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ABSTRACT

Impact biomechanics of the pelvis and lower limbs in
occupants involved in an aircraft accident have been
investigated wusing a variety of techniques. These

techniques have been used to:

1) Explore whether the position adopted by the
occupant of the plane at the time of impact had
implications for the pelvic and lower limb injuries

sustained.

2) .Test and assess the relevance of hypothesised
injury mechanisms for the pelvis and 1lower 1limbs,
described in the automobile industry to that of an

impact aircraft accident.

- Clinical data has been derived form a cohort'of aéﬁiéent
victims on boérd.Boeing 737-400, G-OBME, when it crashed on
fheMl‘motorway on'tﬁe 8 January:1989. Experimentﬁl impact
testing has been carried out ﬁsing anthéopomorphic test
devices and a deceleration sled test facility. Further
investigation of the impact biomechanics has utilised new
techniques of impact occupant modelling with the aid of

computer simulations.

The results have indicated that in areas of the aircraft

vi



where seating and restraint mechanisms remained intact and
fuselage disruption was minimal, severe lower 1limb and
pelvic 1injuries were sustained by the occupants. These
injuries may have been sustained in the absence of

significant secondary impacts of the lower limbs with the

seat in front.

Further experiments have indicated that the position
adopted by the occupants, and in particular the placement

of the lower limbs on the floor can affect the trajectories

of the limbs in their flail behaviour. In addition it is
apparent that the knée-femur-pelvis'mechanism.of lower limb

injury recognised by the automobile industry may not have

been an imﬁortant mechanism in this aviation situation.

These findings have implications for the design of occupant
safety systems*if pelvic and lower limb injuries are to be

reduced in future aircraft accidents.
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Chapter 1

Introduction and
Aims of Study



"An accident 1is a bfief and unforeseen phenomenon. The
problems of occupant safety cannot be sﬁlved in a
satisfactory‘ way without an approach requiring the use of
models of the 1living human being in bioméchanical

experimentations. The accident victim, although he is not

an experimental model, must be studied carefully because
valuable information regarding injuries and their causation
can be gained."™

(From Chapon 1984)

On 8 January 1989 at 8.26 pm a Boging 737-400 airliner, - en
route féom. Heathrow to Belfast, grashed short of the
runway at East ﬁidlandsAirport and onto the M1 motorway
near Kegworth. There were 126 passengers and crew on board,

of whom- - 39 (31%) died at the scene, - leaving 87 (69%)
injured survivors, who were transported to and treated in

hospitals in the Trent Regional Health Authority.

The 1impact forces were high and-resulted in destruction of
portions of the airframe but fortunately there was no post
crash fire. It was observed by those treating the survivors

that a large number had survived albeit with many severe

injuries, in particular to the lower limb and head.

It becaﬁe clear that this accident was on the borderline



Of survivability and afforded a unique opportunity to
investigate the causation of injuries and to study the

impact biomechanics.

Regardless of what the cause of an alrcraft accident may

be, the aircraft occupants will always be affected in some

Way, Because of the high velocities attained by the

Qlrcraft, the forces involved. in the crash are violent and

in many cases the passengers will suffer serious and

Lrequently fatal injuries.

The commonest injuries in the M1 aircrash‘ were to the
Pelvis =anci'. lower limbs. The range of injuries seen mi:ght
Not have been wholly explained in "terms of individual
Variation, due to age, sex, weight, heightl etc. Other
facto*rs that have been recognised.r to determine the
a\lrvivabiﬁlity include the characteristics of the impact
‘Dulse eg. duration; peak and rate of onset;- r'e'st'raint
System design; orientation of the impact wvector relativ-eﬂ* to
the occupant; énd .seating wvhich can distribute loads over
the -bo'd'jr '. and abso;:b energy.: If the occupant’s seat and
restfaint system do not preclude secondary impact of the

Occupant with the interior of a passenger compartment, then

the ability of the cabin interior to distribute the impact

load becomes important.

The forces involved following the accident of the Boeing



737-400 (G-OBME) were high end resulted in severe damage to
regions of the aircraft. In the areas that sustained severe
dal_nege normal seating arrangements were disrupted and
Mortality was high. In those regions in which the fuselage
remained intact, with seating and restraint | .systems

Maintaining their integrity, survival was high. However
Severe injuries were sustained by these occupants not only
AS a result of the primarykforces involved in the accident
but also as a result of secondary impacts and interaetions

With their surroundings.

Limb injuries are a major cause of impairment and
Adisability in victims of impact trauma, they require
Considerable mediE:al time and resources for their treatment

Qnd often have 1long :term sequelae, such as deformity,
Stiffness and arthritis. In addition lower limb injuries
"'lll severely hinder a passenger’s ability to escape in the

eVent of a hazardous situation, such as a post—crash fire.

Investigation of £hé impact biomechanics, in relation to
injuries to the ﬁelvis ane iower limbs for occupants
involved in an aircraft accident, will increase our
knowledge and understanding of injury mechanisms and will

Provide information that will enable more effective 1impact

injufy protection systems to be developed in the future.



AIMS OF STUDY
This study was designed to test the following null
hy];ac:ﬂ:hes:i.s $ - |
1) That the position adopted at the time of impﬁct
did not influence the pelvic and lower limb.injﬁries

sustained. ,

2) That the mechanism of pelvic and 1lower 1limb
injuries in impact trauma sustained as a result of
aircraft accidents was similar to that experienced in
automobile accidents. Of particular interest-was the
instrument panel syndrome or kﬂ;e-femur-pelvis
complex recognised, as a result of automofile

research, in causing injuries to the knee, femur and

hip.

