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PREFACE

Eleven years ago, an AGARD conference was convened in Oporto, Portugal which brought together experts in
linear acceleration effects. Ilmpact injury research and impact protection design have advanced to the point that a
follow -up confcrence was deemed appropriate. In the intervening decade the nced for impact injury protection in
NATO aircraft has increased. largely because many of NATO aircraft are helicopters in which the only method of
emergency escape is a landing of the vehicle under less than ideal conditions. Impact protection is important also
in fixed wing aircraft and land vehicles in thesc accidents in which the living space of the occupants is maintained.

With the above facts for emphasis, the Acrospace Medical Panel initiated plans in 1979 to convene this conference.

The Biodynamics Committce of the Aerospace Medical Panel selected Impact /njury as the title. The committee then
srlected the session organizers to determine the content and scope of the conlerence. Author's were sought who
could best present the progress on impact research and impact protection. The ¢ 2ssion organizers scnt requests

for abstracts to highly qualificd people to insure that enough abstracts were available to permit an optimum selection.

Tihe number of abstracts submitted was gratifying, indeed about twice as many abstracts were submitted as could
be accepted. 1n addition, to the keynote puper, a total of 39 papers were finally accepted.

The conference was held at Porz-Wahn (near Cologne) West Germany on 24-28 April 1982. The host for this
meeting was the Deutsche Forschungs-und Versuchsanstalt fiir Luft-und Raumfahrt e. V. (DFVLR). the German
Aerospace Research Establishment. The meeting facilities were excellent, for which the organizers are indebted to
our host, the DFVLR.

The papers were prescnted in four sessions during the four-day conference. The attendees were provided the
opportunity to ask speakers questions at the end of their presentations. The recordings of these question-answer
dialogues, as well as the opening and closing speeches, have been transcribed, condensed, and edited prior to
publication. Your editor wishes to apologize to those speakers to whom the printed and edited word does not
match the thought the speaker wished to convey to the attendees. Rest assured that all changes made from the oral
to the printed words were intended to clarify the idea and not to change it. In any event, your editor assumes
responsibility for deletions and errors in the transcription process. If grave errors are noted, please contact
AGARD Headquart~rs at the address noted on the cover page and ask for a correction.

Your editor wishes to thank Ms. Je. nnette Hinkle of the U.S. Army Aeromedical Research
Laboratory . Fort Rucker, Alabama, for the transeription and typing of the opening ceremony, question-
answer dialogue. and Round Table Discussions; her devotion to this task made my work far easier. In

additinn. J wish ‘o thank my co-workers of the Programme Organization Committee and the Session Chairman
for their outstanding efforts.
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TECHNICAL EVALUATION REPORT
GENERAL

By and large, this was a data-oriented conferenee. The papers presented on spinal eolumn injury, head
injury, torso injury, restraint systems, ballistic armor, crashworthy vehieles and aceident investigation techni-
ques all provided new data or new idecs on how to prevent or alleviate impact injuries. Whether or not one
agrees with all the ideas prescented is a moot point, because the ideas are now committed to posterity for judgement!

SPINAL COLUMN INJURIES UNDER COMPRESSIVE AND/OR BENDING LOAD

A paper is ineluded on spinal column arthritis (spondylosis deformans) as found in baboons several years
after exposure to +40g, of 13-16 milliseconds duration. Another paper describes a unique inethod of spinal
eolumn instrumentation with aceelerometers mounted on each vertebra, so that, the response to vibratory or
impact input at the buttoeks can be cvaluated.

The effect of high acceleration onset rate (1500-2000 g/sec) for "eyeballs down and forward" (g, combined
with 30% g, vector) on eadavers is addressed in two papers. Although t 1cse tests were eonducted primarily
to evaluate the adequaey of a vertically stroking (load-limiting) seat, the effeet on the seat oceupant is similar
to that of the ejeetion seat oceupant during ejection exeept that the onset rute is about one-third that of the
shock- absorbing scat, and the pulse duration is nearly twiee as great. 1ln a y event, these fully instrumented

crashworthy seat and cadaver tests may provide useful comparative vertebral fracture data for 1ture ejection
seat tests.

Inflatable head-neck "bracing"” devices are discussed in several papers from Furope and America, indicat-
ing the universal reeognition of the¢ spinal eolumn eompressive and bending loading problem.

SPINAL COLUMN INJURIES UNDER TENSILE LOAD

One paper presented data on human whole neck (in situ) static load eapaecity. These tests, on seven speeimens.
revealed basilar skull, eervieal, and several T2 fractures at maximum loads ranging from 1535N up to 3892N.

If a mass of 5 Kg is assumed for the head. these loads range up to 80 g for a severe injury range in the eye-
balls up (-g,) direetion. These tensile fracturc limits may be eompared to the 105-125 g fraeture (fatal)
limits lor rhesus monkeys stated by Dr. Thomas in the round table discussion ior -g, tolerance (converts to
+g, as head rotates forward 90°). In short, this tensile data may be compared to volunteer (-g,) tolerance
values to show the range for the unrestrained head and neck.

LEG INJURY

Orly one paper is presented on this topic. Lower ley injuries are diseussed indirectly with regard to struc-
tural protection in sn automobile in glanee-off aceidents.

1IEAD AND NECK INJURY

No less than 12 papers {one-ihird of tctal papers) are included on head and/or neck injury! Obviously, this
is a well-recognized problem. and obviously it is receiving seme attention. This is not surprising since numerous
aireraft accident statistics reveal the head to be a large injury producer: for example, for U.S. Army flicrs in the
past decade, two of five [atalities were caused by head injury. Several papers diseuss the impaet of unembalmed
eadaver heads with the eirculatory system perfused with a particulate such as india ink. This technique permits
the identifieation. extent and location of hemorrhage in the head/neck circulatory system In the post-impact
autopsy . Since minute hemorrhage is equivalent to some degree of head injury, this method provides an impaet
injury threshold for the particular speeimen under test. Of course, mortality and blologieal age effects must
be considered. One paper uses this data in the development of a finite element head model In which intracranial
pressure and acceleration are compared to input energy at the threshold of hemorrhage of blood vessels.

The data presented in one paper supports the concept that the head ¢.g. acceleration is more important than
any other measurement being ma-e at current helmet testing faecilities. This paper pleads for the use of acceleration

as the best measurement 10 be uxed in the evaluation of impaet helmets, in view of the myriad number of conflicting
time evaluation schemes.

Mechanisms of head iniury are classified from mild concussion to structural damage in two papers. These
papers provide not ouly head injury mechanisms. but also very good research techniques in microtrauma.

A new and unique helmeted - headform test method is discussaed in whick: the heimeted headform is permitted
to truly free fall without use of guiding cables or wires. The method perinits tangential impacts and also
eliminates the frietion associated with all types of guiding devices.

Several papers discussed the neurological effects of monkey head impacts and the techniques used to measure
these effects. The cortical evoked potential values showed changes at a threshold of approximately 600 m/x?

Unfortunately . as noted by Dr. von Gierke in the Round Table Discussion, although much good research has
been done, no agreement was reached on head impact evaluation criteria. Such agreement still awaits the future.
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INJURY DATA COLLECTION

Several papers provided descriptions of accident/injury investigations. One paper described an improved
crash injury identification (eoding) and reporting system as developed for U.S. Army aviation; this system
appears to offer simplicity of presentation with enough detail to elarify injury causes. If the proposed
injury-cause coding system is fully implemented, the cost effectiveness of injury-preventing hardware can be
determined more casily in the future.

INJURY-PREVENTING HARDWARE

The keynote paper by the writer outlined the features and the preliminary indication of erashworthiness in
the U.S. Army's new Uli-60 "Blackhawk" helieopter by comparison to the older UH-1 Helicopter. The data
shows that a pilot actually reccived no back injury. in faet no injury at all, in a erash so severe that the same
kinematies in a Ull-1 would have resulted in a severe back injury or maybe a fatality .

Several papers outlined the development of erashworthy seats, designed to meet stringent new specifications.
Both the U.S. Army and Navy have developed pilot and troop scats to "limit" the loads in the vertieal (z axis) to
approximately 15 g on oecupants. Such crashworthy seats arc currently in produetion, a noteworthy achicvement
in the past deecade!

The effect of too much harness slack and the cffeets of dynamic preload were addressed and revealed the inercase
and decrcasc respeetively of the "dynamie overshoot” in the output loads as would be expected.

Crash-sensing air bags combined with conventional harnesses were shown to be effective. Nevertheless. the pro-

duetion cost of approximately 600 dollars appears to be a deterrant to usage in small, low-cost automobiles.

One paper described the erash test of a French "l'uma™ helicopter. Crashworthy scats with instrumented
dummies demonstrated their performance in tne test.

The use of webbing as an encrgy -absorbing device, via the "tearing” of the material, was diseussed in one
paper. The method appears to be a low-cost and effective "load-limiting" deviee.

VERIFICATION OF SEAT/MAN MODELS
Two papers arc included on this topie, onc from the Netherlands, and one from the United States. The
Netherlands MADYMO Crash Vietim Simulator appears to be a highly versatile model. Simulations as diverse as

pedestrian impact to children’s scats are demonstrated .

The U.S. Ihuman Spine Model (1ISM) is the most detailed model known of the human spine. This model has
been validated up to the level of human volunteer tests. but not into the injury range.

CAN CRASHWORTHINESS BE COST EFFECTIVE?

This questicn is addressed and partially answered in Session IV. The two papers on body armor ecrtainly
reveal the cost effectiveness of simple upper torso protection against exploding ammunition  tn addition | one
paper provides the methods to obtain detailed injury and hardware damage costs associated with helicopter crashes
s0 that cost effectiveness can he estimated based on aceident histories.

CONCLUSIONS

Based on discussions in this proceedings, it is concluded that:

a. Crash injury data col'ection at the scene of aireraft accidents varies from none to fragmented approaches
in most AGARD nations represented.

b. Methods to encourage the use of impact protective harnesses alreacy available in automobites and aireraft
should be intensified.

¢. The tolerance of the seated human spinal column and cord to compressive and transverse load,with a helmeted
head both unrestrained and restrained, should be studied fuether.

¢ The tolerance of the seated torso. with upper and lower torso restraint, to transverse loads should be studied
further. The helmeted head should be unrestrained and compared with the restrained head.

¢. The cost effectiveness of various head restraint methods for use by pilots in ai- craft should be analyzed.

f  Contact head injury mechanisms should be studied further; however. the existing data should be applied
to headgear design and evaluation A large communication gap appears to exist between head injury researchers
and helmet test method researchers .

g. Body . rmor is highly effective, especially against exploding ammunition, and is well worth the modest cost .,




REVIEW OF IMPACT ACCELERATION MEETING IN
OPORTO, PORTUGAL IN JUNE 1971

by

Col. S.C.Knapp
Commander
U.S. Army Aeromedical Research Laboratory
(USAARL)
P.O. Box 577
Fort Rucker, AL 36362

Since Dr. Richard Snyder from the University of Michigan is not able to be here for this "kick off" address,
your session chairman asked that 1 offer a prelude to this symposium by reviewing a very significant meeting
that was held in Oporto, Portugal in 1971. This Oporto meeting was held under the leadership of Dr. Edward J.
Baldes (deceased), who was well known as a physician, physicist, and physiologist of great eredit. Many of
us attended this 1971 meeting. This carlicr meeting is published ns AGARD Conference Proceedings CP88-71.
"Lincar Aceeleretion of Impact Type." History is an important part of the advisory group for aerospuce re-
search and development. 1t's no less important for the aerospaec medieal panel, one of the original panels of
the advisory group. and it is signifieant that the Biodynawmies Subec~mittce was one of the first Bicdynamics
Subcomrmittees formed. and | believe the first two chairman of the committee were Dr. Walten Jones of the United
States and Dr. David Glaister of the United Kingdom. 1In 1961, at Brooks AFB, Texas. the National Researeh
Council of the National Academy of Science in conjunction with the National Acronauties and Space Administration
in the United States held a symposium called. Impuct Acceleration Stress." It is interesting as we review the
history . that at approximate 10 yecar intervals the group assembled here, and the scicnce that you represent,
have seen the neced to review the advancements that have been made in our particular area of bicdynumics,

I've reviewed some of the significant events that occurred in that 1971 meeting and 1 would like to ~elate some
of thein because | think they are very important. We must 'ook back on history and see what we thought were the
problems 1] years ago if we are to gain some sensc of accomplishment for what we will talk about in this meeting
11 years later. We have to usk oursclves, "Have any advanecments been made? Have any problens been solved?
What sre the new problems? And where do we go from here?" Dr. Baldes in his opening comments mmade the follow -
ing statement, "Words fail me when 1 attempt to express the IMPACT on civilization of the mun-wrought epidenic
which our science and technology has created.” Pr. Baldes went on to describe in some detail the problems in
translating Newton's ociginal 3 laws of motion from the Latin into English. and he made nole iiai in aii of the
historical translations. nowhere is there a translation from original Latin into English that uses any term that re-
Iates to the human bedy . 1 think that is interesting because vhe things that you, ladies and gentlemen, will talk
about in this meeting, involve a human body and its relaticnship between these three fundamental human laws of
motion. We will talk about cannonballs in terms of bullets and impact. We will talk about high velocitics. We
will talk about sudden stops. We will tulk about forces placed upon the human body and how the human body
responds to them.

Those of voa that attended the 1971 meeting will remember that at leust six major tepics were covered as shown
in Fig. 1 1. [here was u session on the various sled test devices in use in 1971, There was some discussion of
automotive and aircraft erashworthiness. Improved crash sensor devices were developed which helped to make
nir bags and other crashworthy devices more feasible.

We were at the threshold of the development of the first crashworthy aircraft, specifieally helicopters designed
for purely military use. Some joint agrecnents were consummated for looking at crashworthy engineering as a
way of reducing injury and death, The US Army published a new militury standard for crashworthiness. Crash-
worthy fuel systems were installed in most US Army helicopters and 1 ecan tell you that 1t years later, in US Army
helicopters so equipped,there has not been a fire-related fatality in a survivable type crash, a very sigznificant
advance. Aireraft seats with integral stroking devices was an idea that had not yet been employed in actual air
craft; this is no longer the case. Several helicopter manufucturers now sell this type seating in their comaercial
aircraft and the US military seivices now reguire them.,

The question is how much progress have we made”? Where have we come sinee Oporto 19717 In Oporto.
it was decided that we had come a long way from NRC meeting that was held at Brooks AFB in 1961, [am
interested to see where we are today and | am sure you will give us inxight into the significant advances since
that 1971 meeting. See kg 12
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‘71 MEETING REVIEW

o SLED TEST DEVICES

o AIRCRAFT & AUTO CRASH TESTS

o INJURY MECHANISMS

o CRASHWORTHY HARDWARE DEVELOPMENT

o BIODYNAMIC MODELS

o HEADGEAR DEVELOPMENT

Fig. 1-1 Topics Covered in AGARD Symposium in Oporto, Portugal
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IMPACT PROTECTION ADVANCES
IN THE 78's

o AUTOMOBILES - RESTRAINT, PADDING 8
STRUCTURE

o HELICOPTER - UH-6@ UTILITY & AH-B64
ATTACK DEVELOPED TO CRASHWORTHY
CRITERIA

o TRANSPORT AIRCRAFT - DELETED CAM-TYPE
BELTS, IMPROVED BELT GEOMETRY, &
IMPROVED EMERGENCY EGRESS

o JOINT AGREEMENT BETWEEN U.S., FR, 8GE
TO CO-ORDINATE HELICOPTER CRASHWORTHY
DEVELOPMENT

o MIL-STD 129@ "LIGHT FIXED & ROTARY-
WING AIRCRAFT CRASHWORTHINESS®
PUBL ISHED

o CRASHWORTHY FUEL SYSTEMS INSTALLED
IN U.S. ARMY HELICOPTERS

o AIRCRAFT SEATS WITH INTEGRAL "STROKING"
DEVICES (LCAD-LIMITER> DEVELOPED &
PRODUCED

o ROCKET-POWERED EJECTION SEATS PERFECTED

o FEDERAL AVIATION ADMIN. REQUIRED SHOULDER
HARNESSES IN ALL FIXED WING

o U.S. ARMY LOWERED PASS-FAIL HELMET CRITERIA
FROM 48@8g TO 158g FOR FUTURE DESIGN

o IMPROVED CRASH SENSOR DEVICES DEVELOPED

Fig. 1-2 Impact Injury Prevention Events Since 1971
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IMPACT PROTECTION IN HELICOPTERS
DESIGN SPECIFICATIONS VS PERFORMANCE

J. L. Haley, Jr., Aerospace Engineer
Biodynamies Research Division, USAARL
Fort Rucker, Alabama 36362

INTRODUCTION

In the previous introduetory paper, a summary of erashworthy improvements in air and ground vehicles over
the past decade has been outlined, and sinee this is a eonference to bring together impaet research results rather
than a history of accident injuries, 1 have chosen to provide a very brief deseription of the actua: crash performance
of a specifie US Army helicopter, the UH-60. This aireraft was conecived and developed in the 70's by Sikorsky
Hielicopter under the US Army competitive selection process as a replacement aireraft for the aging UH-1, which
was developed in the 50's.

The UH-60 was dcveloped to the most stringent requirements for crashworthiness of any aireraft yet develeped
of either fixed or rotary wing type. The UH-60 has now been in serviece for enough time so that several severe
aceidents have oceurred. This paper will review the impaet proteetion provided by the UH-60 in these accidents
and compare the proteetion to that of the UH-1 in a similar crash.

Ull-1 D/H AND UH-60A GENERAL DESCRIPTION

The standard 13-place UH-1 and 14-place UH-60 would appear to be of similar size, but the data of Table -3
reveals the Ull-60 to be a larger, heavier. and faster aireraft. The UH-60 has more floor space to accommodate
51 em wide troop scais compared to 43 vm seats in the Ull-1. The larger troop seats faeilitate ingress-egress
in the UH-60.

CRASHWORTHY PERFORMANCE

A total of five UH-60 crashes were selected for this paper. These erashes were selected because a wide
range of severe impact eonditions are covered and personnel injuries did oceur in the erashes. The erashworthy
performanee of these five UH-60's is summarized ir Table I-4 by showing the terrain impaet conditions, aireraft
orientation (attitude). floor acceleration against landing gear/seat stroke, and airerew injuries. The same data
for two Ull-1 aircraft erashes is also ineluded in Table 1-4 as points of reference

Althougrh case one might have been deleted in this eomparison sinee no one survived and the eabin living space
wis destroyed. the writer ehose to retain it beeause the impact eonditions do show an upper limit to the protection
provided by the Ull-60. It was clear that ihe roof was scparaied from the floor due to the combined impact and
hydraulie loads and that survival was doubtful with no protective cage.

A review of the impact eonditions ir. Table 1-4 shows that the horizontal impact velocity was generally low
by comparison to fixed wing aireraft (1). varying from zero up to 17 meters per second, if the nonsurvivable
case is deleted. This is clearly not the ease for vertieal velocity at impact which varies from six to 17 meters
per second, clearly beyond the three meter per second capacity of most aireraft landing gear. The c¢rash path
distanee (distance traversed from terrain contact to rest point) is indicative of the low horizontal velocity at
impact varying up to nine meters. The terrain is very typical of that seen by military aircraft at off-airport crash
sites.

The aircraft attitude at impact varies considerably . but it should be noted that cases 1, 3, and 6 struck the
terrain under uncontrollable conditions. Cases 2, 5, and 6 point out the fact that a pitch up at imp.ect is
desirable for improved survivability. The excessive sink velocity in cases 2 and 5 eaused cexeessive fle -
aceeleration but the load level on the occupants was reduced to tolerable values by the stroking landing ¢ r and
scats of the Ull-60.

The floar acccleration estimates were made for the arca of floor near the seats. Since these values are estimates,
the values shown are equal to or greater than some kpown event(s). For example, in case four, the vertical g
peak is based on the fact that the cneryy -absorbing pilot seat, designed to limit the scat to 14.5 g did not stroke,
indicating that the load did not exceed 15 g on the pilota.

