published an extensive review of injury
tolerance in the human lower limb. The subsequent section based upon static

testing is based largely on data published in this review.

3.3.1 Static Testing

The earliest research into the static failure of bones was conducted by Weber
in 1856 and was reported by Melvin and Evans (28). Weber determined the
loads required to fracture the entire bone by three point bending transverse to
the long axis of the bone. The extremity bones were mounted in a test fixture
whilst still articulating with the entire body. The load measurement indicated

the applied force in 245N increments with a support distance of 183 mm. The
test included 509 bones from four men and five women. The maximum load

to fracture for the femur and tibia is given in the table below.

Table 1 - Fracture Loads due to Bending (Weber)

e

The most comprehenstve, and one of the earliest studies of the failure

characteristics of whole bones of the extremities was conducted by Messerer
in 1880 and is again reported by Melvin and Evans (28). Messerer’s
experiments on the bending and compression of long bones were conducted
with an hydraulic testing machine that today would be considered a
quasi-static universal testing machine. Load measurement was performed by

an accurate beam balance system with a resolution of load differences in the
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order of 10 to 15N. The torsional strength of long bones was determined with

a specially developed torsion testing machine.

The results of lateral bending tests with centre loading and a support span of
two thirds of the length of each bone are given in Table 2. The average load

and a range are given for each bone type for male and female test subjects.
Bones were obtained from 6 males with ages ranging from 24 to 78 years and

6 females with ages ranging from 20 to 82 years.

Table 2 - Fracture Loads due to Bending (Messerer)

I T
Average maximum moment,Nm

Average maximum moment,Nm

The torsion tests conducted by Messerer were the first of their kind. He

tested the same types of bones as for his bending tests. Bones from 4 males
(ages 27-56 years) and 7 temales (ages 19-81 years) were tested. The table

below gives the average bone fracture torques and associated ranges for males

and females.
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Table 3 - Failure Torques due to Torsion about the Bone Axis (Messerer)

T
Male, Nm 175 89
(141-222) (63-110)
Female, Nm 136 56
(78-207) (47-63)

v L . T W ST —— ——— ——— e e e S e e . WL e T | e —— L A R e e

Messerer conducted a number of different types of compression tests on long
bones. These included loading whole bones in axial compression. The ends
of the bones were covered with felt to prevent local failure of the bone ends.

A table of failure loads for compression along the bone axis is given below.

Table 4 - Failure Loads for Compression along the Bone Axis (Messerer)

Femur
(Shaft

Failures)
7.72 10.36 0.60
(6.85-8.56) | (7.05-16.39) | (0.24-0.88)

7.11
(5.63-8.56)

7.49
(4.89-10.37)

0.48
(0.20-0.83)

A more recent study of the static strength of long bones was conducted by

Motoshima and has been summarnsed by Yamada (44). Motoshima
determined the bending properties of the major long bones of 35 individuals.
The bones were tested wet in lateral bending with a central load applied in the

antero-posterior direction. The average breaking loads for five age groups are

given in the table below.
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Table 5 - Fracture Loads due to Bending (kN) (Yamada)

70-89 Yrs 2.14+0.11 2.29+0.09

Motoshima found that the tibia, rather than the femur, had the highest load to

fracture of any bone, in contrast to the findings of Weber and Messerer.

3.3.2 Dynamic Testing

The studies of Weber and Messerer involved, of necessity, the static
measurement of failure loads. Virwally all forms of skeletal trauma, involve
rapid or dynamic loading of the bones. It is only in the last 30 years that

methods able to produce dynamic loads experimentally have been developed

and accurate measurements taken. Interest in this area has been generated

largely by the automotive safety problem of protecting vehicle occupants in

crashes.

Bone, like many biological materials, exhibits viscoelastic or rate-sensitive
behaviour. Thus, it is expected that, under dynamic loading, a particular bone

would require a greater load and a smaller deflection to produce a fracture

when compared to the static loading situation.
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Mather (27) demonstrated this effect using 32 pairs of human femurs. One
member of each of the paired sets was tested statically in a materials testing
machine, and the other matching member was tested in a drop-weight testing

apparatus with an impact velocity of 9.75 m/sec. The impact load was not

measured directly, but the test apparatus was capable of indicating the impact

energy absorbed by the bone. These data were compared to the static energies

absorbed by the companion bones as calculated from the areas under the

load-deflection curves for the static tests. The mean value of the ratio of
dynamic energy to static energy was 1.66, and wide variations among the
ratios were evident (standard deviation 0.77). The mean static energy to
failure was 28.7 joules, while the mean impact energy to failure was 42.5

joules. This represents a 48% increase due to impact loading.

Torsional loading of the long bones with the lower extremities has become of
particular interest in relation to skiing injuries. Martens et al reported on a
study involving femoral and tibial bone samples obtained from 65 autopsy
subjects ranging from 27 to 92 years of age (25). The ends of the bones were
embedded in blocks of plastic and loaded in torsion by an impact torsional
loading machine. The time of loading to failure was less than 100 ms. The
femoral test produced a mean torque load to failure for males of 204Nm
(range 122-291). For the tibia the mean torque load to failure was 111Nm
(range 70-179) for males and 71.4Nm (range 61-159) for females.
Comparisons of these values with those values of Messerer (sée table) shows
that for the male data, the mean dynamic failure torque are greater than the
comparable static values. The female data for the tibia are in agreement with
the male data with a 27 % increase. The female femur dynamic value however
1s actually lower than the static value. This i1s most likely due to bone
dimensional defects with Messerer’'s smaller sample (7 versus 13 tests) being
influenced by two large bone subjects. The average energy to failure for
dynamic torsional loading was, for the femur, 37.5 joules (male) and 29.8

joules (female) and, for the tibia, 27.3 joules (male) and 18.4 joules (female).
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These values are comparable in magnitude to the bending failure energy of
Mather.

Recent research into the response of the human leg to dynamic loading has
been undertaken by St-Laurent et al (36). The research involved the
development of a motorcyclist anthropometric test device and the following

values were selected for the dynamic properties of the surrogate bones:

Femur:
Axial compressive load (dynamic) 10.5 kN
Bending load (dynamic) 328 Nm
Tibia:
Axial compressive load (static) 10 kN
Bending load (static) 294 Nm

The bone of the lower extremities can be subjected to a variety of dynamic
loads in impact accidents. This is true for both restrained and unrestrained
occupants.  The first research into the impact tolerance of the lower
extremities with respect to the automobile occupant was by Patrick et al (31).
Ten unrestrained, seated and embalmed cadavers were impacted into the
instrumented chest, head and knee targets designed to simulate a vehicle
interior. kractures of the temur were produced at loads as low as 6.67kN
while loads as high as 17.13kN were sustained with no fracture of the femur
but with fractures of the patella and pelvis. A majority of the femoral
fractures were found to occur at the distal end of the bones. The authors
concluded that failure of the femur occurred at slightly lower load levels than

in either the patella or pelvis. They suggested a conservative overall injury

threshold level of 6.23kN which was later increased to 8.68 kN (31).
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3.3.3 Variation in Skeletal Strength
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