5In.additibn the study was designed to:-
3) Corre}ate clinical patterns of pelv;Cnanh:flower
limb injuries sustained by victims of the M1l Kegw;rfh
ailrcrash with-a) the structural damage sustained by
. the aircraft, b) data*osgained from anthropomorphic
dummy testing and c¢) the analysis of injury

mechanisms using a computer model.

4) Relate the findings from these studies to the

development of impact injury protection systems, in



order to decrease the occurrence of pelvic and lower

1limb injuries following an aircraft accident.

and 5) to use the information obtained to validate as far

as possible the computer model used in the study.

1

Three experimental techniques have been used in this study

to investigate the impact biomechanics of occupants
involved in the M1 Kegworth aircraft accident:- a) a
detailed clinical review of the pelvic and 1lower 1limb
injuries in the occupants, b) crash testing using a linear
decelerator track and anthropomorphic dummi;s, and c) the

Use of a computer model.

GSeneral layout of the thesis
This thesis will be divided into a number of chapters. The

initial Ehapter reviews the science of impact biomechanics

and describes the techniques available for invesfigatiﬁg

impact accidents.

Essentiéi to the development:;f this thesis was the Ml
aircraft accident, the details of which are laid down in
Chapter 3. It highlights not only the crash but also the
general injuries sustained by occupants and the use of
.ipjury scoring in the investigation of impact aircraft

apcidents.



In Chapter 4 a detailed clinical review of the pelvic and
lower 1limb injuries in all occupants is reported. The
second half of the chapter considers in more detail those
injuries sustained by individuals seated in the intact
central section of the aircraft.

In Chapter 5 the impact biomechanics of the pelvis and

lower limb are investigated using the experimental
technique of impact testing using a deceleration sled

facility and anthropomorphic test devices.

In Chapter 6 the findings from the clinical reviews and
impact testing have been amalgamated and the possible
mechanisms of injury to the pelvis and 1lower 1limbs, as

sustained by occupants on board G-OBME, are explored.

Chépter 7 and 8 describe the use of mathematical computer

models in the investigation of occupant kinematics.  In
Chapter 7°'the model has been validated using data generéted
in this thesis and in Chapter 8 the value of such computer

' modelling is highlighted.

The final chapter draws conclusions from all the research
findings and the implications of this study are discussed

together with the proposals for further research.




Chapter 2

Impact Biomechanics



2.1 Introduction

Biomechanics is the study of human response to a variety of
loads applied to the body (Fung 1981 and 1985,-.King 1985).
Impact biomechanics is the branch of biomechanics concerned
With the response of a body to impact forces and

Qcceleration environments (King 1985). Impact injury, to the
3human.body occurs when an external force causes deformation
Of biological tissues beyond its recoverable 1limit,
Yesulting in damage to anatomical structures or alteration

in normal function (Viano et al 1989).

Transportation accidents are the most important cause of
injuries . resulting from abnormal loads and accelerations
Apbplied to the human body and are a leading cause of death

before the age of forty. In many cases the survivors of

Qccidents do not completely recover; sequellae of injuries
Sustained may result in disabilities and impairments for

:the patients and cost society a great deal of*money'fAIdman
and Chapon 1984, Viano et al 1989, Trunkey 1983, O'Néiil
1985, States 1986, -Baker 1984). As the demand for travel
Q9rows, fbéd, air 5n&+rail netwofks come under more pressure

And the risks of having an accident increase (Bull 1983,

Thornley 1990).

The aim of research in the field of impact biodynamics is
thus to  establish qualitative and  quantitative

Yelationships between mechanical forces that develop in . an



accident and the resulting body damage (Mohr 1978).ﬁ By
applying this knowledge it may be possible :to prevent
accidental injuries (Aldman 1983, Fung 1981, 1985). Two
methods exist:- a) prevent accidents from happening, b) try

and influence the accident sequence in such a way -as to

reduce the risk of injury to people involved in an

accident.

2.2 History of Impact Biomechanics
The science of impact biomechanics developed from early

observations of natural phenomena. It has long been known
that structures that maximise trauma are hard and

concentrate loads, such as spears and clubs, whilst

conversely shields and armour absorb and distribute loads
and protect vulnerable parts of the anatomy (Fung 1981,

Mackay 1984).

-Modern ippact biomechanical research however has deﬁéloped
as a result of 6bservationsmade by Hugﬁ De Haven during
éhe FirstWorldWér‘(De Haven 1969, Snyder 1975; Mackay
1984, Chandler 1990). Follﬁwing a mid-alr collision in

which he survived and the pilot died, De Haven attributed

his 1lucky -escape to the fact that his cockpit remained

structurally intact and he was adequately restrained by a
safety harness that protected him from localised contacts

ahd therefore catastrophic injuries. He also noted that his

10



own serious abdominal injuries were related to the buckle
of his harness. As a result of his early observations and

subsequent interest in injury biomechanics in automobile
accidents, De Haven subsequently established the Automotive

Crash Injury Research Program.