Landing gear energy absorption is indicatea by the displacement (stroke) of the gear und the average force level

applied to the fuselage during the stroke. Note that the Ull-60 provides approximately 14 times more energy absorp
tion than does the Uli-1. This capaeity will hopefully be helpful in preventing expensive airframe damage caused
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by fuselage belly and/or main rotor terrain contaet in high sink speed and roll-over crashes.

The vertical displacement (stroke) of the UH-60 seats is an exeellent indieator of crash performance. If the
seat does not stroke, and the occupant sustains lower spinal eolumn fraetures, it may be hypothesized that the
load-limiting shock-absorbers have provided too much resistance. The current production UH-60 seats are de-
signed to provide a load level of 14.5 g on a 50th pereentile mass occupant. Table 1-4 shows that these scats stroked
to the maximum depth available in case two (0.37 m) and almost the maximum depth in case five (0.34 m and 0. 25 m);
even though injuries were sustained, it is noteworthy that no spinal column fractures occurred*. The absenee of
spinal injuries in cases 2 and 5* provide some assurance that the tolerance of these pilots, even when exposed to
simultaneous forward and sideward loads, can sustain a 14.5 g input acceleration without spinal column fracture.
A US. tri-serviece program is currently underway at Wayne State University with an objective to establish the thres-

hold of injury level for combined vertical and forward loads (see papers by Desjardins sand King in this procecdings).

The item in Table I-4 labeled Protcetive Container provides a gross indication of volume change in the aireraft's

living space due to inward deformetion

It should be noted that a reduction of five pereent, as in case three, was

critical because the ehange occurrcd in the eockpit alone and the inwardly deformed strueture causcd contaet

and/or erushing injuries.

Although the four survivable UH-60 cases do not provide enough injuries with which to make statistically valid
conclusions, some tcntative eomments are appropriate. Overall, it can be seen that four of 16 peoplc aboard the
UH-60 (in cases two through five) were fatalitics; the four fatalities dicd due to contact injuries rather than inertial
aceeleration from the seats. Sinece some of these accidents occurred recently, injury analysis is not yet complete,
but thc absence of spinal column injury in the pilot's seat is noteworthy*. By comparison, it can be seen that
scven of eight occupants in the two UH-1 aeeidents sustained spinal eolumn fraetures even though the impact condi-
tions are less severe. Based on this preliminary data, it is clear that the UH-60 will reduce injuries, espeeially

spinal injuries.

TABLE 1-3

GENERAL CHARACTERISTICS OF UH-1 D/H AND UH-60A HELICOPTERS

Cntcéory ) Ite UH-1 UH-60
WinGiits Dusign Gruss weignt 4300 Kg Y200 kg
Empty Weight 2400 kg 6100 kg
PERFORMANCE Dive Spced (VNE) 124 kn 193 kn
Number Engines 1 2
Number Main Rotor Blades 2 Rigid "Tceter" Type 4 Articulated
Min. Deseent Rate in 595 meters/min 732 meters/min
Autorotarion (100% rpm) (63 knl.A.S.) (80knl.A.8.)
CRASIIWORTIY Turn-Over 4g Vertical

STRUCTURE

Capability

Only

Landing Gear Type

Cross Tubes & Skids

1, 4gx i n2gy simultaneous

Conventional Type, Trailing
Arm, Wheel

Max. Sink Speed at
‘Total Fuselage Collapse

7-9 meters/sec
(estimate)

12.8 meters/sec (design)

Main Transmission
Tie-Down Strength

8g, all axes

20g Vertical, and Forward,
18¢g Sideward

PERSONNEL Pilots 15¢ Vertical, 48¢ Vertical,*
RESTRAINT 15¢ Forward, 3ug Forward,
10g Side 18¢ Sidc
Troop & Gunners 11g Vertieal, 48¢ Vertical ,**
10g Forward. 24g Forward,
10g Side 18y Side
CRASIIWORTIY Nt.aber Tanks & lLoceation 2 Belly Tanks

FUEL SYSTEM

3 Above Belly

2 Above Belly

*ASeat provides 31 em minimum vertical stroke at approx 15g load on oceupant.
**Seat provides 38 em minimum vertieal stroke at approx 15g load on occupant.

*A spinal fraeture did vecur in ecase two, but our initial analysis indicates that the injury was caused by
feilure of the stroking device when struck by a nine cm diameter tree linb which permitted the seat to "free
fall” a distance of approximately three em.
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TABLE I-4

CRASHWORTHINESS PERFORMANCE COMPARISON

| ITEM ACCIDENT UH-60 "BLACKHAWK" UH-1 ]
REF. NO. 1 2 3 4 5 6 7
IMPACT Horiz Vel. 45-60° 3-4 <2 ZERO 14-17 5-8 <2
CONDITIONS (m/s)
Vert. Vel. >158 >17 9-11 6 15 11-12 6-9
Crash Path 2-3 <2 <2 <2 9 3-6 <2
Distance meters meters meters _meters meters meters meters
Terrain Water, Swamp & Sand & Earth Sod & Grassy Grassy
3m deep Trees Trees Trees Sod Sod
JAIRCRAFT Piteh 90° to 135° 15°to 20° 30°-40° 4° 5° 50° 2°
IATTITUDE (degree) Down Up Down  Down Up Up Up
Roll <15° <3° 130°-140° 5° 8° 5° 2°
(degree) Right  Left Left Right Right
Yaw <15° 32 20°-30° 5° 13° 90° Spinning
(degree) Left Right Right Left Right to Right
[FLOOR Horiz. (g) >40 <15 20-30 <3 20-30 10-15 <5
IACCELERA- Rearward
TION Vertieal (g) || >20 Up >50 >10Up <15 50 15-25 15-20
Side (g) >5 >4 >10 <3 10-15 5-10 <5
LDG GEAR Displacement] Unknown 0.7m @ None Unknown 0.7m @ 0.2m € 0.2m @
ISTROKE (meters) 12¢g 12¢ g g
SEAT Vert.Displ. None 0.37 Lt None None 0.34 Lt Zero Zero
ISTROKE (meters) 0.34 Rt ¢.25 Rt
PROTECTIVE | Livi ﬂ b 3P b i
J iving 20% 20% 95% 100% 60% 60% 95%
ICONTAINER Space at rear at rear at rear at rear & at rear
Remaining o front
IPERSONNEL Total 3 4 2 7 3 4 4
INJURY Aboard
Lt Front Fatal Major Fatal Minor Minor® Fatal Mujord
Rt Front Fatal Critical® Fatal Minor Major Major Major
Lt Guyner Not Critieal  Not Major Not Not Not
Used Used Used Used Used
Rt Gunner Not Not Not Minor Critical® Nnt Not
Used Used Used Used Used
Center Fatal Fatal Not Minor Not Not Not
| "Jump’” Used Used Used Used
Troop Not Not Not Two Not Two Two
Used Used Used w/Minor Used w/Mujord w/Mujord

a - These conditions (velocity and attitude) are deemed nonsurvivable.

b - Roof collupse.

¢ - Cockpit roof collapse

¢ - Spinal vertebra fraeture
e  Struck helmet, dazed

I - Rt Elbow crushed. Rt side helmet impact, fibula superior end { x, ankle f x and sternum.
g TI2 fx, cardiac contusion, pulmonary contusions. sternum contusion and eoncussion.

REFERENCES
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CHRONIC EFFECTS OF +G, IMPACT ON THE BABOON SPINE

D. C. Van Sickle, Professor of Anatomy, Purdue University, W. Lafayette, IN 4707
L. E. Kazarian, Biodynamic Effects Branch, AFAMRL, Wright-Patterson AFB, OH 45433

SUMMARY

In 1974, eight male baboons weighing 20 kg. were subjected to subcritical (i.e., mo direct injury
producing) +Gz impact of 40 G for 13-16 msec. and euthanatized in 1979 and 1980. Fram the serial
radiographic and gross pathological data validated by histopathology and histochemistry, the experimental
condition was classified in all 8 animals as spondylosis deformans traumatica. This paper provides a
detailed time lapse anatomical study of degenerative changes very similar to human spondylosis deformans
and answers the question can traumatic spondylosis deformans occur without radiographically detectable
vertebral fracture. The results of this study indicate that in the haboon, radiographic examination on
the day of exposure to excessive imechanical stress will reveal no significant radiographic changes, but
that the subsequent appearance of spondylosis deformans strongly suggests that the pathological changes
are the direct result of trauma.

INTRODUCTION

The role of impact or repeated impaction producimg acute clinical injury as an etiologic factor
initiating or accelerating intervertebral disk deterioration has not heen systematically studied in the
military service. In an attempt to explore a potential relationship of subacute trauma to spordylosis
deformans, this initial study was conducted to demonstrate and identify the developed intensification of
objective radiographic signs following controlled spinal impact in the baboon.

Spondylosis deformans traumatica is a disorder of the spinal colum initially characterized by the
presence of focal or diffuse bony spurs, ledges or shelves developing at the junction of the cortex with
the upper and/or lower marginal ridges of the vertebral hodies adjacent to degenerating disks.

The appraisal of spordylosis deformans remains Aifficult considering that it is an age related
phenomenon whose occurrence is also conditional by such factors as sex and occupation.

The purpose of this paper is to provide time lapse anatomical study of degenerative changes very
similar to human spondylosis deformans and answer the following question: Can traumatic spondylosis
deformans occur without radiographicall detectable spinal damage in the baboon?

MATERIALS AND METHODS

The animals had been purchased fram an authorized dealer, quarantined, tested periodically for TB,
exanined for internal parasites and treated with the appropriate parasiticide whern necessary, and
maintained on a special formulated diet of commercial monkey food. During July and August of 1974, eight
male baboons (Papio anubis) designated E-16, E-18, E-20, E-24, E-26, E-28, E-30, E~34 and weighing 20
kg., were radiographically screened to insure normalcy and that no congenital or acquired anomalies were
present which might be misinterpreted post-impact as induced traums. The Veterinary Sciences Division,
AFAMRL, was responsible for the preceding care as w211 as the radiography.

Prior to impact each animal was radiographed in the anterior-posterior (AP) and lateral positions.
This radiographic data provided bise line data for comparison with post-impact serial radiographs as
suggested by Schmorl and Junghanns (1).

At the time of impact, the animals were tranquilized with ketamine hydrochloride (mng/kqg IM) and
transported to the drcp tower. Each baboon was placed in a seat in a sitting position. The chest was
~estrained by a torso harness (about the nipple line) and a lap belt was used to secure the lower torso.
The legs were secured with ankle belts, the head was nestled between the amms which were acutely flexed
at the elbow, and the wrists were fastened to the top of the chair. The deceleration forces on the free
falling quided impact vehicle with the seat were generated by impacting aluminum honeyconb core material
with sufficient energy to produce up to 60% crushing. The rectangular deceleration-time history was
stipulated by the vehicle drop height as well as the engineering specifications of the honeycomb
material. To assure the desired deceleration-time history was executed, a whole system calibration was
carried out before each experiment. The calibration signal and deceleration-time history were
photographed. The impact time histories were recorded using piezoelectric accelerumeters located beneath
the seat pan and impact vehicle base. The deceleration-time history resulted in an average plateas of 40
G's with a time of duration of 10-13 msec. Each baboon was then removed fram the seat, radiographed,
placed back in the cage and closely monitored until recovery from the tranquilizer.

Serial radiographs were accomplished at 15, 30, 45 and 60 days post-impact and then every six months
until euthanasia.

In 1979, five of the animals were euthanatized and necropsied, and their spines were photographed
and then quickly frozen. In 1980, the remaining three baboons plus a control were radiographed, and
hemograms as well as serum chemistries were done. Tiese animals were euthanized and necropsied, and hard
and soft tissues were processed for histopathology.

RESULTS

Clinically, the baboons did not appear to suffer any post-impact discomfort. Radiographically, the
spinal alterations ranged fraom no apparent damage to a minor subluxation in the thoracolumbar transregion
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(E34, £30, E18, E16)., Within 12 months an increased density within the anterior portion of the annulus
fibrosus was evident in E34, E30 and E18. E34 also had decreased waisting of the anterior surface of L2.
In the lumbar region of E18, the anterior-superior border of the vertebrae appeared indistinct. In many
of the animals, decreased IVD spaces were evident. By 1977, E34 had very evident octeophytes of the
caudal-inferior aspect of L3-L5 while L2 had increased density of the centrum indictative of a healed
pressure fracture. In the spine of E18, the T12-T13 IVD space was wholished, and increased densities
were present in the anterior portion of the annulus fibrosus of T10-L5. In the inferior lumbar IVD
spaces, the ossification of the annulus fibrosus (trabecular patterm visible) was less dense, while in
the inferior thoracic region they were more dense. Li1-L2, L1-T13 and T12-T13 IVD spaces had bridging
osteophyte=. Also in this time frame, the articular facets of the lumbar vertebrae were enlarging as
were those of the Ti1, T12 and T13. By 1979, all the spinal colums of the experimental animals had
varying degrees of pathology, with E24 haviny the least amount of reaction.

Following necropsy the isolated spine was radiographed in the AP and lateral positions using high
contrast film. The following data are examplas:

E-30: Bridging osteophyte - T13-L5, C7-T1

Mineralization of annulus fibrosus, decreased IVD space T5-L5

Increased density of centrum T11-L3

Schmorl's node - T11-T12

Anterior lateral osteophyte - L3-L5 (L2-L3 & 7 '2-T13 bridging)

- E-18: Osteophytes L3-L7, L3-L4 & L1-T13 (bridging) possibly broken. Large bulbous articular
facets in lumbar area.

- E-34: Densities of the anterior portion of the annulus fibrosus throughout the T-region, with
T10-11, T12, T12-13 the most reactive. Loss of IVD space T12-T13 & L1-L2, Osteophytes in the lumbar
region; intense reaction on supe-ior surface of each lumbar vertebrae, initiating in the region behind
the epiphyseal line. Greater osteophytosis on right lateral side of spinal colum than left, which
corresponded to the fractured side of the pelvis resulting in secondary osteocarthrosis of the right
coxofemoral joint.

Grossly, the spines from the thoracolumbar area to the sacrum were represented by hulbous
intervertebral spaces between vertebral bodies with concave contours. Since the lumbar vertebrie are
larger, more inferiorly in the spine, it appeared as if the osteophytic reaction was greater more
inferiorly. However, if one would compare the degree of osteophytosis with the size of the centrum, the
gJreatest reaction was at the thoracolumbar region, decreasing in intensity either superiorly or
inferiorly. A Schmorl's node was observed in the medullary cavity of L1 of several baboons originating
from the T13-L1 IVD space. The miuscle mass of the dorsum of the baboons did mot appear atrophied. The
soft tissues were unremarkable, except for E-18 where the visceral and parietal pleura were adhered fram
T3 to T12, No underlying pulmonary pathology was ohserved,

The histopathology verified the radiographic and gross pathological findings. The thoracolumbar
area of E16 was divided horizontally exposing a white nodule in the medullary cavity of L1. Upon
microscopic examination, a circumscribed nodule of material, apparently a degenerated portion of the
nucleus pulposus had penetrated the end plate and had secondarily became surrounded by bone trabeculae of
varying size. The medullary tissue reaction around the nodule was fihrous, changing to adipose and
merjing with hemopoietic. The portion of the cortical hone ajjacent to the centrum was attached by the
periosteim. The medullary cavity, which the bone chip had covered was filled with adipose hone marrow.
There was a number of enlarged trabeculae extending axially as well as in the superior and inferior ends
of the centrum. The trabeculae were composed of lamellar bone, and some were large enough to contain
osteons. The osteophytes were casposed of cancellous hone and red bone marrow. On one lateral side of
the spine, the osteophytes were mature and briding the annulus, while on the other side there was
vascular invasion of the annulus with no osteophytic formation. 1In general, a large initial osteophyte
appeared to develop inferior to the superior edge of the vertebrae. One large bone section from E-18
contained four IVD spaces and three hodies, One IVD space had collapsed, one was degenerating, and two
were in fair condition. 1In the collapsed IVD space, a remnant of the nucleus pulposus was fourd under
the posterior ligament in the vertebral canal. There was chondroid metaplasia in the center of the
annulus fibrosus with the chondrocytes arranged in chondrones. There was a great amount of ossification
in the anterior portion of the annulus fibrosus where the glycosaminoglycans were either absent or
localized in cystic areas. There was an apparent fracture of the superior edge of the vertehrae which
was repaired by trabeculae of irreqular size and arrangement and surrounded by adipose hone marrow. This
area was enclosed in hematopoietic hbome marrow. The articular cartilage of the facets had an uneven
articular surface. The superficial layer of the articular cartilage was missing in some areas, or was
acellular in others. There were areas of multiple tide marke indicatingy progressive remodelling.

DISCUSSION

Fram the preceding data, it i3 apparent that the spines of the babnons developed a time—dependent
spondylosis accompanied by osteophytosis, hyperostosis and articular facet ostecarthrosis. Epstein (2)
suggests that “spondylosis® refers to a pathological condition arising fram discal degeneration resulting
in osteophytosis and deformities of the discs. He also states that osteophytes are usually asymptomatic
and that large paravertebral ligamentous calcification appear, particularly at the thoracolumbar region
when laborers are engaged in excessive bending and/or strain., Hadley (3, correlated the raliolooy ad
histopathology of articular facets, and Lewin (4) described ostecarthritis of the facets in the lumhar
region of the spine. Recently, the IVD and the two facet joints have heen described as a tripoidal joint
where failure in one will have secondary effects on the other two components (5). In Schmorl and
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Junghanns (1), a number of animal experiments are listed where investigators discussed the relationship
between spondylosis and a signle trauma. Many of these experiments required invasive techniques which
severely compromises the animal response.

Therefore, in view of our serial radiographic, gross pathologic as well as histopathologic results
indicating a decrease IVD space at the thoracnlumbar transregion, the secondary margination of
anterolateral osteophytes, the secondary osteoartnrosis of articular facets and the presence of Schmorl's
nodules in and around the thoracolumbar region, it has been decided to classify this condition -
Spondylosis Deformans Traumatica. This is the first report of this condition being experimentally
produced non-invasively in a sub-human primate. Further study of this model should provide definitive
knowledge relative to the initial observations listed in this paper plus provide a model from which the
initial histochemical and biochemical lesions in the intervertebral disc can be learned.

Operationally, this lends credence to the most common site of injury (T12-L1) by man upon ejection
from aircraft and will provide background to better understand the pathology of injuries suffered by
aircrewmen. It also supports the conclusion that systematic standardized radiographic skeletal overviews
should be accomplished on all aircrewmen recommendad for tlying in high performance aircraft. If a
single traumatic incidence can induce spondylosis in healthy animals, then those aircrewmen who have
congenital or acquired spinal anomalies may weaken the integrity of their entire spine and may be in
jeopardy following exposure to ejection forces. Likewise, those aircrewmen who have ejected should have
their spines monitored more closely than other line personnel. If an aircrewman has ejected more than
once, then it becomes imperative that his or her spire be monitored very closely. As stated in Schmorl
and Junghanns --- "The possible deterioratiun of a generalized spondylosis deformans following trauma can

not be denied."
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DISCUSSION

UNIDENTIFIED QUESTIONER

A question was asked about the location of the spinal eolumn degeneration.
AUTHOR'S REPLY

Well, 1'd say the degeneration of intervertebral dises. 1'm not suve if it's thc annulus or the nuelei,
DR. THOMAS (USA)

1s it possiblc that the loss of this kind is due to thc displacement of the disk into the adjacent vertebral
bodies?

AUTHOR'S REPLY
Yes.
DR. THOMAS (USA)

Do you gct displacement or prolapse of the disk through the annulus-fibrosis laterally or posteriorly
or anteriorly in any of these baboons?