During the period of the First World War it was observed
that more than half of the injuries sustained as a result

of aircraft crashes were caused by the aviator striking his
head against the sharp cowl of the aircraft (Chandler 1971,
'1985(a), Snyder 1975). A simple modification to the cowl

practically eliminated head injuries from this cause.

Unfortunately the end of the First World War appeared to

end the initial concern over crash related injuries and few

major improvements were made in the period up until the
Second World War. However with the advent of the Second

World War interest was rekindled as a result. of::pilot
ishortage.‘With -the development of high speed aircraft“the
problems of leaving a disabled aircraft became apparent and
ejector‘seats were developed (éﬁandler 1971, 1985, Mackay
1984). Essential to this research was the question of
tolerance of pilots to loads imposed by ejection seats.
Arno Gertz (1944), of the Heinkel Aircraft company carried
out the first research study into "Biomechanics of Impact"
wﬂen he investigated the biomechanics of the spinal colunn

following ejection (Ruff 1950, Chandler 1985(a)).

11



Similar studies were conducted at the Royal Air Force
Institute of Aviation Medicine. TechniqueS'wefe developed
in order to simulate the forces experienced bf pilots in
making ejections. These early impact test facilities

included swing seats, acceleration towers, drop .towers,

acceleration tracks and deceleration tracks (Chandler

1971) . These facilities served as a basis for the design of
modern impact test facilities. From these early

investigations, many on human volunteers, investigators
were defining forces that could be tolerated -without
injury, provided the correct seat design and restraint

design were used.

After World War Two research into escape from:high speed
aircraft continued, although at a much slower pace. Seating
and resfraint system research evolved as a result of

studies directed toward the development of human tolerance
data or ' practical hardware, and was .largely aimed at
improving occupant -protection in automobile accidents

(Viano'and Stalnaker 1980).

Stapp in the post war years investigated human tolerance to
impact and.windblast and it became immediately apparent
that restraint systems exercised a great deal of influence
qﬁ the ability of a human to withstand injury (Stapp 1971).

It was during this time that he observed that the United

12



States Air Force 1lost nearly as many men in fatal

automobile accidents as in aircraft crashes, and he began a

car crash study using salvaged automobileé. In 1955

interest was expressed 1in his work by the Society of
Automotive Engineers and as a result of this 'interest

annual meetings have been held since: The Stapp Car Crash

Conference.

Severy andiMathewson in the 1950’s developed techniqﬁes of
experimental crash testing with instrumented dumﬁies and
high speed film.analfsis (Severy and Mathewson 1954, Mackay
1984). As a consequence of these developments mechanisms of

injury causation had been determined by the mid 1960’s. As

a result methodé to reduce the forces and accelerations
applied to car occubants in an accident, had been
extensively inﬁestigated. This eventually 1lead to the
introduction of seat belt legislation and other legislation

-regarding the design of automobiles (Aldman 1962, Garrett

and Braunstein 1962, MacKay 1984, Chandler 1985(a)).

In the aviation industry the majority of research carried
out into impact biomechanics following an aircraft accident

was directed towards the military aviation community.

Groups involved in this work included The Crash Injury
Research Project (CIR) in the 1940’s. In 1963 their name

was changed to Aviation Safety Engineering and Research

13



(AVSER) (Chandler 1990). AVSER carried out full scale crash
tests using large transport type aircraft. The National

Advisory Committee for Aeronautics (NACA) also. carried out

full scale crash testing on small and mid sized aircraft in

the 1950’s (Chandler 1990).

The progress of both the AVSER and NACA in military crash
worthiness resulted in the ‘Crash Survival Design Guide’ in
1970. However R.F. Chandler (1990) comments that there was

‘an apparent lack of progress in civil aviation’. -

In 1971 R.F.Chandler working for the Féderal Aviation
Authority, . Civil Aeromedical Institute (CAMI) initiated a
program of dynamic testing for seat and restraint system
design for the civil aviation community. This culminated in
imprﬁved seat: design -and restraint systems in civil

aircraft;' and the eventual introduction of dynamic loading

criteria for passenger seat design.

2.3 Impact Biomechanics

The fiéid of impact biomechanics can be divided into three
main areas of interest: injury mechanism, mechanical

response and levels of tolerance (King 1985, Viano et al

1989) .

2.31 Injury Mechanisms
The mechanism of injury is a description of the mechanical

14



and physiological changes that have resulted in anatomical

and functional damage following impact trauma. This is
fundamental to injury biomechanics as it provides a basis

for determining appropriate measures of respoﬁse and

tolerance to impacts on the various parts of the body

(Viano and Stalnaker 1980, Viano et al 1989).

Deformation of <tissues beyond their recoverable linmit is

the general injury mechanism associated with blunt impact

(Nahum and Melvin 1985, Viano et al 1989). This mechanisnm
is measured in terms of strain, which is a change in
dimension as a result of an outside load. The three types

of strain that damage tissues are tensile strain, shear

Types of strain
(from Cockran 1982)

T e
Compressive strain m

Figure 2.31.1

15



strain and compressive strain (Perrone and Aniker 1972,
Fung 1981, Vogler 1985, Viano 1986, Viano et al 1989).
Tensile strain represents an increase in the.iength of a
line drawn on a body: Shear strain represents‘a change in

the angular relationship of two lines drawn on a body: and
compressive strain represents a decrease in the length of a

line drawn on a body (figure 2.31.1 from Van B Cochran

1982).

An example of how these forces act is given: Impact along
the axis of a femur causes an increase in its -natural
curvature. This results in a tensile strain'on its anterior
surface and a compressive strain on its posterior surface.
A fracture of the femur will occur when its tensile strain
limit is exceeded (Cheng et al 1984, Viano 1980, Viano and

Stalnaker 1980, Nahum and Melvin 1985,'Viaho et al 1989).

Shear strain occurs when opposing forces act. aEfoss a
.tissue, moving in opposite directions. When the fesisfive
limit is reached the tissue will then fail. This mechanism
is impbftant in the causation 6% head injuries as well as
other visceral injuries. This mechanism also explains
laceration injuries as well as contusions. In the case of
contusion fhe effect of shear is to damage small vessels

beneath the skin (Viano et al 1989).

The rate at which a load is applied is also of importance
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in the production of injury. If an organ is loaded slowly,
much of the energy can be absorbed by deformation without
tissue damage. However if loaded rapidly, the organ will
fail because. it can not deform quickly enough (Lau and

Viano 1986). Compact bone also exhibits rate sensi#ivity
during impact. The axial (longitudinal) load a femur can
withstand increases with impact velocity, but the strain
(bending) at failure decreases (Viano 1980, Viano and

" Stainaker 1980, Viano et al 1989). This is relevant to

design of occupant protection systens.

2.32 Orthopaedic Fracture Patterns .

Figure 2.32.1 demonstrates orthopaedic fracture patterns

Orthopaedié fracture patterns
(from Vogler 1985)

(= (=2 (= (=
{ ~ ~ t PuD
Transverse - Transverse with butterfly fragment Oblique Spiral

Figure 2.32.1
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(from Vogler 1985, and Carter 1985). Fracture patterns can
often indicate the mechanism by which the bone was broken.
Transverse fracture

This is a tension loading failure that is inifiated on.the

convex surface of a long bone and is caused by bending or
flexural load (Vogler 1985, Carter 1985, Levine 193&). The
‘butterfly’ fragment transvefse fracture is avariaéion of
this with the added element of compression in conjunction

with bending. The butterfly occurs on the side of the bone

which is in tension.

Oblique fracture

This fracture pattern is produced by a ‘combination of
compression and torque. The fracture orientation ié a
result of induced shear rather than primary torque (Vogler
1985) .

Spiral fracture
This is a torque type fracture with fhe fracture line

pursuing a helical course. The orientation of the fracture

reflects the tension and compression components on opposing

surfaces (Vogler 1985).

Commigﬁted fractﬁre

This failure pattern suggests the presence of two or more

fracture planes and thus at least three or more fragments.
It is usualiy seen as a result of high energy transfer with
the load concentrated over a small area (Levine 1986). The
uﬁderlying strain is massive shear and flexural bending

(Vogler 1985).
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2.33 Mechanisms: General Considerations
It has been stated that the mechanism of peivic injury,

femoral fracture, dislocation of the knee joint and other

lower 1limb fractures or dislocations are generaily well

understood. Much of the work describing mechanisms of

injuries to the pelvis and lower limbs has been a result of

work carried out in the automobile industry (Viano and
Stalnaker 1980).

Pelvis
Pelvic 1injuries are caused as a result of external forces
that are applied either directly, to the bony structure, or

indirectly' as a result of transmitted 1loading wvia the

femora.

Tile (1988) déscribes ﬁelvic rind fractures as resulting
from external rotation, internal rotation (compression from
‘the lateyal side) and vertical shear (figure '1;33.i’ f:pm
Tile 1988). Eitefnal rotation is caused By a direct blow on
the posterior iliéé spines or-more commonly by forced

external rotation of the legs, and produces an open book

type of injury.

Internal rotation (lateral compression) may be caused by a
direct blow to the lateral aspect of the iliac crest or an

indirect force through the femoral head. This produces
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Mechanisms of Pelvic Fractures
(form Tile 1988)

Figure 2.33.1

Compression fractures of the posterior complex and
Lractures of the pubic rami. Pubic rami fractures have been
identified. as occurring following traumatic lateral impacts
in which the load is distributed to the iliac wing and the

Pelvis as well as the greater trochanter (Dejeammes 1984,

King 1985, States 1986, Tile 1988).

Vertical shear forces act across the main trabecular
Pattern of the pelvis and cause marked displacement of bone
And soft tissue. A high incidence of sacroiliac fracture
dislocations are seen in aviators as a result of high

Vertical loads (Mason 1962, Gillies 1965, Hill 1984),

Interpelvic fracture dislocations of the hip occur as " a
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result 6f a force applied direétly to tﬁe greater
trochanter as 1in lateral car impacts (Gratton. and Hobbs
1969, Epstein 1973, Dejeammes 1984, King 1985, .States 1986,
Tile 1988, McCoy et al 1989) or as a result of a load

applied to the knee with the thigh abducted (Graﬁton and

Hobbs 1969, Dejeammes i984), seen as part of the instrument
panel syndrome or knee-femur-pelvis complex. This mechanism

also applies to posterior fracture dislocations of the hip,

however the hip is held in flexion rather than abduction
(Herman and Epstein 1973). Other interpelvic fractures

exist but are uncommon.

Knee-femur-pelvis complex

The response and injuries associated with axial knee impact
has long been " the subject of nﬁmerous experimental
investigations, most df'which'havé been aimed at improving
occupant,,proteétion in*automobile accidents (Viano 1980,

viano and Stalnaker 1980, Viano et al 1989).