AUTHOR'S REPLY

Well, it looks like it is prolapsing into th.c vertcbral body.
DR. THOMAS (USA)

But you didn't see any prolapse into the spinal canal?
AUTHOR'S RFEPLY

No. We reported one in our preprint where it appeared that the nucleus had come up underneath the poste-
rior ligament,

DR. THOMAS (USA)
But it didn't break through and beconc a free body in the spinal canal?
AUTHOR'S REPLY
No. it didn't appear to. 1t appeared to undergo chondrowd metaplasia in-situ,
DR. UNTERHARNSCHEIDT (USA)
Is it correct that some of the material penetrated the anterior ligament”?
AUTHOR'S REPLY
1 did not see any that penetrated the anterior.
DR. UNTERHARNSCIEIDT (USA)
Didn't some part of it penetrate the inner part of the ligament? | had that impression in some of the photos

AUTHOR'S REPLY

1 did not see any. We're now on phase thiee of this and are seeing some changes

in the annulus.
GEN BURCIARD (GE)

How does the aging process of the baboon compare to Lhumans, and how fast would changes lixe this appear
in humans compared to baboons?

AUTHOR'S REPLY

We are in the process of doing a developmental study on aged spines in the baboon. 1think that's very im-
portant. We have made arrangemcats with the Southeast Research Institute to get their aged baboon spines
and we will have a better answer to that question hopefully in ancther year or two. As to the ch nge rate for
human, that's beyond me. | can only report what 1 see herc.i.e., baboon. We are sceing changes like you saw
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in the helieopter pilots that may mateh tizese very closely. To put myself way out on a limb, 1'll say two or

three years, beeause we used 40g while most of our people reeeive less than 20g when they ¢jeet. So, 1 would
almost double the time, but I think it happens. We are also coneerned that people flying high performanee air-
eraft begin their eareers with exeellent spines. Beecause it's going to happen on normal spines and the individual
has hemovertebra or some other spinal abnormality. 1 think it would be very bad for a pilot to begin training
with an undiagnused spinal abnormality; it would intensify the pathology.

DR. VON GIERKE (USA) COMMENT

We know the baboon ean stand higher aceeleration levels. That was presented at the Oporto meeting where
we showed toleranee eurves of the baboon versus man. 8o the baboon was seleeted to more or less simulate just
below what we eall fracture toleranee in a baboon.

AUTHOR'S REPLY

However, we hope to get a better handle on this point during the developmental anstomv so that we can
stage a better ehronology .

COL KNAPP (U'SA)
Would you postulate the effeet of ehronie whole body vibration on aeeeleration of this process?

AUTHOR'S REPLY

I do not know. | don't have any idea what vibration would do to this. 1 think after we have done the impaet
work it would be very interesting to do the vihration plus impaet work to see if there is an additive offect or even
a synergistie effeet.

COL KNAPP (USA)

Based on your findings, are you prepared to reeommend that all pilot-patients who have sustained a signifi-
cant but subelinical i) spinal fraeture should have yearly, long-term, radiologie follow-up”?

AUTHOR'S REPLY

It is unknown at this time how widespread this problem is in pilots who have substained significant tg,
impaet. Ilowever, our initial research indieates that the primate spine has the potential to reaet to impaet by
eausing spondylosis. By performing an epidemiolngical study on those individuals who have suffered impaet
and by inercased research on the biolsgieal potential of the spine a more definitive answer could be given.

COL KNAPP (USA)

Will the acenmulated X-ray dose justify the early diagnosis of arthritic discasc and follow-up data derived
thereof?

AVTHOR'S RFPLY
The radiation hazard would have to be submitted to radiologieal experts for this evaluation.
GEN ORD (USA)
Coneerning any proposal for annual radiographic examination of the spines of aviators involved with impaet
incidents. there is a highly significant medieolegal problem related to the radiation exposure.
AVTIIOR'S REPLY

Radiation llazards should be determined by radiologieal experts prior to such exposure. M a risk should
be determined . another approaeh should be taken.

BR. LEVINE (USA) COMMENT

! will argue about the value of X-rays. | look at an awful lot of people who have various kinds of baek trauma
in my practice. 1 cannot correlate X-ray findings with pain, | see some terribte looking X-rays and the
patient has no pain. 1 see some X rays that are clean and beautiful and the patient lies there with a ruptured
disk. I question what the X rays mean on follow-up.

COL KNAPP (USA)

I think the issue here goes beyond. It goes to the issue of retaining a pilot who is demonstrating arehiteetural
changes in his load-bearing spine to force environments that may sggravate a clinical/orthopedic problem or
may eause a more serious problem if he is to sustain a second injury problem. So this is both an epidemiologic
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and oceupational problem. sly earlier question was baited because | knew what Dr. Kazarian had recommended .,
but only a few eountries, primarily here in Europe, are doing the X-ray follow-up. 1 am hopeful that this one
thing will come out of this mecting: a elear statement of the importanee of some type of follow-up after a sub-
clinieal fraeture.

UNIDENTHIED QUESTIONER

1 would wonder if we might work up some more clinieal-like flexibility . 1 think if we eould determine how
much the spine eould move or how stiff it is we might have more useful data rather than looking at an X-ray.

AUTHOR'S REPLY

I think you have to recognize that if you're going to have a deereasc in intervertebral disk space you have to
have an inerease in artieular faeet joint arca, which brings about a deerease in total range of motion over a
period of time. And if you have deercased range of motion, you're going to bring abouat a deercase in tolerance
to impaet. So, then, the question is, should an individual be subjeeted to an aceeleration-time history in an area
where you know there's a high range of motion which in turn is saying there is a high risk arca. 1 think that's
what it boils down to. And I don't think we've recognized it as a problem.

DR. VON GIERKE (USA) COMMENT

I would like to add, we receommend .his prim:rily with respeet to ejeetees from aireraft where we have a much
more controlled situation than we have normally in elinical injuries you mighkt sce. So. eertainly the research
results we would get out of sueh follow-up studies would be much better eontroiled than in gencral praetiee.

DR. UNTERIIARNSCHEIDT (USA)

We should not only look at these problems from the orthopedical standpoint but aiso from the neurologieal
standpoint, beeause ecompression of the disk means compression of the posterior roots. Therefore, pain
and perhaps eompression of the anterior roots and atrophies,

DR. TIIOMAS (USA) COMMENT

We have aviators who do ¢ject and sustain vertebral fractures and as far as 1 know if they are healed. that
is basieally symptom free, they return to flight. The general feeling is that they zre a higher risk of turther
baek injuries if they have to eject aguin, but on the other hand they are extremely valuable people because
they cost so mueh money to train. 1 don't think that the line services rexardiess of architectural damage to
an aviator. provided he eould do his joh: I don't think they would consider not nsing him again. becanse of
his value.
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MECHANISMS OF HEAD IMPACT INJURY AND MODIFICASION BY HELMET PROTECTION

Alan M. Nahum, M.D., Professor of Surgery, University of California Medical Center,
San Diego, California 92103 and

Carley Ward, Ph.D., Biodynamics/Engineering, Inc., Pacific Palisades, California
90272

SUMMARY

Head protection provided by helmets or padding nn the impacted cadaver skull
surface was examined. Using unembalmed human cadaver subjects, frontal and lateral
head impacts were conducted. Head acceleration and intracranial pressures were
measured in order to determine the head and brain responses. Brain response was
further analyzed with the aid of a finite element brain model; each impact was
simulated on the computer to determine brain stresses and displacement du: ing the
impact. The degree of protection provided can be quantified by compari- g head
acceleration and brain pressures for esquivalent erergy impacts.

INTROLUCTION

Using both the human cadaver and a mathematical simulation, a series of helmeted
and non~helmeted impacts were conducted.

EXPERIMENTAL METHODOLOGY
FRONTAL IMPACTS

Seated, stationary cadaver subjects were impacted by a rigid mass traveling at a
constant velocity. The blow was delivered to the frontal bone in the mid-saggital
plane in an anterior-posterior direction. The skull was rotated forward so that the
Frankfort anatomical plane was inclined 45 degrees to the horizontal. Various
padding materials were interpoced between the skull and impactor to vary the duration
of the applied load. The input force and the biaxial acceleration-time histories of
the skull were recorded during the impact event. Static fluid pressurization of the
cranial vascular network and cerebral spinal fluid space to in vivo pressure levels
at impact was also performed. Following the impact exposure the brain was perfused
with a 10 per cent formalin and carbon particle solution. Injury to the contents of
the cranium, as evidenced by extravasation of the carbon particles into the brain
tissue, was then assessed by pathelogic examination.

In some experiments a ventriculostomy technique was employed to provide input
and monitoring sites for cerebral spinal fluid simulation. An alternate method of
pressurization by entering the dura over the superior surface of the brain for
addition and removal of saline via No. 8 French catheters was also employed.

In addition to the dynamic measurements of input force and head acceleration, a
serizs of intracranial pressure-time histories were recorded. Endevco model 8510
piezo-resistive pressure transducers (resonant frequency: 180KHz) were used to
monitor the dynamic intracranial pressure during the impact event. A 5 mm diameter
hole was made in the skull and the bone thickness measured. A stainless steel nipple
was inserted a distance equal to the bone thickness and the pressure transducer
threaded into the nipple such that the diaphragm of the transducer was flush with the
inner surface of the skull to prevent bruising of the brain due to protrusion of the
transducer into the cranium. 1In all but one (Experiment 36; occipital pressure #2)
of the pressure transducer placements, the dura was opened at the insertion site to
allow subdural pressure measurement. Transducers were placed in the frontal bone
adjacent to the impact contact area, immediately posterior and superior to the
coronal and squamosal sutures respectively in the parietal bone, and inferior to the
lambdoidal suture in the occipital bone. Additionally, transducers were placed in
the occipital bone at the posterior fossa. A second type of dynamic pressure
measurement was obtained by insertion of a Kulite model MCP-808-9R (resonant
frequency: 150 KHz) catheter tip pressure transducer in the internal carotid artery
at the level of the carotid siphon.

Due to the limited number of tr. sducers available for a given experiment and
the desire to acquire information at rious anatomic sites, pressure measurements
were not duplicated at all locations f¢ each experiment. Certain measurements were
specifically paired to examine questio: - of pressure pulse symmetry and recording
accuracy. Bilateral occipital (Experiments 37, 38) pressures were monitored to gain
information on pulse symmetry. Transducers were also placed adjacent to each other
in the posterior region (Experiments 46-52) and occipital (Experiment 36) to
determine if the measurement technique would yield similar results in essentially the
same anatomical area oif the skull.

SIDE IMPACTS

In this series impacts were conducted on the lateral aspect of unembalmed
cadaver heads. The cadaver specimen was seated in an upright peosition. The
Frankfort plane was maintained in a horizontal position by resting the mandible on a
styrcfoam support block prior to impact. The skull was impacted laterally in the
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area of the parietal bone by a 12.38 kg pneumatically actuvated piston. The impactor
surface was a circular disc, 12.5 cm in diameter. Paired tests were ccnducted in
protected and unprotected modes. Impactor terminal velocity was measured by a
magnetic probe. Intracranial pressure was requlated by both intravascular and
intracranial (subdural) catheters connected to saline reservoirs. Just prior to
impact the intravascular pressure was adjusted to approximately 100 mm Hg via a
catheter inserted in the <ommon carotid artery. Intracranial pressure was monitored
by a water manometer and was adjusted to 0 mm Hg prior to impact.

As in the frontal impacts, intracranial pressure was measured dynamically at the
time of head impact by piezo resistive pressure transducers (Endevco model 8510,
resonant frequency 180 KHz) which were inserted into the subdural space at designated
locations. Head acceleration was measured by nine Endevco piezo resistive
accelerometers (model 2264-2000; resonant frequency: 27 KHz) mounted on an Endevco
triaxial bracket (model 21419).

In the unprotected tests the impactor surface was covered by a composite of two
padding materials: 1.5 cm Ensolite and 1.5 cm open cell polystyrene. In the
protected tests, the head was fitted with a Bell model R-T helmet [Helmets supplied
courtesy of Bell Helmets, Inc.)] This helmet utilizes an expanded polystyrene bead
liner material.

The accelerometer bracket was rigidly attached to the head opposite the side of
impact by drilling a clearance hole through the skull and securing the apex of the
bracket by means of an expanding collet at the end of a threaded shaft. Two of the
three accelerometer mount legs were also attached to the skull using threaded studs
which terminated in drilled and tapped holes. Dental acrylic applied at each of the
three attachment points acted to distribute the transmitted loads to a larger surface
area of the skull. A portion of the helmet shell opposite the side of impact was
removed to accomodate the accelerometer mount. Following the experiment the head was
affixed in a measuring jig to establish the coordinate of the accelerometer bracket
legs relative to the origin of the anatomic coordinate system. These components of
linear and rotational acceleration at the point of attachment of the mounting bracket
were calculated from the nine accelerometer array output using the analysis reported
by Padgaonkar et al. [1] A coordinate transformation was then implemented to
represent these data at the origin of the anatomic axes. The sign convention
followed for the anatomic axes was positive x, y and z directions being posterior-
anterior, laterally right to left, and irferior-superior respectively. All
acceleration data discussed subsequently represents values at the origin of the
anatomic axes.

HEAD ACCELERATION

Acceleration traces differ in shape, magnitude and duration for the helmeted and
non-helmeted impacts. The short duration, spike-shaped trace shown in Figure 1 1s
typical of the resultant head accelerations for the unprotected head. Pulse duration
is increased with thicker padding. The longer, rounded trace shown in Figure 2 is
characteristic of a helmeted impact, where the helmet liner dissipates impact energy.
In some impacts an oscillation occurs at the top of the trace (near the peak value).
This is caused by the helmet moving with respect to the head, shifting position on
the head.

In the frontal impacts, the resultant head acceleration vector lies in the
midsaggital plane, the acceleration components being in the antero-posterior and
superjor-inferior directions. In the side impacts the head is accelerated in all
three directions. Thus the resuitant head acceleration vector does not remain in a
plane, but changes direction as the head translates and rotates. The largest
acceleration component is in the impact direction.

INTRACRANIAL PRESSURE

The maximum positive pressures occur near the impact site regardless of the
impact direction. Maximum pressure and head acceleration traces are similar in shape
and duration. In the unprotected head, the brain experiences a sharp spike-ghaped
pregsure pulse. In the helmeted head, the brzin pressures are lower and last longer.
(For a discussion cf these pressure differences refer to the brain response analysis
section of this paper.) In reqgions surrounding the impact site, the magnitude of the
pressucre decreases as the distance from the impact site increases. Opposite the
impact, the initial dynamic pressures are negative when measured relative to the
atmosphere. Tensicn stresses develop in the tissuve. The internal folds of dura
influence the pressure response. Closely spaced transducers cn opposite sides of the
membranes recorded different pressures. The most significant difference was between
the right and left side of the falx cerebri in the leteral ‘mpact series. Pressures
are also affected by the foramen magnum; pressuras near :his opening and in the
posterior fossa were low.

FRONTAL IMPACT SERIES

Important variables for the frontal series are recoré~d in Table 1 and compared
graphically in Figures 3-9. 1In these plots kinetjic enerqgy refers to the follewing
product: 1/2 x impactor mass x impactor velocity“. Skull fracture cases were not
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included.

(1) Peak Head Acceleration vs. Kinetic Energy

The comparison of impact enerqgy and head acceleration in Figure 3 demonstrates
the protection provided by the helmet. Head accelerations are low in the helmeted
impacts even at high energies. The Lelmet effectively dissipates the impact energy.
Non-helmeted impacts dissipate equivalent enerqgy when a thick padding, 5.08 cm of
polystyrene, is used on the impactor. This is shown by the overlapping of helmeted
and non-helmet data points. In the high energy range, unpadded or minimally padded
impacts could not be performed for comparison, because the skull would have
fractured. Data scatter in Figure 3 is related to differences in impact interfaces.

(2) The U.S. Federal Head Injury Criterion (HIC) and the Gadd Severity Index (GSI)
vs. Kinetic Energy

The relationships between these impact severity measures and the impact energy
are shown in Figures 4 and 5. In calculating the GSI and HIC the acceleration is
integrated with respect to time. The longer helmeted acceleration traces result in
higher severity values, and the advantage afforded by the helmet is less apparent.
The helmeted data points are still clustered on the low side, however. As in Fiqure
3, the non-helmeted data points for & thickly padded impactor overlap helmeted data.

(3) Peak Frontal Pressure vs. Kinetic Energy

The relaticnship between maximum intracranial pressures and impact energy are
shown in Fiqure 6. Frontal pressures in these helmeted frontal impacts could not be
measured because the helmet would destroy the transducer. The pressures in Figure 6
were obtained from the finite element model. Since the model accurately predicted
the pressures at other locations in the impact, these frontal values are considered
reliable. The results show that pressures are low in the helmeted head.

In Fiqure 6, horizontal lines representing moderate and severe injury levels
were drawn. These pressure levels were obtained from an analysis of brain injuries
in frontal and occipital impacts [2). The study showed that when peak pressures were
above 1758 Hg-mm (34 psi) the brain could be seriously i ,ured. Between 1293 (25
psi) and 1758 Hg-mm (34 psi) moderate brain injuries occurred, and below 1293 Hg mm
(25 psi) the injuries were only minor. Comparing the helmeted results to these
injury levels shows that the helret prevented severe injury.

(4) Peak Frontal Pressure vs., Head Acceleration

A linear relationship between head acceleration and peak pressure is shown in
Fiqure 7. Pressure increases as acceleration increases, and the data can be
approximated with a regression line. As in Figure 6 the peak pressures were obtained
from the finite element model simulation. But even without these points, the linear
trend is apparent. Some scatter is attributed to differences in head size and impact
locations.

(5) The Federal Head Injury Criterion (HIC) and Gadd Severity Index (GSI) vs.
Peak Head Acceleration

The relationships between these severity measures and peak head acceleration is
shown in Fiqures 8 and 9. Since the HIC and GSI are exponential functions of head
acceleration the data exhibits an exponential trend.

SIDE (LATERAL) IMPACT SERIES

Results from the side impact experiments are listed in Table 2, and
relationships between the measured quantities are graphed in Figures 10-16. 1In all
of the non-helmeted tests a thick layer of padding was used ¢n the impactor, the
thinnest layer being 3 cm thick. Although the range of interface conditions is not
as extensive as in the frontal impacts, the same trends in the data are observed.

(1) Peak Head Acceleration and Kinetic Energy

Fiqgqure 10 shows that accelerations of the helmeted heads are low. The peak
accelerations are only about half those of the non-helmeted heads in the high energy
impacts. Some of this diiference could be attributed to the mass of the helmet, but
not reductions of this magnitude. The weight of the helmet is only 1000 gms.

(2) Maximum Angular Acceleration About the Y-Axis vs. Impactor Kinetic Energy

The helmet also reduces the angular acceleration as shown in Figure 11. For the
same impact energies, helmeted head rotational accelerations are lower. As in Figure
10, differences between helmeted and non-helmeted impacts incrrase at higher energy
impacts.

(3) HIC and GSI vs. Impactor Kinetic Energy

Relationships between the head injury criterion and impact energy are shown in
Figure 12 A & B.. As in the frontal impacts (Figure 4) the helmeted HIC values tend
to be below the non-helmeted values. Because the HIC and GSI are integrated
functions, the differences between the helmeted and non-helmeted data points are not
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as great as in the acceleration peak, Fiqure 10.
(4) Peak Frontal Pressure vs. Impact Kinetic Energy

Intracranial pressure is related to impact enerqgy in Figure 13. These measured
frontal pressures, on the struck side of th head, approximate the maximum positive
pressure at the impact site. For the same impact energy, pressures are lower in the
helmeted head. Since injury is related to pressure magnitude, reducing the pressure
reduces the occurrence and severity of brain injuries.