The following écenario has found wide acceptance:~ On
| impact . a seated 6céupant is propelled forward iﬁertially
and .the knees strike the dashbbard ahead éausing injuries
to the knee, upper tibia and lower femur (Viano 1980, Viano
and Stalnaker 1980, Aldman and Chapon 1983, Cheng et. al.
1984, King 1985, ﬁyquist and King 1955, ‘Viano and Levine
1986). Posterior cruciate ligament injury is caused by

1bading of the proximal tibia (below the knee) through the
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lower dash panel of automobiles (Viano et al 1978, States
1986) displacing the tibia posteriorly beneath the femoral
condyles. Impact force is then transmitted ub the femur
driving it backwards into the pelvis. Femor&l fractﬁfes
result from a bending moment created by axial loading with
a possible effect due to the occupants knees slidiné under
the dash, but with increased energy transfer supraéondylar
and comminuted shaft fractures are seen (Ritchey et al
1958, Aldman and Chapon 1984, Nahum and Melvin 1985,
Nyquist and King 1985, States 1986).

a e and foot

owe e

Injury mechanisms for the lower leg (shini and ankle are
not widely reported in occupants of vehicles involved in
impacts (States . 1986). Fractures to the tibial plateau,
tibia, and ankle have been described as a result of axial
loading due to the rearward movement of the toe pan of

automobiles, coupled with torsion and / or bending moments

(Nyquist and King 1985, States 1986) at impact.

Anderson in 1919 described a common foot fracture in early
| aviatof§ fhe ‘Ayiators astragalﬁ;' (Coltart 1952, Hawkins
1970) . The mechanism of injury was explained as a result of
forces transmitted through the sole of the foot resting on
the rudder' bar, thus causing hyper-dorsiflexion. This

injury is now more commonly associated with automobile

accidents (Hawkins 1970, Penny and Davies 1980).
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Swearingen et al in 1961 published a paper that has been

much quoted by investigators working in the field of crash
investigation and biomechanics. It has also . formed the

basis of many ideas on the causation of injuries following

an aircraft accident and for this reason has impiications

for the design of aircraft interiors. The purposezbf the

paper was to 1) present a detailed description of the areas
which are <traversed by the human head, trunk, and
appendages during flailing motions in a crash, by an
occupant restrained with a lap safety belt restraint onlye¢e
2) relate present aircraft cockpit and seating arraﬁgements
with these areas of motion, 3) present an analysis . of
aircraft injuries, and finally 4) discuss some of the body

impact forces which may be involved in a typical survivable

transport crash.

Figure 2.33.2 demonstrates the flail area in which the
body 1is free tO'move during actual crash impacts, andh is
described within the upper two-thirds of a sphere 10 feet
in diameter. As.‘dén been seen-the body "jack knifes" or
flexés over the lap belt and the limbs flail forward. The
occupant restrained by a 1lap belt experiences a
deceleration in a forward and downward direction (Fryer
1965). The head and torso are the usual sites of fatal
lesions following' aircraft accidents (Swearingen et al

1961, Mason 1962,. 1973, Gillies 1965, Stevens 1970, Hill
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The Flail Envelope

(from Swearingen et al 1962)
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Figure 2.33.2

The 'Lethal Area

(from Swearingen et al 1962)
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1982, 1984) and the area within the head clearance curve
may be considered the lethal area (figure 2.33.3). 1In
addition the area swept over by the arms and leésmight be
classified as the "incapacitating" area. Uncénscious and

incapacitated passengers in commercial transport accidents

are often trapped and die in the smoke, fumes and fire that

follow a crash (Swearingen et al 1961).

Injury mechanisms for lower limb and pelvic injuries will
be further discussed in relation to the clinical review of

pelvic and lower limb injuries sustained by passengers and

crew involved in the M1l Kegworth (G-OBME) aircraft

accident on 8 January 1989.

2.4 Biomechanical Response
Oonce an injury. mechanism has been described the next step

is ¢to Qﬁantify the biomechanical résponse during the
impact. The megsurement of biomechanical response“'should
.characterise hOW'an.organ or tissue reacts to deformatidh,
or how the iﬁertial resistance of the body or tissue
| respondé to an applied load or‘ﬁotion. This information can
then be used to analyse the injury process and to develop
mechanical human surrogates or mathematical models that

behave in a human like manner under impact conditions.

Mechanical human surrogates or mathematical models will not

be considered further 1in this section as they are .not
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biological models and cannot therefore be used to establish
relationships between mechanical parameters and injuries.
However other methods exist to determine 5iomechanica1

response and these will be discussed.

2.41 The Human Volunteer

Human volunteers are clearly the best experimental models
available to determine the biomechanical response to an
applied deforming force (Kazarian and Von Gierke 1978, Hill
1984, Chapon 1984, Viano et al 1989). Strict guide lines
exist 1limiting the acceleration levels that can Se used
with volunteers. However much early work in impact
biomechaniés have used extensively the human volunteer or
indeed the investigator. Only one man-rated impact facility
exists in England (Antdn 1990), at the RAF. Institute of
Aviation..Medicine, Farﬁborough.,' this' being a military

establishment. This unfortunately results in data that
reflect the response of fit young males, information that

may be most abplicable to the military environment.

Furﬁﬁer limitations of this aépfoach incluée the problem of
subjecting the volunteer to levels of impact that will not
cause injury. As this may vary from iﬁdividual to
ijndividual it is ensured against by starting off at 1low
levels of impact acceleration, gradually increasing until

the subject feels pain or discomfort (Hill 1984, Chapon
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1984, King 1985). Because volunteers are young and fit and

impact 1levels are 1lower than the forces occurring in a
crash situation, muscular activity of the volunteers can
modify their dynamics (Begman et al 1980, Chapon 1984).

However in an unexpected impact situation a . relaxed

volunteer’s reflex responses are too slow to ,have a
significant effect on loads and accelerations sustained

(Begman et al 1980).

In spite of these limitations volunteer eiperiments can

provide useful information on kinematics at low: impact
levels. This information unfortunately cannot Dbe

extrapolated to high impact levels.

2,42 The Accident Victim

Ideally the human response to an impact would be obtained

fer 1iving subjects under various crash conditions.
Unfortunately .because of the unforeseen -nafﬁre - of
.accidents} individuals involved in an accident cannof be
instrumented with electronic measuring devices (Viano et al
1989) 'ﬁhich will measure and ééfine the ' biomechanics of
injﬁfies sustained. The accident victim however provides an
important catalogue of injuries sustainable as a result of

impact trauma.

Clinical studies and autopsy reports of victims of

accidents are potentially the most valuable source. of
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material to 1investigate injuries and their cause. Much

early work on impact biomechanics has evolved - from these
observations (Hasbrook 1957, Mason 1962, 1968, 1973, Fryer
1965, White 1966, Stevens 1970, Kirkham 1982). However

Ssnyder (1975) and Hill (1984) argue that even though a lot

of valuable information has been gained, if the nuﬁber of

accidents that occur annually is considered only a few have
been properly analysed, and rarely is an attempt made to

correlate the injuries received with the causation of the

injury. Information relating specifically to injuries to
the extremities is seldom reported, even though this
information may be crucial to the determination of why the

occupant failed to escape following a crash (Snyder 1975).

If the forces and paraﬁeters involved in accidents can be
accurately determined then the accident victim may become

increasingly important in the investigation of.-;njury

biomechanics.

2.43 The Human cadaver
Although measures of response to non injurious impact can

be obtained from volunteer experiments the primary data on

impact response at injury levels must be obtained using

human surrogates: Human cadavers and or anaesthetised

animals.
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The human cadaver has both limitations and advantages.

Morphologically the cadaver is an identical model to the

‘living’ subject, and 1is a suitable researcﬁ model ¢to
simulate gross geometric and material properties of the

human or to study the mechanical response of a body segment
(Kazarian and Von Gierke 1978, Chapon 1984, Hill; 1984,
Viano et al 1989). However since the cadaver is no ionger a
functioning biological system, injury to soft tissue,
hollow and parenchymatous organs can only be inferred.

Muscle tone no 1longer exists and as a result energy

transmission and attenuation, in both hard and soft
tissues, cannot be precisely defined (Kazgrian and Von
Gierke 1978). Unfortunately most cadavers tend to be ‘of
advanced age with pre-existing illness and osteoporosis,

which further effects the biomechanical responses of the

tissues.

Embalming cadavgrS'may effect the biodynamic propeifies of
fhe tissues although these affects are much debated. 'ihe
lack of an inﬁact,circulatiqn means that many signs of
 trauma  §£11 nqt"be evident. ;éuch signs '‘as bruising or
abrasions may indicate a moderate injury of importance in
the setting of safety design criteria (Hill 1984). Further

the lack of muscle tone, with limpness or rigor mortis of

the cadaver, prevents easy manipulation and significantly

effects the kinematic behaviour (Chapon 1984, Hill 1984).
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Despite these problems the human cadaver is a useful model
and has been extensively used in the evaluation of the
tolerance of bone to deforming forces. The design of
mechanical human surrogates (Anthropomorhic test devise
(ATD) or ‘dummy’) that béhavé in a human like way 6§esmuch
to data derived from caéaver studies (Foste£ et al 1977,

Mertz 1985).

4 The Animal

The cadaver as a surrogate tends to be of advanced'age; has
no active muscular fesponse that may influence its realism
at lower levels of acceleration, and cannot be used ¢to
assess functional changes due to injury. The only way to
obtain informatioh on the physiological responses to injury
is to subject 1live, anaethetized animals to experimental
impaét. Even tﬁeir physiological responées are influenced
by the anaesthetic (Kaserian and Von Gierke 1978,.. Chapon

1984, Viano et al 1989).

| ﬁeing a 1ivingmodei, it can be subjected to higﬁ impact
leveis likely to produce sevefe*injury. The animal model is
not a human énd vériations in anatomy and physiology may
alter the -response to impact trauma in a*waf that makes
extrapolation of findings to the human non valid. However

animal studies are critical to the study of the brain and

spinal cord injuries, arrythmias and shock (Viano 1989),
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but their use is limited in determining the quantitative

values of human tolerance to impact.