(5) Peak Frontal Pressure vs. Peak Head Acceleration

The relationship between pressure and acceleration tends to be linegar for bhoth
helmeted and non-helmeted cases, as shown in Figure 14. This linearity is similar to
that shown by the frontal impact data (Fiqure 7), but in this comparis.a the helmeted
pressures were measured. One important observation is that for the same head
acceleration, pressures in the laterally struck head are lower, approximately one-
half the magnitude obtained in the frontal series. This is due to the falx cerebri.
This membrane divides the upper brain into two compartments reducing the pressure
responses in the lateral direction. The lengths of the individual sections of brain
accelerated are one-half the brain width.

(6) The HIC and GSI vs. Peak Head Acceleration

These impact severity measures are related to head acceleration in Fiqures 15
and 16. The trend is similar to the frontal impact series, Figures 8 and 9. Again
the relationship appears to be exponential which would be consistent with the HIC and
GSI derivation. GSI values are higher than HIC values for the same impacts,
especially at higher accelerations. This is due to the maximization procedure, which
limits the portion of the acceleration trace used in the HIC caliculation.

BRAIN RESPONSE ANALYSIS
FINITE ELEMENT BRAIN MODEL

Stresses and displacements throughout the brain were calcrlated in computer
simulations. An analysis procedure known as the finite element method was employed.
Using this technique the structure or substance to be analyzed is mathematically
aiviaea into small pieces or elements. Equations for each element are generatea in
the computer and then combined to form the matrix system equation of motion. 1In this
study the brain and contained fluids are divided into six sided, eight corner (node)
brick elements. The assembled elements approximate the irregqular shape of the brain
where the edges of the elements form a grid of intersecting lines. Reter to Figure
17. Four node membrane elements are assembled to simulate the internal folds of
dura, the falx and the tentorium. In all elements the mass is considered
concentrated at the element corners or nodes.

The internal shape of the skull is simulated to form a container for the brain.
An opening representing the foramen magnum is modeled and allows movement of the
cervical cord into and out of the cranial cavity. 1In these test simulations the
container or skull is mathematically moved in space as the head moved in the impact.

MATERIAL PROPERTIES

Material constants for the composite intracranial material - brain, vasculature
and contained fluids, were obtained from a parametric study in which measured and
computed intracranial pressures were compared. Properties which provided good
correlation were selected. Although the selection was based on a series of thirteen
tests (tests 36-38, 41-44, 46-50 and 54) subsequent simulations have dsmonstrated
good correlation using these properties. A Young's modulus of 5 x 10° mm-Hg has
provided good results for all tests.

Compressibility of the material was shown to be strain or loading rate
dependent. At higher rates of onset, the intracranial material becomes less
compressible. This is thought to be a function of flow into and out of the cranial
cavity; at a slow rate of onset, the pressure-relieving flow has a greater influence
on response. In the brain material elements, the compressibility, as defined by
Poisson's ratio, is varied between the values 0.48 and 0.499. Value selection is
based on the head acceleration rise time, rise time being inversely proportional to
rate of onset for equivalent head accelerations. A non-linear approach which would
antomatically select a value based on instantaneous element strain rate is being
considered, but unfortunately it would increase the cost of solution by a factor of
five.

Whether manually or automatically selected, these higher values of Poisson's
ratio require a special eiement. Ordinarily, finite element equations become
unstable as the material idealization approaches incompressibility (Poisson's ratio
approaching 0.5). To avoid thie instability, a split energy eiement was developed,
verified, and implemented. This element is stable for all values of Poisscn's ratio
and can more accurately predict response,

SOLUTION PROCEDURE

The equatiors are generated in terms of a skull fixed axis. Head motion is
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imposed by mathematically translating and rotating the axis frame as the head
translates and rotates in the impact experiment. Using this procedure the nonlinear
terms due to large rotation and displacements of the head are eliminated. Measured
head rotations and displacement are incorporated as known forces on the right side of
the system equation of motion. Since displacements of the brain relative to the
skull are small, and the events are of short duration (less than 10 msec) the
response can be approximated with a linear relatiorship.

The resulting system equation of motion is solved using direct integration. A
general purpose finite element program named EASE 2 is used. EASE 2 was especially
modified for the brain model calculations and is available internationally through
the Control Data Corporation Cybernet system.

BRAIN MODEL RESULTS

The model-predicted brain response is shown for a helmeted and unhelmeted
impact, Fiqures 18 and 19. 1In these two frontal impacts, the pressure or stress
responses show that the brain tends to lag the skull. Brain tissue compresses
against the skull near the impact site, and is in tension opposite the impact. The
result is a pressure gradient. When the head translates along all three axes, as in
the lateral impacts, three superimposed pressure gradients develop. Each gradient is
proportional to the acceleration along its axis.

The brain also lags the skull in rotation, producing shear stresses and strains
along the brain skull interface. 1In both head rotation and translation, the falx and
tentorium help position the brain. In effect, they partition the intracranial
cavity. Instead of a single rotational displacement of the brain as hypothesized by
Holbourn [2], separate rotational motions develop in each compartment. These
rotations in the cerebrum and cerebellum produce a complex interaction with the
brainstem, the interconnecting brain structure.

Brain displacements are small, a few millimeters in most cases. Though the
displacements depend on the event, in genzral, they are largest in the brain stem and
cerebral cortex. When a superior-inferior component of motion is present,
displacements of the cervical cord influence the brain response. 1In these impacts
the brainstem may be stretched or compressed.

BRAIN RESPONSE AND INJURY

The injuries observed in this test series can be related to the brain motion.
Contusions develop in the high pressure regions near the impact. Focal injuries
develop opposite the impact where brain tension stresses are high. Subarachnoid and
subpial hemorrhage occur in high shear strain regions and where tension stresses
develop on the brain surface. Petechial hemorrhages were observed in the high shear
strain regions of the brain stem.

Using the maximum intracranial pressure (hydrostatic stress) values as a
quantitative measure of the brain responses, a relationship between injury severity
and brain response was formulated for frontal impacts. Compression stresses of 1758
mm-Hg (34 psi) are associated with serious brain trauma., This compressive stress can
produce brain contusions near the imrpact site. Responses of this magnitude are also
associated with hemorrhages in the brain stem and in the material surrounding the
brain. If the brain stresses are between 1293 mm-Hg (25 psi) and 1758 mm-Hg (34 psi)
the injuries, if they occur, are moderate. Below 1293 mm-kg, the injuries are no
more than minor.

CONCLUSIONS

l. Unembalmed pressurized cadaver subjects were successfully used in an
investigation of head protection measures and brain response.

2, Padding on the impacted surface and helmets significantly reduce the head
acceleration and intracranial pressures in a head impact. Higher energy impacts can
be tolerated without injury. The degree of protection can be assessed by comparing
the head acceleration and/or the peak intracranial pressure for equivalent energy
impacts.

3. The relationship between intracranial pressure and head acceleration tends
to be linear. The Gadd Severity Index and Head Injury Criterion are exponential
functions of head acceleration and therefore tend to be exponentiaily related to the
peak head acceleration and intracranial pressure.

4. The finite element model can accurately predict intracranial pressure
(stress) for both lateral and finite impacts. To obtain qood correlation the model
must approximate the size and shape of the brain, simulate the partitioning internal
folds of dura, have an opening for the foramen magnum, and provide some effective
compressibility.

5. The experimental and model results show that the brain tends to lag the
skull producing pressure gradients. 1In the side impact where the head accelerates
alony all three axis, the pressure gradients are superimposed. The magnitude of each
gradient is proportional to the magnitude of the acceleration along its axis. The
largest component in both the lateral and frontal tests is in the direction of
impact.

6. In frontal impacts, a relationship exists between brain resporse as
defined by the peak intracranial pressure, and injury. Severe injur:es only occur
when the pressures or stresses exceed 1758 mm-Hg. Moderate injuries occur between
1758 and 1293 mm-Hg. Below 1293 mm-Hg the injuries, if they occur, are only mincr.
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ﬁ TABLE 1.
FRONTAL IMPACTS
EXPT. SPECIMEN CONDITIGN KINETIC PEAK HEAD HIC GADD FRONTAL
SPEC#/SEX (INTERFACE) ENERGY ACCELERATION PRESSURE
(cm) (Joules) 3 (mm-Hg)
iMSec? x 10%)
15 78M Isomode 105 1.91 627 787 -
1.4
17 T9M Isomode 142 3.21 1507 1882 -
.7
18 81M Rubber 247 2.13 366 432 =
.2
19 82F Isomode 132 2,32 845 1131 -
1.4
26 85M Isomode 57 1.20 251 313 -
1.4
27 86M Ensolite 37 .43 31 45 -
2.54
28 89F Isomode 102 2.70 1316 1544 -
1.4
29 91M Rubber 34 2.90 657 847 =
.2
31 94M Isomode 137 1.73 624 750 -
2.1
) 32 9SF Isomode 138 2.76 1443 1691 -
1.4
36 101F Isomode 205 2.30 923 1068 i022
1.4
7 1n8R Isomode 276 2.00 744 861 1059
2.1
38 109F Isomode 245 2.42 980 1153 1041
1.4
41 111F Polystyrene 1900 3.90 3765 4756 3207
5.08
2 112F Folystyrene 438 1.59 703 842 -
p 5.08
43 115F Polystyrene 438 2.23 804 1008 2031
5.08
4“ 117F Polystyrene S0 1.52 551 675 764
5.08
46 120M Polystyrene 51 .31 32 36 174
5.08
47 120M Ensolite 51 .29 21 24 194
2.54
48 120M Isomode 46 1.28 297 342 929
1.3
49 120M Rubber 182 3.42 1008 1153 1969
.2
50 120M Polystyrene 182 1.42 539 675 1175
5.08
1
S4 122m Polystyrene 184 2.34 820 1061 2059
5.08
i 55 ¢ 132F Helmeted + 149 1.65 s63 669 2 i
| Isomode
57
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: FXPT. SPECIMEN CONDITION KINETIC PEAK HEAD HIC GADD FRONTAL
SPEC#/SEX (INTERFACE) ENERGY ACCELERATION PRESSURE
(cm) (Joules) (mm-Hg)

(MSec? x 103)

56 * 132D Helmeted + 281 1.13 221 252 -
Isomode
.7

57 * 132F Helmeted + 427 1.43 367 421 =
Isomode
7

58 * 132F Helmeted + 303 1.19 298 351 -
Isomode
.7

59 * 132F Helmeted + 406 1.51 546 641 =
Isomode
.7

60 * 132F Helmeted + 741 1.67 1010 1092 -
Isomode
.7

63 * 132F Helmeted + 733 1.98 1000 1087 -
Isomode
.7

64 139M Helmeted + 719 2.67 2685 2820 1548*%*
Isomode

65 140M Helmeted + 532 1.97 1542 1627 1113#%%
p Isomode
7

56 141M Helmeted 4 250 1.26 462 544 707%%
Isomode
.7

67 142F Helmeted + 388 1.96 1581 1585 1126%*
Isomode

68 144F Helmeted + 458 1.43 807 857 T75%%
Isomode
.7

p * Indicatles Embalmed Specimen **From Finite Model
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TABLE 2.
SIDE IMPACTS
EXPT. SPECIMEN CONDITION KINETIC PEAK HEAD HIC GADD PEAK
SPEC#/SEX (INTERFACE) ENERGY ACCELERATION FRONTAL
(cm (Joules) 2 PuiSSURE
(M/sec? x 10%) {mm~Hg)
TO0W 147M Ensolite 89 1.29 = 1308 -
(3)
71W 147M Ensolite 119 2.08 1796 2085 -
(3)
720 147M Polystyrene 119 3.28 3613 4566 S
(3.1}
73W 147M Polystyrene 89 2.62 2179 2624 =
(3.1)
74W 150F Ensolite 135 1.2° 456 553 454
(3)
T6W 152F Ensolite 165 4.43 2625 3452 1800
(3)
TIW 153F Polystyrene 195 11.66 = = =
(3.1)
78w 154F Polystyrene 215 5.4 - - -
(3.1}
84w 158F Polystyrene 225 1.47 411 488 -
+ Ensolite
(4.1)
85wW 158" Relmeted 159 1.25 564 711 342
87w 158F Polystyrene 159 2.33 923 1152 815
+ Ensolite
(4.1)
88w 158F Polystyrene 399 7.69 5337 7342 1276
+ Ensolite
(4.1)
89w 158F Helmeted 323 1.71 810 945 552
9ow 158F Helmeted 440 2,83 1690 2001 662
91w 158F Helmeted 476 3.08 2022 2517 863
92w 158F Polystyrene 425 5.44 3234 5620 957
+ Ensolite
(4.1)
93w 158F Polystyrene 533 6.89 2584 5142 1432
+ Ensolite
(4.1)

B




e _——————n . . £ A T T

D2-1

DISCUSSION
DR. SHANAHAN (USA)

You are really eomparing in these tests, the effeet of the helmet shell in that you are using a padded im-
paetor for your unprotected samples and a helmet with built-in padding for the other. 1 was wondering if
you have eonsidercd using this partieular sct-up to compare the effeet of different types of materials for helmet
shells.

AUTHOR'S REPLY

Yes, 1 think it's very appropriate to use it for different helmet shells. We have done different types of
helmets; however, this data was only from the polystyrene. 1 think in addition to the helmet though we have a
different contact area when the head hits a flat surfaee, it's a ruther finite area with a helmeted liner, the more
the head deforms into that liner, the more eontaet area you're getting, and so 1 think that's also ineluded in
the proteetion that was provided by the helmet.

UNIDENTIFIED QUESTIONER

If 1 understand one of your eurves eorreetly , you showed the HIC and the GADD indiees for frontal impaet
as being higher than for unproteeted head. Did 1 read those curves eorrectly? I did notiee that the HIC and
the GADD indiees seemed to be higher and you explained that beeause they were exponentials.

AUTHOR'S REPLY

1 showed two eomparisons with them, whether it was relative to the energy of the impactor, or relative to
the head aceeleration. 1 think if it was tlic exponential, it was eomparing it to the head aceeleration.

UNIDENTIFIED QUISTIONER

Yes, beeause it seemed to imply that with the helmetcd impact with a longer time duration, you would get
a higher HIC or GADD index number than you would with the unhelmeted head. What does that imply?
Would you expeet a liigher index number beeause of the time duration?

AUTHOR'S REPLY

No. You would expeet a higher HIC in unhelmeted impaet of the same energy. but the differenee is not as
signifieant as if you were just comparing head aeeelerations beeause of the integration that tends to inerease
the I1IC in the helmeted ease. But time is not as significant as the peak g value.

UNIDENTIFIFD QUISTIONER

The automotive industry looks at a l11IC of more than 1000 as injurious, and eertainly signifieant, and if | were
to wear a helmet and the helmet gave me a HIC nore than 1000. it would be unacceptable. That's what | am
asking. If i were wearing a helmet in an automobile, the HIC that I would expeet would be higher than if 1
were not wearing a helmet in an automobile witn the same impaet.

AUTHOR'S REPLY

I think there is a risk in using the 111C on a helmeted head ease beeause of this problem. You can stay below
the injury level and still have a high HIC.

DR. TIIOMAS (U'SA)

The original Awerican Nationai Standards ANSI (4290) standards tor helmet proteetion were based on lincar
acecleration awcasureaents and the duration of that linear aceeleration. That standard has existed for years and
is based upon experimental work eondueted at Wayne State University in the 40s and 50s era. The HIC is a
creation of a burcaueracy. As far as 1 know ., tliere is no experimental information to determine that the 1IC dis-
criminates between injury and noninjury better than linear acceleration.  The data that you present liere
indieates that peak linear acecleration is a muelh better diseriminator. Therefore, why use the 111C at all”?

AUTIIOR'S REPLY

Well, I'm not a member of the bureaueraey that created the HIC and 1 probably would use linear acceleration
ar a eritevia.

ONIDENTIEIL D QUESTICNER

Ms. Ward, can you say something about the test eenter and how you did the impaets?

o ¥
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AUTHOR'S REPLY

The subjeet is seated in front of an impactor and the impactor is traveling at constant velocity when it impacts
the hcad., We usc different padding material on the impactor and different weights of impactor to obtain different
cnergy levels. The accelerations were recorded during the impact.

UNIDENTIFIED QUESTIONER
With ccerebral injuries, arc you sura thiere are no artifacts with your methods?
AUTHOR'S REPLY

Well, we did run controls and found that therc were no injuries in the controls, but yo. Zon't ulways injure
the brain. Some brains seem to be able to tolerate u great deal more than others, so that not every brain is
injured at the injury level shown in our paper.

UNIDENTIFIFD QUESTIONER
What level of errors would you cxpeet in measuring dynamic pressures in the brain?
AUTIIOR'S REPLY

We did do tests about four years ago,not in the skull, but in water on transducers,comparing them to others
at impact. 1 don't think that sur technicians found any major problems. I know that a number of other people
are using the same pressure transducers. the University of Michigan uses them. and they haven't found any
crrors of significance. 1 might expeet inaybe 10% at most.

bR . VON GIERKE 7USA)

I basically disagrce when you say you have mood correlation between pressure and head injury. | don't think
the pressures produce any ‘njury. It's a pressure gradient which would produce the injury: therefore 1 think
you have the same injury mechanism in front and back. This comment might not be so important for your specifie
restits and comparisons for this impactor for this weight and this helmet, but basically you have a pre- sure wave
as you showed it on the last slide. The one with the higher peak has a higher pressure gradient and a pressure
gradient eauses the injury. I you compressed the whete brain uniformly, you would have no injury .

AUTHOR'S REFLY

Well, I'm surc if you applied the pressure very slowly and didn't let the brain move as it was being compresscd,
you probably wouldn't injure the brain. Perhaps our statement is too simple. What we're ssying is you can get
a dynamic stress that's high in a speeifie arca and when you look at the brain vou sce an injury in that area.
Whether it's the high pressure or the gradient in that pressure, 1 wouldn't say ., hut that's what we observed.

DR. VON GIERKE (USA)

But you agree it is a pressure wave traveling through the skull and if you assume compression of the brain
tissue, it is not really the compressibility . That is a mathematical compressihility you introduced because yonr
theory docs not take care of the deformation of the skultl and the accompanying shear in the brain tissue. The
damage can only come from pressure gradients.

AUTHHOR'S REPLY

No. 1 think that's where the misunderstunding is. We're not dealing primarily with the pressure wave trans
mitted through the brain M we hit the skull on this »ide ., the skull comes up against the brain and pushes it
along and develops high coatact pressure. hna way it’s like an inertia of the brain., The bigger the brain is,
the harder it pushes on the skull, and that's apparent in the side impuacts.

PR. VON GIFRKE (USA)

{t is important when you go to blunt impacts where your time duration is longer; therefore, your wave has a
longer time, and you have a differert situation. 1 don't think the pressure criteria at all lovels can be trunsmitted,
and applied to completely different types of impacts to the skull.

AUTIIOR'S REPLY

) We used the pressure eriteria (pressure values) as a measure of brain response. H the brain moves a lot, it
has high pressures on one side. and low pressures on the other. $o. it's a measure of what's going on inside
the head. Some injuries don't occur at the high pressure regions like in the brain stem, and we know it is shear
i strain in response to what's gouing ot and response to how the brain is moving. The more the brain moves the
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more the shear strain and the higher the pressure. So, in a sense we're using pressures as a measuv. of brain
response. We are not saying that beeause it's under a lot of pressure, it fails. It does fail under high pressure
but 1 won't say that it's beeause it's a eonstant pressure. it's a echanging pressure.

DR. VON GIERKE (USA)
Thank you very mueh.
UNIDENTIFILD QUESTIONI-R

Please discuss the analysis of the pressure eurve on the eontreeoup side of the brain where you had a deercase
in pressure and a plateau effeet within a large positive spike. What do you suppose causes the spike?

AUTHOR'S REPLY

Well. its been a mystery and now we have seen the same thing happen in the University of Michigan Highway
Safety Resecareh Institute monkey data. | thought it might be some kind of artifaet, but now we've also seen it in
the monkey data and it seems to me that the tissue fails. It oecurs around one atmosphere negative pressure. It

may be cavitating, it may just be separating. it may be gases expanding, but then it ends when the load is off,
and then fails.

UNIDENTIFIID QUEFSTIONER
Non transcribable sentenee; however. question is asked about rebound.

AUTHOR'S REPLY

In the model, of eourse, it doesn't have a failure meehanism and it would rebound before that failure. I'm
sorry I don't have something to draw on, but the model would respond faster. The only way I can make the
model respond that slowly is if I let it fail, let part of the model releasc as a failure; [ eould then permit it to

be a failure mode. In the human data, we've scen subchoroidal hemorrhage in all of those eases that demonstrated
that fa‘lure mechanism.

UNIDENTIFIED QUESTIONER

You have some problems with vibrations in your accelerometers. 1 secem to recall that there was diseussion
in the literature that the ninc accelerometers scheme might also be unstable. 1 haven't the faintest idea as to
what extent these drift phenomenon are applicable to *: ur tests. Could you comment on that please?

AUTHOR'S REPLY

To my knowledge it's the six aecelerometer scheme that could be unstable and the nine are stable. When
you mount these aeeelerometers very close together, and substraet one from the other, you eould be reading
"noise" in the system. If you could mount the acceicrometers far apart, having three here, and three there, like
the University of Michigan does. you eliminate thut problem. 1 have never had that problem in using the University
of Mizhigan data. The problem oecurs when you mount them close together on a mechanism and then mount the
mechanism at one point in the skull so that the mechanism ean rotate and then you are just getting a lot of errors.
So the best thing we could do beeause we were forced to under contract was to tie it down and wrap it with acrylie.
In summary, | don't think that the system was unstable.

TR P




DYNAMIC FRONTO-OCCIPITAL HEAD LOADING
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ABSTRACT:

Eleven dynamic fronto-occipital impact tests on helmet-protected cadavers were conducted with a de-
celeration trolley to which a quasi-rigid wall was installed. Effective head impact velocity lay between
32 and 45 km/h. The maximur: deceleration cf the head was on average 136 g in x-direction and 105 g in
z-direction. The deceleration of the vertebral column reached values of 146 g for the lst thoracic
vertebra and 77 g for the 12th thoracic vertebra (average value of the maxima).
Examination of the vertebral column showed 6 cases of severe compression fractures of the upper and
middle thcracic part; signs of strain and flexion could be detected in the form of minor injuries in
all cases. Discreet skull injuries were detected in only two cases. Injury to the brain could not be
found but cannot be excluded in view of the test object.
Ail the full-faced safety helmets used were of the same type and manufacture. The polycarbonate ocuter
shell did not break in any of the tests. The polystyrol inner liner showed plastic compressions of a
{ maximum of 30 % of the thickness of the damping liner at contact point.

INTRODUCTION

The head as one of the most critically-exposed parts of the human body in accidents,
however they may occur, can be protected by a safety-helmet. In order to reduce impact
severity and the resulting injuries to the head with brain and to the spine with spinal
cord as head support and force transducing system, the helmet must be adjusted in
accordance with technic-biomechanical criteria.

These criteria must on the one hand take account of the probability of certain types
of accident (outer construction design recommendations) and, on the other hand, the

possible injury patterns to be expected (inner constructiun design recommendationc)

in order to reduce the injury level.

At the Institute of Forensic Medicine of the University of Heidelberg, research into

L this question has been commenced on the basis of analysis of traffic accidents invol-
ving two-wheeled vehicles. After studying more than 350 accidents and closely analysing
helmet damage and injury patterns related to the "accident input", we planned to carry
out biomechanical tests with PMTOs (Post Mortem Test Object) on the Institute's own
Impact Test Facility,

The opportunity of carrying out this work showed that the assumption is correct that

the interaction of the helmet-head-vertebral column system cannot in fact be easily
deduced from analysis of traffic accidents involving motorcyclists. There are diffi-
culties in quantifying the mechanical accident interferences with sufficient precision,
e.g. the acting forces, the occurring deceleration and the reconstruction of effective
directions. Statistical investigations of accidents involviag two-wheel vehicles carried
out so far have rarely given a systematic analysis of the effects of the accident on the
helmet (FELDKAMP et al. 1977, LANGWIEDER, 1977, HURT et al. 1981, SCHUELER et al. 1982,
OTTE and SUREN, 1979).

Biomechanical investigations under standardized ce.ditions are therefore necessary in
order to determine the effect of different helmet design parameters on the risk of
injury and also to develop injury criteria for helmet standards.

[t is quite evident that safety helmet standards and test regulations have so far only
rarely been based on injury patterns and biomechanical tolerance limits.

So the ultimate aim of the HD Project ~ to extend over a period of three years until the
end of 83 - can be defined by the following three points:

j 1. the description of injury mechanisms on helmet-protected men,
2. the development of adequate, adapted satety helmet structures
} in both design and material,

3. cooperation on the development of safety helmet standards,
base data and test requlations.

-
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Point 1 implies the construction of adequate safety helmet impact test dummies.

Previous experimental investigations, using either cadaver heads protected by a helmet
or complete corpses, have generally been in the form of impact or drop tests and have
tended either to neglect the reactions toc the vertebral column or have solely con-
centrated on the vertebral column. In the course of these experiments the reactior of
the helmet itself has not been the subject of detailed analysis. ALDMAN (1976) examined
the influence of varicus helmet-shell materials on isolated dummy heads with respect

to the kinematics of the head, in particular angular acceleration.

There is a lack of experimental investigations which closely correspond to the real
situations and use post mortal test objects in which the helmet, head and vertebral
column have been subject to intersive technical and medical examination under defined
loading impact conditions.

As a first configuration of the test series we chose a frontc-occipitail impact situation
which had been frequently found in real accident situations.

EXPERIMENTAL SET UP

The PMTO0s or cummies were placed on the deceleration trolley by means of an appropriate
support device.

A polystyrole support bloc was made to maintain the PMTO in position while a support

for the back, pelvis and the feet was used to hold the PMTO during the acceleration
phase ¢f approximately 1,5 g (fig. 1).

P .
-
-

B

Fig. 1

Experimental set up

Following deceleration of the trolley by means of a braking metal sheet, the PMTO0 slid
and then hit against a quasi-rigid wall. The acceleration necessary for the desired
impact-and trolley-velocity was attained by hauling up a dropping weight of 13 tonnes
which was connected to the trolley and then fixed at the appropriate distance when
testing preparations had been completea (KALLIERIS, 1974).

The impact wall - 0,8 m wide, 0,9 m high - was fixed to the trolley. The material used
was a 30 mm multiplex panel, reinforced on the side of impact by a 2,5 mm aluminium
sheet and screwed unto a frame of 30 x 50 mm sguare bar steel. In the initial testing
position the distance between the head and the impact wall was about 1,2 m.

A mosaic screen of 1 x 1,5 m, fixed unto the trolley, was used to facilitate the
asscssment of the high-speed films.

The transmitter was placed as close to the test object as possible. Its inout was
provided by the transducers'cables; its output by 2 trailing cable leading to the
permanent contrnl room.

Full-faced safety helmets of %he same model and manufacturer were used in al! tests.
The material of the helmets used corresponded in construction and technology to the
latest technical (although nut biomechanical) developments. The outer shell was of
polycarbonate, the damping liner of polystyrole. It was found that it was typical

for the manufacture of the helmets that the foaming density of the damping lirer,
determined following the impact test, was different in the various test-runs although
the helmets were in fact fresh from the factory. The specific density was between
about 25 and 50 mg/ccm.
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TEST OBJECTS

Fresh, not embalmed or otherwise preserved human cadavers were used as PMTOs. The
post mortal period was between 19 and 105 hours with an average of 62 hours. The stages
of rigor mortis accordingly varied from an advanced stage to starting decline.

PMTOs in an advanced stage of rigor mortis had to be adjusted into the necessary
position by gentle bending of the extremities.

There were no signs of decomposition in the sense of macroscopically visibie putre-
faction of tissue, especially in the region of the head, vertebral column and thorax,
areas of special interest.

In the 11 dynamic tests performed so far the age ranges reacked from 15-41 years, with
an average of 29 years.

Since the population bracket prone to motorcycle accidents generally tends to be
younger (18-20 years old,, the PMTOs used in these tests correspond more closely to the
real situation than those used in other similar experiments.

Before experimental trauma, the PMTOs had to te free of injury. This was diagnosed by
examination, palpation, x-raying of the head (3-planes), the spinal column (2-planes)
and the thorax. Careful consideration was also taken of case history.

INSTRUMENTATION

The topographical position of the mounted accelerometers and pressure transducers is
illustrated in fiyg. 2. The transducer-mounts, constructed for this test purpose, were
fixec unto the skull bone after thread cutting following a slit-shaped incision and
prepacation of the scalp. The processus spinosus of the 12 th thoracic vertebra was
used to fix the accelerometer base with a 5 cm bone screw. The accelerometer of the
15t vertebra, however, was mounted on a disk fixed by two screws in the vertebral
joints of the 1st thoracic vertebral body.

So far nc simulation of blcod pressure by means of a catheter into the cervical
arteries and puncturing of the side ventricles nhas been performed.

Fig. 2

osition of *he ACCELEROMETERS AND PRESSURE TRANSDUCERS on head and helmet.
z-direction: central parietal bone

.a) Pressure transducer in the parietal epidural space, level with the
tabula interna.

x-direction: immediately above the inion (protuberantia occipitalis externa)
.a) Pressure transducer central occipital bone

x-direction: lst thoracic vertebra (T 1)

x-direction:12th thoracic vertebra (T 12)

z-direction: top of the helmet

x-direction: posterior margin of helmet

x-direction: both lateral sides of helmet
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DUMMY

A TNC 10-type dummy was used for preliminary tests to check the experimental set-up

and testing techniques and to carry out specific helmet examinations. Although this
dummy was specifically designed for safety-belt testing, it proved suprisingly useful
in these tests. A dummy of the whole body to meet the specific requirements of simu-
lating motorcycle accidents and head-impacts has not yet been designed.

Another motorcycle dummy at presert in use is a combination of elements from Hybrid II
and Hybrid III and does not provide a satisfactory solution. The effectiveness of
existing dummies must be re-examined so that they can be designed and adjusted in
accordance with the requirements found in the cadaver tests.

TESTING TECHNIQUE

The transmission of test data from the moving test object via the moving test trolley
to the permanent control room is conducted by an IRIG standard telemetry plant.

Piezoresistive accelerometers (ENDEVCO) - types 2264/2000 or 7264/2000 - are fixed to
the test object, the helmet, the impact point to the rear of the impact wall and the
trolley. Along with the 603 B Kistler quartz crystal pressure transducer - or, alter-
natively, the ENDEVCO pressure transducer type 8510-100, they are first connected to
the telemetry transmitter or a corresponding charge amplifier, Since the test object
is in considerable motion before reaching its impact position an individual cable
pulley had to be installed. From this point onwards, the amplified and frequency-coded
signals of the accelerometers and pressure transducers, in the form of a frequency-
multiplex signal, are connected to an analogue tape-computer.

In order to evaluate acceleration-time-history, the multiplex signal, stored on
magnetic tape after demodulation, is printed by a UV printer or displayed and photo-
graphed by a memory-display oscillograph. When a sufficient number of these tests has
been conducted, the digitalisation of this test data is to be carried out in October
1982. Following this, it will be possible to adequately assess and evaluate the head-
impact data.

Velocity measurement

The velocity of the test trolley is measured by a reflection-light-barrier-trigger-
counting mechanism immediately before deceleration in the phase between acceleration
and deceleration.

As this velocity does not precisely correspond to the actual impact velocity of the
test object on the impact wall - it is in fact too low (rebound of the trolley!) - the
slipping velocity of the test object immediately before impact is also measured. This
is carried out as follows: another light barrier is interrupted. The so-called impact
switch is short-circuited at the moment of impact. This impact switch consists of 2
parallel electrically-isolated aluminium foils which come into contact at the moment
of impact.

MEDICAL EVALUATIONS

x-ray-examinations

After the test, every PMTO is x-rayed in the same way as in the pre-test examination,
i.e. the head in 3 planes; the spinal column in 3 parts: cerebral, thoracic and lumbar
part in 2 planes. When the head and brain venous system has been filled with contrast-
medium by catheterisation of the venae jugulares internae, another x-ray examination
of the head is performed in 3 planes (BARZ, MATTERN, 1975).

This diagnostical procedure provides evidence for venal lacerations in the region of the
great dural veins and in particular the representation of ruptures of bridging veins.
Lacerations of the great intracranial veins could also be diagnosed with patho-anatomical
methods. It was however to be considered that even using careful preparatory methods
there might be artefacts in the removal process of the circular-sawed calotte. These
artefacts might not be distinguishable afterwards from traumatic lacerations of the
PMTO0. If the lesions had resulted from the dynamic lcad of the head even before
preparation, they may be distinguished by applying venous contrast media - in this case
the contrast media spills out of the lacerated vessel and forms an unusual opacity
showing the laceration in the x-ray. Similarly arterial lacerations may be ascertained
by filling the internal cerebral arteries with a contrast media.

Autopsy

After the x-ray examination, a forensic pathological autopsy is performed with special
attention to the traumatological findings. Part of this avtopsy ftechnique involves not
only the opening of three body cavities of head, thorax and abdominal cavity but also
an extensive preparation of the skeleton system by opening the body from back and front
and preparation of the subcutaneous fatty tissue and tne muscular system.

Special attention is paid to the examination of the spinal column. According to a special
technique (MATTERN,1977, 1980), the entire spinal column inciuding the occiput is
removed, the muscles are then removed in layers until a bone-ligament-specimen remains
and following deep freezing,sawed in 3 sagittal-parallel planes (fig. 5).
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This makes it possible not only to observe all laceration of muscles in their segmental
allocation but also to detect ruptures or strains of the ligamentous apparatus,
bleedings and splicing of the intervertebral disks, subluxations, luxations, bleedings
of the vertebral joints, contusion or bleeding of the spinal medulla and the spinal
canal and fractures of vertebral bodies, processus and vertebral arches, even if barely
visible.

Thus a complete recording of the injuries is possible which is not achieved by any

other method, and in particular not by traditioral x-ray techniques. More slight fractures
important for the evaluation and understanding of the kinematic and injury mechanism,

may sometimes only be verified in the x-ray if the slim sagittal-parallel cuts of the
vertebral column, already described, are subject to further x-ray methods (fig. 5 c).

The examination of the brain starts with the inspection of the unfixed fresh specimen.
It is then fixed in formalin to be cut into frontal-parallel slices and re-examined.
The histological examinations refer to the more strained areas, which are known from
the recent experience in brain traumatology.

Scaling of findings

Evaluation of the diagnosed injuries follows the AIS 80 and is based exclusively on
patho-anatomical and x-ray findings. The assessment of multiple injuries follows the
MAIS.

In the evaluation of findings of the spinal column, which is more complex than what is
quoted in the dictionary of the 1980 Revision of the AIS, a grading was developed and
used following the basic system of the AIS-evaluation (MATTERN, 1980).

TEST DATA

TEST No. 1 2 3 4 S 6 7 8 9 10 B AgﬂGE
[

TROLLEY velocity (km/h) 36 38 36 37 38 38 38,5 31 33 34 34 -

TROLLEY deceleration 19 16 = 19 18 = 18 17 1 20 19 -

{-9)

IMPACT-WALL acceleration 90/94 111/107 - 116/113}115/%4 - 127/94 123/73 106/84 | 114/77 |134/81 =

{+/-9)

HEAD velocity (km/h) (43) (45) 43) 44 45 43 4 32 34 38 38 -

HEAD (-/+g) x-direc. 143/44 122/76 =) 127/46 119/23 S 155/4¢ 141/50 [145/26 - 134/24 136

deceleration z-direc, - 106/35 - 117/41 116/15 = - 97/135 86/20 104/23 106/ 26 105

Deceleration T, z = 140/112 =] 126/79 121/79 S 152/80 117/99 - 186,135[181/169 146

on VERTEBRAL-

BODIES (-/+q) T12, 2 = 82/86 - €5/35 67/32 - 91/55 57/44 L 103/34 | 72/41 )

Decelerations Maximal values of the HELMET deceleration

on HELMET between 550 and 700 g

Size of HELMET 5,55/56 |xs,53/54|xS,53/54]s,55/56 | L,59/60|S,55/56{5,55/56 {5,55/565,55/56 { L,59,/v0}s,55/56 =

Dunsity of DAMPING-LINER 27 51 50 50 27 8 8 29 29 28 8 -

(mg/ccm)

Plastic Compression of 5/19,13 6/23,1 6,5/24,5{7,5/27,7|7/26,9 {8,7/37 |8,5/29,3 ;7,5/259|7,4/25,5] 7,4/25,5/6.8/23,5 -

DAMPING-LINER (mm)/ %

Tab, 1
Measurement Data

3 a) head in x-direction 3 b) head in z-dircction
e 3| 134 o a [4]
i i T . ! ‘/\ Ty e
: : | / —~
\ A A ‘h,a;——-- ! L{.105
| WV y ' e s e i -t [hs]
- 11_ 1_; S S S Bas e [1?;_] t _‘ i

Fig. 3
Typical acceieration-time-history (Test ho.ll)
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TEST No. 1 2 3 4 5 6 7 8 9 10 11
PMTO dates
Age/sex (years/m,f) 24/m 15/m 33/m 25/m 25/f 27/m 41/m 37/m 32/m 34/m 28/m
weight/length (kg/cm) 81/170 j46/170 59/174 |67/178 75/178 |65/178 75/172 167/170 | 74/178| 94/193 | 55/170
MAIS 3 2 3 3] 4 S) 5 S 3 5 5
Regional AIS
EXTERNAL 1 1 2 1 1 1 1 1 1 1 ]
AEAD 3 ¢} 3 e} o 2 4 [¢) [¢] o) 0
visceral cranium 2 2 2
neurocranium 3 3
brain 4
NECK o [e] 0 o c (e} o o o (e} o
THORAX 0 o o o o 4 4 1 o 4 2
AIS/Amount of fractures 4/17 4/27 1/2 [e] 4/13 2/5
Organs
Abdomen o o o 0 o o o o (e} o o
SPINAL COLUMN 1 1 3 3 4 5 5 S 3 5 5
Skelet 3 3 4 3 3 3 3 3 3
Ligaments/disks 1 1 2 2 3 3) 3 3 3 3 3
spinal cord [] 5 E) 5 B 5
EXTREMITIES o o o [e] o o 2 o (e} o] o]
Tab. 2
Medical Oata

MEDICAL FINOINGS

In the 11 dynamic impact tests the frequencies of the injury levels according to MAIS
and regionai AIS were as follows:

MAIS Regional AIS
Injury-level Head Thorax Spine External

0 0o L7 6 0 1
""" R R T  T [ Ut A S (N Ty

2 0 1 1y 0 1
I U N SR GRS SRR DO IO O

4 1 1 2 1 0

5 5 0 0 5 0

0 11 4 5 11 10

> 3 6 1 2 6 0

Tab., 3

Frequencies of the injury levels 1-5 according to MAIS and
Regional AIS.

The list of the individual injuries assessed according to AIS can be found in tab. 3.
No PMTO remained unscathed. In six cases the degree of injury had reached the level of
fatal injury (AIS>3). With one exception the sole or partial reason fur the overall
injury level was traumatisation of the spine.

Oehiscences of the dorsum of the nose and the middle of the forehead provided recurrent
findingsof head injury. In three cases these were combined with fractures of the nasal
bone (open naial bone fracture = AIS 2).

when the side of the he'met was adjusted at the upper visor, the2se injuries could ke
reduced and finally completely eradicated in test 11.

Fractures of the neurccranium were found in two cases only: in both cases these were
merely discreet, minor fractures of the fossa cranii anterior, less than 1 mm thick in
the areas of the affected st-uctures. (V 1: planum ethmoidale; V 3: planum sphencideum).