2.5 Impact Tolerance

At some measurable level, tissues involved in impact trauma

will not be able to recover. Human tolerance to , impact

injury 1is defined 1in terms of the <threshold that is

selected (King 1985).

safety engineers, 1in order to effectively design impact
protection devices, .need to know what forces and loads the
body can withstand. Injury criteria are set by legislative
bodies 1in order to offer guide 1ines for engineers
designing seats . and restraint systems. Federal Aviation
Administration Advisory circular no. 21-22 defines

suggested numerical values for aircraft use (Pontecorvo

1985) . Inﬁury'criteriamust obviously take into account the
impact circumstances. Criteria for lower limb injhfy laid
‘down for‘carwmanuf;cturersmay indicate a level of inﬁufy
consistentwith*minor injuries. This may be acceptable in a
car'-acbident, but in a burniﬁg aircraft following an
accident 1lower 1limb or head injury could have serious

implications for the occupant.

Two techniques have been used to investigate the tolerance

of the human body or isolated tissues to impact trauma:- a)

dynamic methods and b) static methods. Dynamic testing
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attempts to simuiate real crash conditions, such as would
be experienced by the victim of an accident, and uses
imp;ct test facilities (Chandler 1985(b), 1587). étatic
testing uses isolated tissue, or parts of bodies to which
loads ‘are applied untii they fail. London (1577) has
criticised static testing as being artificial and 'bearing

no resemblance to reality.

A number of different ways of defining tolerance have been
used. The. types and grades of tolerance now accepfed dre as
foliows (Hill 1984. king 1985, Viano et al 1989):

a) Voluntary tolerance
This 1is the lowest level of tolerance and is sometimes
referred €O as the ‘ouch’ level. It is defined as that
level of‘ impact force which someone can withstand
voluntarily, without sustaining injury. It is extremely
variable and injury is not the end point of these . tests,
.although | injgries are occasionally sustainea b&l ithe
volunteer'but*these are usually of a minor degree.

:b) The injury thrésﬁold
Thié'repfesents a level just below which injury occurs to a

given organ or tissue and is usually reached accidentally.

c) Moderate injury
Complete recovery from any injury produced without any
residual impairment of function. It is at this level that

iﬂjury criteria are 1laid down for the design of injury
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protection systems.
d) Severe injury
This may be defined as the degree of force needed to

produce injuries that are not fatal or the level at which

fatal injuries begin to occur.
e) Fatal injuries |

This 1s an impact level in which fatal injuries occur.
These higher levels of tolerance are determined from tests
on human surrogates, such as human cadavers or animals. In
the evaluation of the performance of protection ' systens,
mechanical surrogates are used (anthropomorphic test
device) at these high impact 1levels. Instrumentation of
these devices allow measurements to be made that can be
correlated with . injury criteria and therefore injury

severity of a body segment (King 1985, Pontecorvo 1985).
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Early studies in_impact.biomechanics attempted to d;termine
whole body tolerance of occupants who were restrained 15 a
seat. Other eariy ipvestigato:s attempted to estimate the G
level 'énéountered by individuaié who survived falls from
great heights. (Dehaven 1942, Snyder 1963, 1971). More
recent work has established the tolerance of individual
regions which when injured may pose a threat to life or
result in long term disability. Regional tolerances are

therefore more useful in assessing the injury potential of

protective systems or restraint devices.
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Investigation of falls from a great height has highlighted
factors important in the causation of impact trauma as well
as"demonstrating the high forces that are survivable.
Factors influencing response.to impact tréuma are 'reviewed
by Snyder (1963, 1971) and can be split into two groups :
Physical factors and Biological factors.

Phyvsical factors
i) orientation of the body

since tolerance is related to the direction of impact, a

unified reference system has been adopted and pr0pésed. by
the Biodynamics Committee of the Aerospace Medical Panel,
AGARD, (1961). Figures 2.51.1 and 2.51.2 represent the

convention of signs used. Head first (+Gz) falls are the

Linear Acceleration

Acceleration Physiological Vernacular
Description Standard Description

- Forward -Accel. +Gx Eyeballs in
Backward Accel. ~-Gx Eyeballs out

. Headward Accel. +Gz .- Eyeballs down
Footward Accel -Gz Eyeballs 'up
R. Lateral Accel. +Gy Eyeballs left
L. Lateral Accel -Gy Eyeballs right

Figure 2.51.1
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Convention of Signs

for Linear Acceleration

-Gz
(Footwards acceleration)

+Gx

-Gy (Forwards
(Left lateral / acceleration)
acceleration)

N

><

-Gx
acceleration) | (Right lateral

acceleration)
+Gz

(Headwards acceleration)

least well tolerated. In feet first (+Gz) impacts severe
injuries are seen in the feet, ankles and lower limbs. 1In
seated impacts -(+G2), pelvic and vertebral injufies
prevail. ‘In siée impacts (#Gy) the upper extremities,
thorax ‘and vertebral column, = followed by pelvic injuries
are most commonly involved.

ii) Magnitude of acceleration

The magnitude of acceleration is generally expressed in G
units and ‘rate of onset’. G represents the acceleration
due to gravity which we sense as weight, thus a pilot

ekposed to an acceleration of six times that of gravity
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(6G), will have experienced his body weight increasing six

fold (Harding and Mills 1988).

simplistically it is true to say that low G levels may be

easily tolerated and at high G levels serious injury and

death will result. This however is complicated  by the

effect of ‘the rate of onset’.

iii) Distribution of force
Dehaven (1942), in his study of free falls concluded that
the greater the area over which a load is applied the

smaller the 1load per unit area, and the greater the
survival in free-fall and tolerance of high impact forces.
This concept 1s of great importance in the design of

passenger protection systems.

This effect is however modified by attenuation of energy in
body tissues. For example it is known that in feet first

impacts, as experienced in parachutists, muscle tbﬁus and

degree of bending of the legs affect . injury tolerance

(Snyder 1971).

The design and tightness of restraint systems and the
characteristics of seating design will modify the

distribution of forces and the manner in which they act.

iv) Material impactea

The relative deformation of the object impacted is of major
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importance as an injury or survival determinant The degree

of elasticity or solidity of a material affects the
deformation distance, enerqgy attenuation and time duration
of impact. Thus soft muddy ground is obviously preferable

to jagged rocks upon impact (Snyder 1963f; Likewise in

automobiles a padded dashboard is preferable to a sharp

metal dashboard (Nader 1965).

v) Time duration of impact

The duration of time that the force has been applied is
recognised as one of the most critical factors 'in human
impact tolerance. in impact this generally refers to the

time required to reach the peak force at initial impact,

but may also refer to the total time that the force is

applied.

The longer an'impact acceleration is .applied, then the
greater will be its effects (Dehaven 1942, Snyder .1963,
1971, Hill 1984). For example 45G can be tole?atediin. a
chest to back (-Gx) direction if applied‘for a 0.044 second
~ pulse. . If applied over 2 seconds then considerable injury
will result (Hill 1984). Stapp (1961) suggested that if an
impact duration is less than 0.2 seconds the tissues behave

like rigid materials and damage and failure are independent

of gradients of fluid displacement, ie. the tissues do not

have time to react.
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Biological factors

Individual variations in victims of impact trauma also

account for variations in response to impact tfauma as well
as recovery from injuries. As mentioned previously much
work on human tolerance levels has been conducted‘on young
physically fit males. Thus the accicent*victim.or victims

involved in falls from a height may provide data relating
to individual variation such as sex, age, physical and

mental condition, race, pre-existing disease and other

biological factors.

2.52 Secondar mpacts

The effect of secondary impact requires special mention.
Although the primary impact may be tolerable, death or
severe injury: ‘may result from secondary impacts. These
refer to impacts that are usually a result of flailing
(Swearingen et al 1962) of the limbs, torso and head, or
failure of the. restraint systems. Seating design ’and
restraint systems aim to modify an occupants behaviour in
- order to prevent secious secondary impact from.occurring as
well as augmenting fhe primary forces. If the force of an
abrupt deceleration following an impact exceeds the
strength of the retaining devices the passenger will be
hurled 1in the correspondiné direction sustaining secondary

impacts and injuries (Hasbrook 1957, Kreft 1971).
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It is apparent that following a sudden deceleration an

unrestrained occupant will become a free projectile obeying

Isaac Newton’s (1642-1727) three laws of motion.

u olerances
Weber in 1856 (cited Melvin and Evans 1985, Nyquist 1986)
determined static loads required to fracture entire bones
by a three point loading mechanism, transverse to the long

axis of the bone. The mean loads at fracture for fhe femur

and tibia is recorded below in table 2.53.1.

Table 2.53.1

Femur Tibia

Male, kN - - 5.09 3.06
Female, kN : 3.98 . 2.33

support distance, cm 18.3 '21.6
:Maximﬁﬁmoment, male N-m 253 165
- Maximum moment, female N-m 182 ' ias-

King (1985) investigated the effect of dynamic lateral
| 1oadin§"* over the greater trochanter' of the fenmur,
using an impactor, on cadaver subjects. The most frequent
fractures were of the pubic rami followed by fractures of
the proximél femur, dislocation of the sacroiliac 3joint,
fracture of the iliac wing and fractures of the acetabulum.
fﬁese injuries were seen to occur at loads ranging from 4.4

to 12.9kN depending on sex (average 8.6KkN males and 5.6kN
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females) (King 1985).

Tarriere et al (quoted King 1985) in 1979 reported on the

outcome of drop tests to the lateral aspect of the pelvis

in cadaver studies. Fractures seen were commonly to the
pubic rami. They proposed a tolerance level of 80’£0 90G
for pelvic acceleration. Vertical loading tests to the
pelvis, achieved by dropping weights onto the lumbar spine
of cadaveric specimens, demonstrated bilateral disloéation

of the sacroiliac joints at loads of 3.7 kKN (Fasola et al

1955) .

Paterick et al (1966) demonstrated pelvic fractures in
cadavers, following dynamic axial loading to the femur of

6.23 to 17.1 kN. They proposed a fracture threshold level
should be set  at 6.2 kN. Melvin and Nusholtz (1980)

performed sled tests on unembalmed <cadavers and
demonstrated a range of injuries to the pelvis"ana - lower
limb, including femoral fractures and injuries to the the

patella and femoral condyles. Impact loads varied from 8.9

| to 25.6 'kN, suggesting the proposed fracture threshold

could be raised.

viano and Stalnaker (1980) investigated mechanisms of
femoral fracture using denuded cadaver femurs. The femurs
were subjected to axial impacts at the knee by an impactor.

They described three features of axial knee impacts: knee
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compression, femoral bending and compression and femoral
displacement with load transfer to the hip joint. Each
facet resulted in injuries to the individual components. On
average condylar and femoral fractures were seen with knee
loads of 10.6 ¥ 2.7 KkN. However Nyquist and King (i985) in
their review of the ‘Lower extremities' comment thatrinjury
tolerance data for the upper leqg co