In the AIS scaling of injuries thece injuries as fractures cof the skull base are in fact
to be attributed grade AIS 3 since such fractures are qualified as serious damage to
health due to the direct danger of the formation of a fluid fistula or ascending
infection.

It should nevertheless be pointed out that these fractures are rarely detectable by
clinical x-ray. Despite knowledge of the injuries, in the x-rays of the PMI0s the
fractures could not be detected in the main axes in a second examin.tion following the
autopsy.

T T s




Fig. 4

Localisation of vertebral injuries.
11 helmet-protected head impact
tests.

||
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Amount jof injury findings
vl {alalsle]r]s] .

Muscle/Ligament/Disk injury

------- Fracture of vertebra
....... Contusion of spinal cord

The absence of patho-anatomically detectable cerebral lesions on the PMTQ in these
dynamic tests was surprising. Precisely in the case of PMTI(s,however, this must be inter-
preted with some caution: in view of the amplitude and duration of the decelerations
measured on tne head, it can by no means be ruled out that considerable malfunctioning
of the central nervous system - at least concussion, probably combined with contusion,
intracerebral bleeding and cerebral oedema - would also have been observed at the same
loading level in the case of a living being. Since these conditions are linked to
circulation and the metabolism, it is difficult to simulate them on a PMTO (NAHUM 1976,
FAYON, 1976, WARD 1980).

Rupture of the right anterior bridging vein (vena cerebri anterior superior), along
with longitudinil ruptures of the anterior falx cerebri, was ascectained in one case
only (V 7).

Spinal injuries, indicative of the overall degree of injury, appeared in the form of
usually extreme comminuted fractures of the vertebra with compression of the spinal
cord in the upper and central thoracic part of the spine.

Fig. ¢ gives an outline of the localisation of segmental injuries in the essential
injury findings. Tab. 4 gives an analysis of the frequencies of multisegmental injuries
affected in each case. In connection with this table it should be emphasised that the
boay injuries and the lesions of the ligamentous apparatus usually affected more than
one segment, e.g. in two cases (V 8, V 9) injury to the ligaments occurred in 10 seg-
ments. In one case (V 7) the spinal medulla was compressed over 5 thoracic segments.

o
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Amount of injured segments
Injured structure 01 2 3 4 5 6 7 8 9 10
Ligaments 1 2 1211 1 1 1 2
Disks 2 1 12 13 17111
Vertebral bodies 2 4 13 |2
V;;tebral processusf|2 |1 |2 |3 |2 1
Spinal cord 5 341 1 11
Destabilisation 4141241

Tabl. 4
Analysis of the injury pattern: Frequency of multisegmental spine injuries

Six cases showed uni- or multisegmental destabilisations and dislocations along with a
number of spinal fractures. Most of these fractures of the thoracic vertebral column
were in the form of extensive compression fractures with edge snapping towards the
spinal channel, combined with sericus damage to the neighbouring intravertebral disks
and fractures of the accessory archs and joints. Fig. 5 shows a typical example of this
combination of extensive injury to the central area of the thoracic spinal column,

Compared to the thoracic vertebral column, injuries detected in the cervical spine were
of secondary importance. No morphological lesion of the cervical medulla could be
detected and there were no signs of dislocation or destabilisation of the intervertebral
motor segments.

The vertebra fractures detected - e.g. segment C 1 in V 5 - were in the form of a non-
dislocated fracture of the anterior arch of the atlas. Fractures to vertebra C 4-C 7
were in the form of minor fractures of the lower edges of the vertebral body. The width
of the vertebral body was not compressed and there were no further fractures of verte-
bral processes.

Injuries to the vertebral disks and ligamentous apparatus were roughly as frequent as
those in the thoracic spinal column. However these various findings were generally not
particularly extensive. Examples found were minor bleeding and cracking but there was
no total coilapse of the vertebral disks. Oneexception was the anterior 10ngitudinal
ligament, broken in 4 cases, mostly in several neck segments.

Injuries to the thoracic skeleton had occured in five cases. Three of these were
multiple rib fractures which had led to a destabilisation of the thorax (AIS 4). With
27 rib fractures, V 7 showed the most extensive thorax traumatisation. Rib fractures,
when they occurred, were always paravertebral, in close vicinity to the vertebral
segments, also seriously damaged. In addition however there were further fractures of
the same and other ribs in the axillary line. The paravertebral fractures frequently
took the form of torsion fractures.

It is to be assumed that the high number of rib fractures in V 7 was due to the age of
this particular PMTO. At 41 it was the oldest of all the PMTOs tested. This case also
showed the highest number of vertebral fractures: 4. No injury to the organs in the
thoracic area could be detected in any test case.

PATHOMECHANICS of the spine injuries

It can be concluded from the intersegmental cembination of injuries to the affected
anatomic spinal structures that the cervical spine was subjected to a retroflective
load and the thoracic vertebral column to a high hyperflective load in the sense of
hyperkyphosis.

We can draw this conclusion, confirmed by kinematic analysis of the high-speed
kinematography, on the basis of the fact that on the cervical spine the structures
lying in a ventral position to the flexion axis failed by fracture as a result of
stress-1nading. On the other hand, on the thoracic spinal column the dorsal ligamentous
structures showed signs of stress-loading and the ventral bony structures showed signs
of pressure-loading.

The localisation of the most serious injuries is given by the double-S-shape of the
spine. The distribution of lesserinjuries on the cervical spine and by far the most
serious injurics on the theracic vertebral column, must be explained by the ageometrical
position of the main axes of impact vis-d-vis the vertices of the physiological
curvatures. When the PMTO is in starting position in the stretched position of the neck,
this direction of impact varies only slightly from the z-axis of the cervical spine.

On the thoracic vertebral column, however, a by far greater bending impact point is
estahliched due to the unequal distance between the impact axis and the vertex of the
spinal column. This leads to an asymmetrical loading of the vertebral body which means
tha*t it is rot hit in the direction of maximum load capacity.
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Fig. 5
TYPICAL SPINE INJURY PATTERN, prepared according to the saw-cutting technique.

a) View of the central cut and both lateral cuts,
injuries concentrated on 2nd thoracic segment.

c¢) Contact x-ray of the left
central cut (see b).

b) Detail of left central cut: serious comminuted
fractures of the 2nd thoracic vertebral body.
Fracture of the lower edge of the 3rd thoracic
vertebral body. Fracture of the upper surface
of the 4th thoracic vertebral body. Excessive
compression of the spinal cord. (3 segments)
Dislocation of fractured pieces of the bone
in the vertebral channel.

If we compare the decelerations measured on the spine and the head in z-direction, we
can see that no appreciaole contributior has been made towards energy reduction by the
cervical spine interposed between the testing points, head and 1st thoracic vertebra.
The thoracic spinal column, on the other hand, reduces the middle level of decelerations
measured at T 1 up to test point T 12 by approximately a half.

With regard to the anatomical structures,this damping ability of the spine in the
physiological area is essentially due to two factors: the material damping of the
vertebral disks and the shape - adjusting damping of hyperkyphosis, affected in
addition by the bony thorax.

In these injury-inducing loading tests the vertebra and ribs also contribute towards
material damping when the bony structures fail by fracture.

For anatomical reasons - the horizontal arrangement of the side joints - the damping
of the vertebral disks in the cervical spine is almost without effect since the side
joints come to rest very quickly, passing on the impact force via bony structures with

Yow compressive power. The loading level in the cpinal column of the neck wac obviouely

too low to permit failure of these bony structures.

When we concider that under axial compressic: loading of isolated cervical vertebrae the
ultimate fracture loads are generally less than those found in the thoracic vertebral
column, the apparently rererce ohservation in these tests can only he exnlained hy the
loading direction which coincides with the direction of the highest, i.e. axial,

loading capacity on the cervical spine but which on the thoracic vertebral column has

primarily a bending impact due to the considerable distance from the main loadiny axes.
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DISCUSSION

The aim of this study was to simulate traffic accidents close to reality. In this first
series we therefore chose an effective impact speed between 32 km/h and 45 km/h and a
fronto-occipital impact configuration. However in our accident investigations the injury
patterns of apparently comparable types of accident were in fact seldom found. To ex-
plain this finding, it seems that we must take into consideration the fact that the

total accident input energy was absorbed by one single impact of the body through the
helmet-protected head. A distribution of the accident energy is rather given by different
accident phases, in particular by considerable throwing ranges of the motorcyclist. On
the other hand, the tests were conducted in such a way that as a result of the body be-
ing held in position by a support bloc, force inductior was established. This was
essentially axial and passed over the head into the spine. Of particular note in the
injury pattern was the high level of traumatisation of the thoracic vertebral colunn.
The skull and the upper cervical spine hereby remained either unscathed or with little
injury. No ring-fractures on the base of the skull were detected although it can be
assumed that impact intensity was sufficiently high to have produced such fractures.

We are of the opinion that in view of the test facts given there are two possible
explanations for the absenc: of these fractures:

a) impact absorption caused by dissipation of energy oy the helmet,

b) failure of the thoracic vertebral column and the eunergy absorption
caused thereby.

It appears necessary tc carry out a reference test with £ TOSwithout helmet protection.
This has so far not been possible. As a result of this Lest we expect to find serious
impression fractures and/or skull-base ring fractures. The effect of these injuries on
the bony part of the head also damps the head impact input. This damping effect is
equal to, or even greater than that of the helmet. Although a safety helmet is able

to protect skull and brain, the transduced impact input by the helmet-protected head
seems to aggravate the injury level of the thoracic spine. This is a theoretical point
for discussion.

The given impact velocity change 4 v between 32 km/h and 45 km/h produced maximum
decelerations on the head in x-direction of an average value of 136 g and in z-direction
of an average value of 105 g. As the amplifiers of the helmet accelerometers run into
limitation we have had to reconstruct the peak-values. The reconstructed values of

the outer she'l of helmet was found to be between 550 g and 700 g.

The accelerometers on the vertebral column for the first thoracic vertebra T 1 gave

peak-values similar to those measured on the head in x-direction: the average peak-

value was 146 g. The result of measuring on the lower spine T 12 finaly gave an average .
peak level of 77 g. The interpretation of the relationship of the upper and lower spine

g-values is given under point "PATHOMECHANICS". The measurement of the epidural intra-

cranial brain-pressure was undertaken with different pressure-transducers, but so far

the results are not sure enough to be published. Further tests are required.

Whereas the outer polycarbonate shell showed no breakages or relevant plastic defor-
mations in any test case, the inner polystyrol damping liner was plastically compressed
at the region of impact between 19,53 and 30,0 % (average of liner width: 25 mm) and
broke at this point.

The whole compression on the damping liner (both plastic and elastic deformation) was
observed at a level of between 50 and 60 %. This value appears to be too low, related

to the effective impact velocity and the acceleration-time-history of head acceleration.
We are convinced that the material so far used for safety helmet liners must bc replaced
by a damping or energy-absorbing material which could work much more effectively, when
adjusted to the technic-mechanical properties 2f head and brain. By further investigation
of injury patterns and mechanisms under helmet protection, we must in our work therefore
draw more concliusions concerning not only the outer construction design recommendations
(accident "input") but also the inner construction design recommendations (technic-
mechanical) properties of the head-brain and neck system) of a safety-helmet. Furthermore
we want to verify whether the Heidelberg SAFETY HELMET PROTECTION CRITERION

HIC(_SH) s HIC(,SH)

(wherebyHIC (+/-SH) means the Head Injury Criterion number with/without safety-helmet)} is
adequate as a piomechanical neimet eftectivity value.
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DISCUSSION
DR. GENNARELLI] (USA)

Please diseuss the validity of the biomeehanies of your neek-torso anguiation upon impaet. Are you eonsider-
ing different angulations of the neck-torso to get more cervical injuries whieh would be expeeted?

AYTHOR'S REPLY

The introdueed foree is mestly parallel to the axis whereas the curvature of the thoracic spine leads to bending
forces and these bending forces lead to the failure and/or fraetures of this region.

DR. GENNARELLI (USA)

From a elinical point of view, fractures in the middle of the thoraeie spine are very unusual for vertex or
forehead impacts compared to the frequeney of fractures in the cervieal spine.

AUTHOR'S REPLY

Do you relate your words to helmeted heads? I feel thet the helmet impact is even less likely to cause injury
in the thoracic spine.

UNIDENTIFIED QUESTIONER

In our studies of a similar nature, 1 can only think of two reported injuries (fractures) to the thoraeic spine;
on the whole we're not seeing injuries of that type so low down the spine.

DR. SANCES (USA)

It appeared in your high speed movie that the body was allowed to follow-up while the head was essentinlly
pocketed and this allowed the thorncie column to buekle. Could this aceount for your injuries?

AUTHOR'S REPLY

Yes. 1n our opinion the buckling of the thoracic vertebral column seems to be the main injury mechanism tor the
multi-segmental fractures of the vertebral bodies,

DR. SANCES (USA)

Do you think the hend was allowed to slide off beeause of the helmet, and so that would reduee the pre sure on
the eervieal spine?

AUTHOR'S REPLY

We hnve to say that the helm~t wns very well fitted and so far the high speed movie didn't show relative
movement of helmet to hend.

DR. VON GIERKE (USA) COMMENT

But ecrtainly n slight ehnnge in the necek eurvaturce would ehange the results considerably, and it looks to
me that n live subject might be more inclined to bend the head and try to look forward; thus, you wouid have a
considerable higher load on the cervieal spine.
FRISCH (USA) COMMENT

I noticed that you hud a full helmet and from the film it appeared that the hehinet pushed agaiust the shoulder
arca. Did you, in fact, cxliibit or see any damage to the shoulder arca?

AUTHOR'S REPLY
No. In general, we did not see nny damage to the shoulder area.
NEWMAN (CA)

Forgive me if I didn't quite eateh what you said, but what was the nature and extent of brain injury sustained
in that partieular test?

AUTHOR'S REPLY

We didn't see injury to the brain, but in the case of PMTQ’s, however, it can by no means be ruled out that con-
cussion, probably combined with contusion, intra celebral bleeding and oedema would also have been observed at
the same loading level of a living being. Since these conditions are linked to circulation and metabolism, it s difficult
to simulate them on a PMTO.
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DR. VON GIERKE (USA)

Did you in any way fix or ecnforce the neck?

AUTHOR'S REPLY

No; however, we held the head into position until the moment of impact against the wall, the hcad was then free
of cvery supporting system.

DR. VON GIERKE (USA)

And you did not try different neck positions?
AUTHOR'S REPLY

No, but we did try to position the head so that cach impact was rcproducible.
DR. VON GIERKE (USA)

1 assume this (head position) will be the main difference to the cause of the injuries, the slight differences
of the head alignment with respeet to the thoracie spine.
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Impact performance criteria employed in the evaluation of
protective headgear often consider the temporal characteristics
of the translational acceleration induced in the helmeted head-
form Quring impact. These implicit criteria may appear as li-
mits on the time during which the test headform acceleration is
allowed to exceed certain values, or may be inherent in the pass/
fail criterion itself.

The present study examines the significance of time as a para-
meter in the prediction of head injury likelihood or severity.
It is shown that since the temporal characteristics of the accelera-
tion waveforn is simply a reflection of the mechanical characteris-
tics of the headform/helmet assembly it bears only a trivial rela-
tion to the imput forcing function and thus is generally uncor-
relatable to head injury severity.

It is concluded therefore that upper limits on translational
acceleration alone, though not without certain restrictions, con-
stitutes a sufficient criteria for evaluating helmet performance.
The use of a time parameter is shown to be unsupportable and can

lead to unnecessarily complex criteria and inferior helmet per-
formance.

INTRODUCTION

It has long been regarded that the temporal characteristics of the translational ac-
celeration imparted to a head (helmeted or otherwise) is related to the nature and
severity of the accompanying head injury. That is, if a head undergoes an acceleration,
the resulting head injury is somehow related to the manner by which this acceleration
varies in time. The literature abounds with examples wherein reference is made to how
head injury depends upon things such as the time duration of the acceleration pulse, rate
of onset of acceleration, etc. (l1-4)*, Though less extensively studied, similar relation-
ships have been proposed in a rotational acceleration field (5, 6). These latter con-
siderations shall not be dwelt upon here. Ilowever, the thrust of the following remarks
are generally applicable to both types of motion.

Notwithstanding the title of this symposium, it is the author's contention that im=-
pact injuries to the head are not caused by acceleration. Rather, impact injury and the
accompanying acceleration of the head are both responses to a particular input or forcing
function. fThig may appear to be a rather mundane point. However, it is very significant
when attempting to quantify any relationship between injury and acceleration. Whatever
a(t) is produced in a head impact, it is merely a kinematic response. A response that is
dictated by the mechanical characteristics of the head/helmet and of the impact object
and by all the other external motion limiting constraints.

Brain injury is due to the disturbance or disruption of the central nervous system
caused by local deformation induced by physical stresses (7). Stress waves in the brain
may be induced by skull deformation and/or by skull acceleration. In the absence of sig-
nificant skull deformation, brain stresses are induced solely by inertial effects. These
can be characterized by the acceleration of the skull (assumed to be rigid). Given the
same set of motion limiting constraints, it is generally to be expected that in the latter

case, higher levels of head injury will be associated with higher levels of acceleration
which reflect higher imposed forces.

Given different motion limiting features, such as those that may be associated with
direct blows to different parts »f the head,** the same head injury level may well be
associated with entirely different levels of acceleration. Since a(t) merely provides a
measure of the change in velocity of the head associated with the impact, it cannot, by
itself, provide any information about the magnitude of the impact phenomenon (i.e., the
induced stresses)., For example, a firearms projectile or a blunt impact to the top of

* Numbers in parantheses designate references at end of paper.
t* Thereby changing the motion-limiting effects of the neck.

I
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the head will both produce head injuries. In neither case will the head be caused to
accelerate substantially. The injury mechanism in these situations is not related to
inertial loading but rather to stresses induced by deformation (and in the extreme;
permanent physical disruption) of tissue.

Hence, one might expect to be able to correlate head injury to acceleration only
when -

1. The stress (and hence injury)-inducing mechanism is dominantly of an inertial
characteristic.

2. Skull deformation is small, and
3. Head motion limiting features are controlled.

If all of these conditions are fulfilled (and in many cases of helmeted or other
padded impacts to the front, rear or side of the head, they are approximated), there
remains only the question as to the relative significance of the head (or test headform)
acceleration waveform shape (i.e., a(t)).

TEST METHODS

The usual approach to evaluating the impact protection afforded by a helmet is as
follows: The helmet to ke assessed is placed upon a headform of specific physical and
geometric properties. The entire headform and the supporting assembly has some fixed
mass. The helmeted headform is allowed to fall in guided free-fall from some pre-
determined height onto some pre-determined surface. These kinds of controls should pro-
vide the necessary basis for measuring the relative performance of different helmet sys-
tems. Without such controls, the observation of a kinematic parameter alone (i.e.,
a(t)) would be insufficient to judge the helmet's performance. However, even the me-
chanical characteristics of the headform support assembly will affect the shape of the
a(t) curve and different support structures can produce substantially different res-
ponses for identical impact circumstances (8). Since one cannot eliminate entirely the
effects of the support structure, one has at best a tool to measure relative helmet
performance only.

Similar points are relevant in, for example, the testing of automotive dashboards (19)
Again the mechanical structure of che test device is fixed, as are the kinematic charac-
teristics of the impact. The resulting a(t) for different dashboards will provide a re-
lative measure of impact performance. If the mechanical characteristics of the test
equipment are changed, then the apparent performance of the dashboard will change.

In any case, the observed a(t) is no more than an expression of the rate of which
head velocity is changing during impact. The principal issue here then is; for a given
total velocity change, within a given time interval, does it matter precisely how that
velocity change is achieved in terms of the expected head injury (or the inferred pro-
tective capacity of the system). That is, should the shape of the acceleration time
curve be incorporated into the failure criterion for the system and if so, how?
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Figure l: Triangular Acceleration Pulses

A simple illustrative example of these considerations is shown in Figure 1. Each of
these hypothetical a(t)'s corresponds to the same velocity change. Each has the same
maximum acceleration, same average acceleration a and the same pulse duration T. Most
head injury criteria would regard these pulses to be of egqual severity. However, as first
discussed by Brinn and Staffield (9), "Conventional impact analysis would demonstrate that
they would cach have a different effect on typical spring-mass systems" ... and thus
similar effects on the human head. The fallacy of their approach is in the assumption
that these acceleration pulses are 1nputs to the system rather than responses by it.

Their system is assumed to be defnrmable and their measure of severity is the amount of
deformation. Hence the conclusions are not applicable to inertial loading.

Before proceeding further with these kinds of considerations, a brief review of head
injury criteria is appropriate.

"1
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FAILURE CRITERIA

Most head injury models have an implicit if not explicit functional dependence on
time (9-15). Included among these models are the Wayne State Tolerance Curve - WST (i0)
and the JARI Head Injury Tolerance Curve - JHTC (11). Others include the lumped-
parameter models of Brinn and Staffield (9), Slattenscheck, et al (12), Fan (13) and the
Maximum Strain Criteria - MSC of Stalnaker, et al (14). The most recent head injury
model is the finite element brain model of Ward and Co-workers (15). Excellent reviews
of these various models have been published elsewhere and need not be repeated here
(15, 16).

Time t may occur in the failure criteria of these models usually in one of three ways:

1. Given a certain average acceleration during the impact pulse, the total time duration
of the pulse may not exceed some value. The forebearer of most head injury models,
the Wayne State Tolerance Curve {10) was initially intended to provide such a depen-
dence b.sed on this criteria. The recent work of Ono, et al (11), has provided
similar correlations between average acceleration and time duration (JHTC). Such
correlations have no explicit dependence on acceleration waveform shape. It can be
inferred from such curves only that the total time during which the head accelerates
is a factor in the resulting head injury. However, average acceleration vs time
duration criteria have never been formally invoked. 1In fact, such curves provide no
more than a limiting change in velocity that the head may undergo during a certain
time interval. Within the range of 1 to 10 msec however, this velocity change is not
greatly sensitive to time duration. Figure 2 illustrates the WST, the JHTC and a line
of constant velocity change equal to approximately 5.5 m/sec. In light of the de-
gree of experimental scatter associated with the WST and the JHTC, time duration de-
pendence is not clear from these curves.
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Figure 2: Comparison of the WST, the JHTC
and a Fixed Change of Velocity
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b Since most other models are dependent on waveform shape, comparisons between the
WST (and JHTC) and the predictions of these models can only be made for specific
assumed a(t)'s. Such a comparison for several different head injury models for a
triangular acceleration waveform shape is provided later on.

2. Given a certain a(t), the time during which 'a' exceeds a limiting value may not be
exceeded. Examples of this are MVSS 201 and 218 (17, 18). The respective criteria
are:

a) MVSS 201: The deceleration of the test headform shall not exceed 80g continu=-
ously for more than 3 milliseconds.

b) MVSS 218:

i) Peak acceleration shall not exceed 400g.

ij) Acceleration in excess of 200g shall not exceed a cumulative duration of
2.0 milliseconds, and,

iii) Acceleration in excess of 150g shall not exceed a cumulative duration of
4.0 milliseconds.

In the case of MVSS 201, the specification is intended to restrict the bulk of the
deceleration below 80g while allowing brief excusions above it. The rationale for
the 3ms exemption appears to be in the belief that the head has a much higher toler-
ance to very short acceleration pulses than to long ones {see Figure 2). However,
extracting a portion of a pulse (the part over 80g's) and applying the perceived
rules applicable to pulses of short to%tal duration is questionable.

With respect to MVSS 218, the purpose of the specifications are not absolutely clear.
Limiting peak headform acceleration to 400g's is in effect limiting the peak force
that can be applied through a helmet to approximateiy 4400 1lb. (The test headform
weighs nominally 11 1lbs). The imposition of time-duration limits at the 200 and 150g
level have the effect of "shaping" the acceleration waveform to some presumably de-
sirable shape. Whether or not this is achieved in practice is debatable for it is
certainly possibie to "tailor" the headform response to meet the standard without
necessarily providing a better helmet.*
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Figure 3: Helmeted Headform Response:
a) MVSS 218 Time Duration Failure
b) MVSS 218 Passing Acceleration Trace

Figure 3 illustrates two acceleration waveforms produced in random helmet testing.
Both correspond to the same impact energy. The helmet in 3(a) would fail according
to the above criteria while that of 3(b) would pass. This result can only be accep-
table if the a(t) of 3(a) constitutes a greater head injury threat than that of 3(b).

| * 1t should pe noted that simply limiting headforms acceleration to 80g's in MVSS 201 and
to 150a's in MVSS 218 would obviate the need to invoke time~duration criteria per se.




45

The sharply rising peak of 3(b) could be interpreted as a spurious "spike" in the
trace and hence disregarded. It is however an actual response of a helmet under-
going incipient bottoming. Whether or not this necessarily constitutes a more
serious head injury threat is discussed further on.

3. A third form of a(t) and t correlation to head injury severity is that the value of
some functional relationship between the two not be exceeded. Examples of this are
the Gadd Severity Index - GSI (19) and the Head Injury Criteria - HIC (20). These
are expressed as follows:-

GSI = [a(t)z'sdtsl,ooo
5
uIc = (-1——/ attydat) 23 (t.-t.) < 1,000
t,-t 2 1
7t
]

where t1 and t2 are chosen to maximize HIC
The GSI is currently employed as the failure criterion of the NOCSAE standard for
football helmets (21) (though the failure limit has been set at 1500). The HIC is
referenced in MVSS 208 for head injury protection in automotive crash testing (22).

Both the GSI and the HIC heavily weigh the acceleration (by the 2.5 power) and thus
both would result in higher values for the a(t) of Figure 3(b) than for 3(a). The
higher these values, the more likely is it that the failure criterion would be ex-
ceeaed and hence both would appear to identify the waveform shape of Figure 3(b) as
being the greater head injury hazard. However, from a fundamental point of view, it
is not clear that this conclusion is necessarily valid; for the GSI and the HIC
suffer from serious theoretical flaws (23, 24). Some independent assessment of
waveform shape is required.

FINITE ELEMENT BRAIN MODEL

The Ward brain model (15) can be used to simulate the response of the brain to dy-
namic loading. Employing a finite element structural analysis, the model can predict,
for a prescribed skull acceleration, the pressure distribution, stresses and strains
within the cranial cavity. The model must generally accept the approximation that the
skull be rigid. Hence it ic especially suitable for inertial loading or for impacts to
a helmeted he~d. (Skull deformation in the latter case is significant only in cases of
severe overloading of the helmet).

An essentiil postulate of the model, one which has some experimental validation (25),
is that brain injury is directly related to the peak intracranial pressure. Moderate
brain injury has been correlated to a peak pressure of 24 psi, Severe injury occurs if
peak pressure exceeds 35 psi. No suggestion has been made that the time during which che
prescure exceeds these (or any other) values has any bearing on the head injury severity.

For purposes solely of comparing the predicted a vs T of the finite element model to
those of other modeis, Ward has exercised the model for a series of trianqular accelera-
tion pulses each producing the same peak intracranial pressure of 24 psi. These predic-
tions (labhelled Ward MI) along with those of the HIC, SI, WST, JHTC ana the MSC, are
shown in Figure 4., Detailed discussions of the differences in the various predictions
have been provided by Ward (25).

What she has not pointed out however, are the reasons for these differences. They
presumably must lie in the different predictive capabilities of the various models.
Such extraordinary variation in predictions of the same phenomenon, i.e., head injury,
can only be explained by what must be termed inaccuracies in tue models. Given an es-
sentially triangular acceleration pulse, it is simply not possible to determine from
all of these models, a tolerable time duration for a given average acceleration. There-
fore, it seems highly unlikely that one could rely on any head injury criterion which
invokes a functiornal relation between a(t) and t.

Every model does however have one common feature. For any given time duration, head
injury severity or likelihood increases with average or peak acceleration. The "accep-
table" performance of Figure 3(bk) will in fact correspond to substantially higher intra-
cranial pressures than the "failure" of Figure 3(a). Hence in the final analysis, the
only currently meaningfui criterion for translational helmeted head impact injury appears
to be simply that of peak acceleration.
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Figure 4: Tolerance Boundary Predictions of
Various Head Injury Models
CONCLUSIONS
Given the present state-of-kncwledge of head injury mechanisms of head injury models
and of helmet test techniques, it is not possible to assign any special significance to
the details of the manner by which headform tranclational acceleration varies with time.
The safest, most reasonable approach to assessing helmet impact performance is to monitor
the peak headform acceleration and to take whatever steps are necessary to minimize that
acceleration,
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DISCUSSION
WARD (USA)

Would you please comment on the rate of change of acceleration (jerk)?
AUTHOR'S REPLY

The point is very well taken and 1 know precisely that of which ycu are speaking, but indeed the peak intra-
cranial pressur 2 is also a function of how quickly the curve is rising. Perhaps manufacturers and helmet testers
should not only look at the peak g, but they should also look at how quickly that peak is achieved. There are
other consideretions which might become necessary to take into account. I'd rather not get into them at this
point.

DR. GLAISTER (UK)

One of the factors that determincs peak acceleration in helmet tests is the frequency response of the equip-
ment used. 1 wonder if all laboratories have standardized on such equipment.

AUTHOR'S REPLY

The precise acceleration -time behavior is dependent not only upon the helmet and the thing that it strikes, but
the entire test apparatus to 'vhich this helmet is attached; the headform, and the structure to which the headform
is attached, etc. In 1974, the Z-90 Committee in the United States did & round-robin test on a number of laboratories
in the United States and Canada and found that beeause of specific and relatively subtle n.echanical differences in
test cquipment, that indeed the changes . the differences in acceleration versus time. were quite remarkable.

DR. VCN GIERKE (USA) COMMFNT

1 don't want to defend the 111C standards we have, but 1 would like to remind you that we had the same dis-
cussion at the Oporto meeting with respect to the full body response, and some of us felt when you have dura-
tien of impulse or acceleration, to the left-hand side somewhere the curve has to rise. This is just a fact of
nature. It has to be proportioned to delta V, once vou have an impulse shorter than the mechanical response
of your system. Therc was a long debate at Oporto and you have several papers in thits confercnce proceedings.,
and 1 think by this time that it is well accepted by the whole community (and we showed it in humruan ~xperiments)
that thc human body can stand 400g and more when the pulse is short enough. 1'm surc the same thing will apply
to the skull as long as you don't break the skull. There is a good theoretical basis for the terminal shape of the
Wayne State University curve, and I think we should not jurip to the upposite and suddenly say constant accelera-
tion is all we need. Somewhere in the short range, 1 am surc we have to allow the curve to rise and there is

some justifieation. at least for the testing method. certainly not for the HIC and the overemphasis on the accelera-
tion,

DR. PRIVITZER (USA)

In your siides comparing Dr. Ward's tolerance curve with previously developed eurves, | was under the im-
pression that Dr. Ward's eurve was based on triangular acceleration profiles, thus exhibiting a churaeteristic
"dip." while the other curves were based on primarily rectangular aeeceleration profiles, which cxhibit an
exponential increase in acccleration with deereasing duration times to the left of roughly one-half the fundamental
period of the system. Did I understand this correctly?

AUTHOR'S REPLY

In the slide to whieh you refer. the MSC, 1IIC, GSI and Ward model were all exercised with triangular aceclera-
tion pulses. The WST and JIITC are based on experimental data; the a(t) for each point on those curves being
whatever they were. The Ward model has, however, been exercised for a variety of waveform shapes and it
always possesses the chavacteristie "dip"”. Its position on an a-t plot would be different for different
pulse shapes.

DR. GLAISTER (UK)

A further factor which determines the peak acceleration monitored during helmet testing is the frequency
responsc at thr measurement system. How well do you think that this is standardized between different test
centers? !

AUTIIOR'S REPLY

The frequency response of the mecasurement system can affect not only the peak acceleration but the
entire shape of the a(t) curve. Both Irving and Henderson have undertaken to cstablish the effects of the variables
at various test labs and have found they can be substantial. Even, however, if all test labs had cquipment of
the same frequency response, the preeise nature of a(t) would be dependent upon the particular characterisctics
of the test equipment.

]
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DR. THOMAS (USA)

The gentlemen who did the work on the eomparison between laboratories was Marshal Irving from Dayton
T. Brown Co. (Z90 Committee Consultant) and he eame up in that process with a system for the eomparison test-
ing between laboratories whieh involved a particular elastomerie impaet pad, which was used to compare the
accelerometer respounse in the drop tests for helmets. The issue about the test criteria that you're talking about
has involved helmet manufacturers for over 20 years; it is only a test eriteria and not a design eriteria. That
test eriteria used to its ultimate insanity ean come up with some very peculiar helmets. The US Army has had
bitter experience in this area. During the sixties a helmet grew to more than four pounds as a result of earrying
these things too far. Although the helmet limited the acceleration applied to the man, it was rejeeted by the
flyers due to operational suitability. The Army then went baek to an efficieney eriteria of how mueh energy
absorption you can get within the ANS1 standard per unit of weight of the helmet, whieh beeame an operating
design eriteria for the SPH-4 helmet.

AUTHOR'S REPLY

I do recalize that there are very praetieal considerations with respeet to design. The 1979 ANSI revision
did do away with time duration eriteria. The Snell Foundation and 1SO Standard have ulso dropped the time
requirement. To my knowledge, the only ageney that still retains it is the US D.O.T. Standard. For a design
point of view perhaps it's nice to have a helmet sueh as that.
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RESUME

Par analogie avec les méthodes d'analyse du comportement des structures industrielles, les auteurs
posent 1'hypoth&se selon laquelle la propagation des chocs et des vibrations dans la colonne vertébrale
peut &tre appréhendée par la détermination de la fonction de transfert du disque intervertdbral. Aprés
avoir rappelé les définitions et les conditions d'utilisation de la fonction de transfert, ils exposent
la méthode employée, le protocole retenu pour 1'étude de la propagation des vibrations consécutives a un
choc appliqué directement sur le sacrum d'un primate de faible poids. La linéarité de la réponse ver-
tébrale est étudiée, les vitesses de groupe et de phase des ondes propagées sont calculées. Ce travail
constitue le complément des travaux effectuds antérieurement concernaut le comportement discal étudié,
in vivo et in situ, en régime vibratoire chez un animal chroniquement bioinstrumenté.

INTRODUCTION

L'étude des effets des chocs et des vibrations mécaniques sur le corps humain conserve 3 ce jour
toute son importance en physiologie et en ergonomie aéronautique. Cet intérét 1ié 3 la lutte contre les
nuisances se justifie tant au plan de la connaissance fondamentale des effets biologiques des chocs et
des vibrations qu'en ce qui concerne ses nombreuses applications - médicales, ergonomiques, socio-
économiques et industrielles =~ civiles et militaires.

Evoquons le cas d'un ceitain nombre de postes de travail rencontré en Aéronautique.

"Le probléme de 1'étude de 1'effet des vibrations sur 1'homme en milieu aéronautique ne différe
pas fondamentalement de la méme étude en ergonomie générale... le pilote d'hélicoptére soumis aux vibra-
tions engendrées essentiellement par le rotor de 1'appareil et cela plusieurs dizaines d'heures par mois,
pendant des années, pourra ressentir une fatigue diffuse avec baisse des performances et souvent raideur
du rachis 3 la fin de chajue mission, puis 3 plus longue &chéance une douleur permanente accompagnée
d'une contracture de la musculature paravertébrale, de signes d'arthrose vertébrale et de troubles de la
mobi1lité du rachis.

Le pilote d'hélicoptére ou d'avion soumis & de fortes turbulences, ou encore plus les pilotes
d'avion de pénétration 2 grande vitesse ec basse altitude seront soumis ) un intense régime vibratoire
de basse fréquence" : Auffret et Coll.( | )

La relation entre la survenue de lombalgies et l'activité trépidante est certaine. Malheureusement
les donnfes relatives 3 la biodynamique vertébrale sont encore trés parcellaires. La connaissance des
contraintes et des déformations subies par 1'organisme est, sans nul doute, le premier pas vers une
explication rationnelle (celle qui relie causes et conséquences) de la pathologie rhumatismale ou trauma-
tique. Mais, parce que les propriétés les plus importantes de la colonne vertébrale sont essentiellement
liées 2 ses caractéristiques fonctionnelles, il est indispensable, en biomécanique, d'en &tudier ses
spécifications dynamiques et non seulement cinématiques, statiques ou quasistatiques.

Lorsque la sollicitation mécanique (choc ou vibration entretenue) est transmise 3 un sujet par le
sidge sur lequel il est assis, une onde vibratoire se propage dans l'ensemble du corps. Dans la colonne
vertébrale cette unde chemine depuis les vertébres les plus basses (sacrolombaires) jusqu'aux vertébres
cervicales. Cette propagation intéresse forcément les disques intervertébraux. A long terme, les sollici-
tations auxquelles sont soumises les articulations discales provoquent 1'apparition de troubles dont la
compréhension impose la connaissance du comportement dynamique de 1'organe : celle-¢i peut &tre abordée
par 1'¢tude de la fonction de transfert discale.

DETINITION DE LA FONCTION DE TRANSFERT DU DISQUE INTERVERTEBRAL

Frudions la propagation d'une onde vibratoire e(t), fonction du temps, entre deux vert&bres adja-
centws.On peut dire que e(t) est un signal émis par la premidre vertébre dite émertrice E : e(t) est donc
le signal d’entrée dans le disque intervertébral. De la méme fagon, le signal requ par la vertdbre adja-
cente >u réceptrice R est considéré comme le signal de sortie s(t) du disque intercataire {figure 1).

i le disque possdde certaines propriétés, il peut étre considéré comme un opérgteur de convolu-
tion qui présente un comportement h(t). Ceci signifie que la connaissance de e(t) et de h(t) permet de
calculer s(t) grice 3 une opération dite de convolution (notée *)

s{t) = e(t) * h(t)

Mais les caractéristiques de transfert d'un opérateur sont t.ujours obtenues en fonction des
grandeurs d'entrée e(t) et de sortie s(t). Dans notre &tude, ce que l'on se propose de définir c'est h(t),
caractéristique de transfert de 1'opérateur discal

I1 s'ensuit pratiquement la nécessité de mesurer e(t), s(t) puis de calculer h(t) par 1'intermé-
diaire d'une opération dite de déconvolution (notée %) cf.figure 2.

Traditionnellement les &tudes de vibrations (réponses impulsionnelles ou entretenues) se référent
non 2 1'évolution du signal dans le temps mais 4 son contenu en fréquence. Les caractéristiques de trans-
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fert sont alors analysdes en utilisant la Transformée de Fourier ; h(t) dans le domaine des fréquences

devient H{(w).

DISQUE INTERVERTEBRAL
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Fig.1-2-3 : Définition de la fonction de transfert
du disque intervertébral
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Fig, 4 : La fonction de transfert H(w) d'un disque
intervertebral lombaire est calculée a
partir de signaux delivres par des acceélé-
rométres fixds sur les corps des deux

Y vertébres situdes de part et d'autre du
disque

La fonction de transfert du disque H{(w) est
définie, comme le rapport de la Transformée de
Fourier 7 du signal de sortie Jﬂh(t» ou S{(w)

3 la Transformée de Fourier du signal d'entrée

jf(e(t» ou F(w) cf. figure 3,

Remarque : Cutte définition est “stricco sensu”
un abus de langage, car mathématiquement la
fonction de transfert est définie exactement
comme la Transformée de Laplace de la réponse
du disque O & une impulsion appliquée en E.

H(w) n'est donc pas vraiment la fonction de
transfert du disque intervertébral ; il vau-
drait mieux parler de comportement en fréguence.
Cependant, l'appellation "fonction de transfert"
est conservée dans la suite de 1'é&-ude car :

~- La Transformée de Fourier n'est qu'un cas
particulier de la Transformée de Laplace.

- Elle est passée dans le langage courant
des ingénieurs ; ainsi les électroniciens asso-
cient le concept de fonction de transfert 2 la
notion de filtre et les biomécaniciens ont de
tout temps assimilé le disque intervertébral 2
un filtre mécanique.

- Enfin, de nombreux auteurs comme Max ( 2 ),
Papoulis ( 3 ), Roddier ( 9 ), Roubine ( § )
ont apporté toutes les justifications nécessai-
res 3 l'utilisation de la Transformée de
Fourier dans les &tudes du comportement en fré-
quence des structures.

METHODOLQGIE

La lutte contre les vibrations entrafne une
mise en jeu musculaire physiologiquement bien
réyulée qui implique la participation d'un
capteur périphérique (récepteur physiologique) :
le fuseau neuromusculaire, Cette lutte entrafne
une dépense d'énergie en rapport avec le temps
d'application du stimulus vibratoire et de son
‘ntensité. On peut également penser que les
variations - méme minimes - de contraction mus-
culaire provoquant des variations de rigidité
de la colonne s'accompagneront de variations des
caractéristiques de transfert de la structure
puisqu’une partie importante des muscles du
tronc, du cou et des ceintures sont insérés sur
cette poutre maitresse de la charpente corpo-
relle qu'est la colonne vertébrale.

Pour étudier la relation entrée-sortie d'un
disque, telle qu'elle vient d'&tre définie, i1l
faut considérer le syst&me dans son intégrité
anatomique, c'est-3-dire recueillir les signaux
"in situ". Mais pour obtenir la réponse du sys-
téme dans son intégrité biologique il faut
recueillir les signaux "in vivo". Pour ce faire,
il faut implanter des capteurs par voie chirur-
gicale sur une colonne vertébrale normalement
vascularisée. Une telle méthode, sanglante,
impose 1'utilisation d'un bon mode¢le de colonne
vertébrale humaine : le rachis d'un primate.
Celui-ci équipé de ses capteurs vertébraux peut
étre soumis 3 une impulsion 3 1'aide d'une bro-
che directement implantée sur le sacrum de
1'animal profondément anesthésié.

Dés lors si deux signaux x(t) et y(t) repré-
sentent, par exemple, les accélérations verté-
brales (fig. 4) de part et d'autre d'un disque,
le calcul de H{uw) détermine la fonction de
transfert de ce disque. A partir des founctions
de corrélation on calcule la Densité spectrale
de puissance (autocorrélation) et une mesure du
Transfert d'énergie (intercorrélation) entre
les deux points d’acquisition des signaux.

Toutefois, un certain nombre de conditions
prialables doivent &tre vérifiées. Ainsi on ne
peut parler de fonction de transfert que si
1'opérateur auquel s’applique cette fonction est
un opérateur de convolution qui présente les
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propriétés de linéarité, d'invariance et de continuité.

De plus, il n'est iicite d'utiliser 1'intégrale de Fourier sur un temps fini que si les signaux
auxquels elle s'applique présertent certaines propriétés statistiques de stationnarité et d'ergodicité.
Ces tests statistiques bien qu'indispensables & la validité de 1'étude ne seront pas rapportés ici ; lon-
guement &tudiés en régime vibratoire et discutés par ailleurs - Quandieu ‘ 4 ) - ils font l'objet de
publications en cours

Un protocole appliqué 3 une méthode appropriée a été mis au point pour définir le domaine de linéa~
rité de l'ensemble ostéoligamentomusculaire étudié en régime impulsionnel.

METHODE PROTOCOLE

Théoriquement, un systéme est linéaire s'il obéit au principe de superposition.

L |:)\1 f] (n) + )\2 f2 (n):l = /-IL[fI (n)] + )\ZL[fz (n)]

Dans cette relation existe deux propriétés :

- 1'homogénéité : si les entrées sont multipliées par un méme facteur constant, les sorties sont éga-
lement multipliées par ce méme facteur (proportionnalité des effets aux causes).

- 1'additivité : les sorties résultantes des diverses entrées sont la somme des sorties résultant
séparément des entrées (les causes ajoutent leurs effets).

La linéarité est &tudiée 3 1'aide de tests dont aucun n'est suffisant par lui-méme mais dont 1la
convergence d'ensemble fait fortement suspecter cette propriété du comportement discal en régime
dynarique :

a) LCtude de la distorsion harmonique
b) Etude de la superposition réduite 3 1'homogénéité dans laquelle les réponses vertébrales des divers
animaux soumis 3 des excitations d'amplitude variable sont &tudiées.
c¢) Etude de la fonction de cohérence : la fonction de transfert effectivement calculée par notre analy-
seur réalise, par elle-méme, une linéarisation du systéme puisqu'il s'agit du calcul d'une fonction de
transfert cohérente. L'importance de cette approximation est &valuée par 1'intermédiaire de 1'étude de la
fonction de cohérence. Celle-ci est &gale au rapport du carré du module de 1l'interspectre (Transformée de
Fourier de la fonction d'intercorrélation) des deux signaux ,au prodnit des densités spectrales de ces
signaux. C'est donc une fonction, continue, réelle comprise entre zéro et un. Si la valeur de la fonction
de cohérence est inférieure 3 1'unité&, trois possibilités peuvent &tre envisagées :

- le syst&me reliant les deux signaux n'a pas un comportement linéaire

- le systéme est linéaire mais du bruit se superpose au signal

- du bruit se superpose sur une réponse non lin&aire du systéme
Mais la réciproque n'est pas vraie : une fonction de cohérence égale 3 1'unité n'implique pas la
linéarité.

Le protocole cousisve donc & fixer chirurgicalement des accélérométres miniatures sur la face anté-
rieure des corps vertébraux d'un animal profondément anesthésié ; 3 fixer une broche munie d'un accéléro-
métre et d'un capteur de force dans le sacrum ; 3 appliquer sur cette broche des chocs d'intensité varia-
ble et de richesse en harmoniques différente et d'é&tudier les fonctions qui viennent d'étre définies et
qui sont représentées sur le synoptique de la figure 5.

DONNEES BISLIOCRAPHIQUE!Y

SETHODOL PROTOCOLE ——

STATIONNAIRE

TRANSFORMEE DE FOURIER SUR UN TEMPS FiNl ERGODIQUE
SOTENNE NULLE
LINEAIRE
OPERATEUR DE CONYOLUTION [(oﬂlw Fi 2_ 5

MALYE APPARENTE

alth X““"-m,.d, £1 . /

o roxCTiow OF TramseERT
) Yo SR

FONCTION DE TRANSFERT CONERENTD

L]
Leoscrion avtac 05 / SFLn i

St tW
Cogt $Cup )
FONCTiOm DE CONERENCE
?
L. FONCTION D INTERC - DENSITE St
meER seECt S"' e—— W
Cayt:? " !
L ENERCIE ASYORGEE

MOYENS MIS EN OEUVRE :

| - Implantation chirurgicale des acc€léromdtres :

- Choix de 1'animal

I1 s’agit d'un jeune babouin dz 8 3 9 kg, capable de supporter une intervention chirurgicale de lon-
gue durée. Généralement quadrupéde, sa position de repos est une position verticale. Parce qu'il n'est
pas un brachiateur habituel, il ne présente pas de développement excessif de na ceinture scapulaire.

Cet animal posséde sept vert@bres lombaires. Comparativement 2 1'nomme, il posséde un abdomen de
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hauteur plus importante, ce qui &vite de pratiquer une laparatomie médiane trop élargie p~ur découvrir

les vertdbres intéressées.
- Choix des accéléromdtres :

I1 est guidé par le type de travail 3 réaliser. Des accélérométres 3 faible &tendue de mesure et 2
forte sensibilité sont utilisés pour les étvdes 3 bas niveauxd'accélération.
I1 s'agit de capteurs ENTRAN (pont de jauges - semi-conducteurs) dont les caractéristiques sont les

suivantes :
- Etendue de mesure } 5G
- Sensibilité 1,5 mV/m/s

- Surcharge : 5 fois 1'étendue de mesure

- Bande passante : O - 150 Hz
- Dimensions : 7 x 4,5 x 3,5 m

Pour 1'étude des chocs des accélérométres Briel et Kjaer type 4374 sont utilisés :

- Sensibilité : 0,1 pC/m/s
- Bande passante : 1 - 25000 Hz

- Etendue de mesure : . 25000 G (choc créte)
. 5000 G (sinus créte)
Le mode de fixation utilise des clips qul sont vissés sur la colonne. Ces clips rego1vent ensuite
les accélérométres. La masse de 1l'ensemble est environ egale al,9. 1073 k§. L2 masse d'une vertébre

isolée, prelevee chez un babouin de 10 kg est approximativement de 37.10°

kg. Le rapport de la masse du

systdme d'implantation 3 la masse de la structure-support est donc approximativement &gal 3 20 (capteurs
Entran). Ainsi peut-on affirmer que la masse de 1'acc&léromdtre n'est pas un facteur de perturbation trop
important vis 3 vis du comportement dynamique de la structure 3 étudier.

- Temps_chirurgical :

L'anesthésie est obtenue par l'injection I.M. de 129 mg de kétamine (imalgéne 1000), en deux fois
(dose 15 mg/kg) 3 une demi-heure d'intervalle. L'animal regoit en prémédication | mg d'atropine. Pendant
1'intervention l'anesthésie est maintenue par 1l'injection I.M. de 50 mg de kétamine & la demande. La
laparatomie médiane sus et sous ombillicale et l'effondrement du péritoine pariétal postérieur permet de

degager un

e

rig. o : Implantation des accélérométres dans
les vertébres lombaires dans 1l'espace
interaortocave.

Fig. 7 :

Broche munie d'une
tére d'impédance
destinée a étre
implantée au niveau
du sacrum,

space interaortocave de 4 3 5 mm de 1arge sur 40 mm de haut. Le ligament vertébral autéricur
ividualisé en regard de L et Lg. Il s'élargit en &ventail devant L6, L7 et le sacrum.

Une petite incision médiane longitudinale est pra-
tiquée dans le ligament. Cette incision réalis3e dans
1'axe des fibres ne perturbe nullement la fonction de
contention de ce ligament. FElle permet de pratiquer un
pertuis laissant le passage d'une fraise dentaire de
0,8 mm de diam@tre. Un avant-trou est alors réalisé
dans la corticale vertébrala. Le clip est ensuite vissé
dans la vertiébre et les capteurs sont insérés entre les
machoires du clip. La préparation 3 ce stade est repré-
sentée fig.6. Les seize ou vingt fils de sortie (quatre
ou cing groupes de quatre) sont extériorisés 3 la peau.
Le péritoine pariétal postérieur est suturé,

Chez cet animal bioinstrumenté, le deuxiéme temps
opératoire consiste 3 implanter sur la face antérieure
du sacrum une broche munie d'un accélérométre 8K 4374
et une cellule de force. Cette cellule "Kistler" piézo-
électrique présente une sensibilité de 40 pC/kgf et une
force max. de 7,5 kN (fig.7).

La voie d'abord est transrectale ; aprés introduction
de la broche par voie ano-rectale, une boutonnidre au
niveau de la partie terminale de l'intestin permet
d'extérioriser 1l'extrémité de la broche munie de la
broche munie de 1a vis dans 1'espace rétro-rectal. Le
vissage se fait dans la partie basse du sacrum.

La paroi antérieure de 1'abdomen est fermée en
trois plans.

L'ensemble des manipulations se fait sous anesthé-
sie générale profonde.

- Moyens d'excitation - Stockage et Traitement des

En matiére d'excitation mécanique de la
colonne vertébrale deux types de fonctions sont engen-
drées :

. des chocs 3 1'aide de marteaux constitués de
matériaux différents et, par conséquent, susceptibles
de délivrer des impulsions dont les caractéristiques
en fréquences sont plus ou moins étendues.

. des vibrations directement appliquées 2 la
broche par un mini-vibreur type BK 4810.

- force nominale : 7 N
- gamme de fréquence : 20 - 18 kHz
- amplitude de déplacement : * 3 mm

Le synoptique de la figure 8 résume les moyens mis
en oeuvre pour stocker et traiter les données.

L'ensemble des signaux délivrés par les capteurs
de 1a broche et des vertdbres est traité en temps dif-
féré et en temps réel :

- En temps différé aprés enregistrement sur deux
unités magnétiques :

1'une analogique (AMPEX PR 2230)
1'autre numérique connectée 3 un ordinateur

sme "
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Fig, 8 : Moyens mis en oeuvrz

PDP 11/34 plus spécialement dostiné 3 réaliser les calculs statistiques.
] - Le traitement en temps réel est réalisé par un Analyse: Spectral Dynamic 360 bicanal capable,
en outre, d'afficher sur un scope la valeur do la fonction de cohérence des signaux recueillis.

BESULTATS «

Les résultats analysés dans cette étudc proviennent de trois séries d'expériences pratiquées sur
tiois primates de masse resnective assez variable :

. Aninal n°l trds robust: (environ 15 kg)
. Animal n°2 environ 8 kg
. Animal n°3 environ Il kg

Aprés implantation des accélérométres et de la
broche les animaux sont radiographiés (fig. 9).

Les percussions réalisent des chocs dits "durs"
ou "mous" (fig. 10).

- Chocs "durs" : acier-acier de spectre 3 peu
prés plat entre 800 et 4 kHz.

Ces chocs métalliques sont provoqués soit 3 1'aide
d'un morceau de métal soit A l'aide d'une bille
a'acier qui frappe la broche aprés cheminement sur
un plan incliné.

- Chocs "mous” : &lastomére-acier, dont le
spectre d'excitation présente une amplitude maximale
vers 1,3 kHz et décroissant a1 deld (ref O 9B=1G/Hz
ou IN/Hz).

Les vibrations aléatoires (pot vibrant) entrai-
ne sur la broche une densité spectrale recueillie
sur la broche est repriseniée fig. 1 (ref OdB-lGQIHz)

Les informations recueillies sur les différents
accélérométres (fig.l2)nceessitentun premier traite-
ment de simplification d'acquisition des données.

Les sipnaux d'accélérométres et de la force (8
voiv¢s dans une bande de O i 4G00 Hz) sont erregis-
trés 1 grande vitesse sur l'enregistreur magnétique
d'instrumertation (mode F.M.). A la relecture la
vitesse de déroulument est divisée par 64. La nouvel-
le bande passante des signaux destinés 3 &trc digi-
talisés (12 bitg} #st alors compatible avec la fri-
quence d'échantillonnage du PDP 11/34 (2000 points
par seconde par voie). Les dunnées n:/mirisées sont
stockées sur une unité magnétiqu: numérique.

Parui ces signaux, plusieurs types d'anomalies
peuvent survenir : l'application d’un choc trop in-
tense sur la broche provoque une saturation de

Fig. 9 : Animal n?2, La rodicgraphie prise en
Pecr Operatolre montre la presence de
quatle accelerometres sur la colonne

Alfe =~ Wi oAcCedcrometrc sur e

et la broche ipplantec Jans e
sacrum,




6-6
t SPECTRES DEo IMPULS!ONS UTILISEES CdB 1g/H2z .
-1 e y ) "r"”T T i
| | | | | | | | |
| 4 ‘ ks < f =y
- 2008 + 4
|
—vodd 4 T
T S N | { - -y
— Chor dut
= —d e Choc mou - +
Cher tille 7
— = 4 -t v + o—_—— =
R IR '
,..1.]..,: 4 A - -
a 1008 2000 100G 4000 M2
Fig. 1c
SINGE 3
Vue de FACE Vue de PROFIL
CE]> V' TETE %
d@h P [
i,
C:El: = ¥
g \
3 A\
-— VL
® J —_
M
——-—~AS|\\HE
( ‘
/
\
q X
o1 5 10cm
\ E""":Bro:n.
— Force
\/ PER:USSION
Fiy, 12 : Scheéma releve 4 part'r <'une

radiogriphie Hrotiqueée sur

1'animal n° 3

t

DENSITE SPECTRALE DE L ACCELERATION BROCHE \)dB'lg’/Nz
— e it T_ ___r — .1
| |
o 1’ a a } | N |
i 1
S ~ o

~ 1048 ——,f—— =
S
—zodB{—. '/._ -
1§ Fi ‘ I b b ! b i
IR MR 1 S R S S 1 + - - 4
i 2 181 |
i ~_. Beunt i I y |
S e =L . S, AT S
l i ' 4 | q i { 1
‘}.-.‘-1.,-#-4-71 4 G SRS |
| | | Vo | H !
e e e o e R T Bt e

L]

4000 Hz

S N I s

Fig. 11

1'électronique qui provoque la décapitation d'une
portion originelle du signal ; un défaut de bpande
magnétique peut parfois er imposer pour une pseudo-
impulsion. Un programme informatique permet de trier
les impulsicns reconnues correctes sur l'ensemble
des voies. Chacune d'entre elles est transférée en
2048 points sur disque dur.

L'intérit essentiel de cette méthode - outre
de conserver le: 'onnées sous leur forme analogique
et digitale - est d'isoler et de répertorier chaque
impulsion pour les calculs et visualisation ulté-
rieure.

- Visualisation :

Pour visualiser un signal &chantillonné sans
utilisation d'interpolation plus ou moins complexe
il faut utiliser une fréquence d'échantillonnage bien
supérieure 2 celle préconisée par le Thécréme de
Shannon. Ainsi, pour obtenir une erreur relative sur
1'amplitude inférieure 3 1 7 il faut une fréquence
d'echantillonnape supérieure 3 22 fois la fréquence
de coupure,

Du fait de la lecture A vitessc lentedelénre-
gistreur magnétique et de la vitesse d'acquisition
du PDP, c'est en fait 128000 poi~ts qui sont acquis
sur une seconde du signal réel. Ceci justifie 1'ab-
sence de filtres antirepliements dans le traitement
des données. Il s'agit, bien entendu, d'une consta-
tation expérimentale car il est clair qu'en toute
rigueur il est impossible d'échantillonner un transi-
toire dont le spectre de fréquence s'étend 2 1'infini.

A 128 kHz les 2000 points/voie ont &t acquis
en 16 ms, ce qui est largement suffisant vis 2 vis
du signal temporel. Au-deld de 7 ms aprds le choc,
seul le bruit est enregistré. Pour 1'accélérométre
de téte cependant, les 16 ms sont nécessaires.

Cette appropriation temporelle permet de
ccnserver la totzliré de ) information "pertinente”
contenue dans le signal. Le triage et la réduction
des signau» 3 16 ms permet de falre une &conomie
notable de disques.

ANALYSE SPECTRALLE

L'ensemble des spectres, fonction de traus-

fert et de cohérence, est osbtenu aprés calcul par !'analyseur SD 360 commandé par le PDP. Cependant, en
1'absence d'accds 3 1'étag: post-convertisseur de 1'analyseur, l'acheminement du fichier disque se fait
aprés conversion numéiique~analogique. Si cette méthode n'améliore évidemment pas la précision cu traite-
ment (elle oblige les expérimentateurs & comparer un grand nombre de signaux traités auxsignaux d'origzine
pour affirmer leur ident'té&) elle a 1'avantage d'obtenir au méme momen: des représentations du s.gnal
dans le domaine temporel et dans le domaine fréquenciel.

L'analyse est faite par calcul d'une Transformée de Fourier rapide (F.F.T.) sur 024 points dg
signal, ce qui représente une période memoire d'une durde de 130 ms i.e.

. fréquence d'analyse

: 400C Hz

fréquence d'échantillonnage 4000.2,048 = 0192 Hz
Soit ) point t.utes les 0,12 ms environ.
Soit 0,1¢ x 1024 = 130 ms pour remplir une mémoire d'entrée (période mémoire).
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Or, nous l'avons vu, 16 ms de signal contiennent de 1l'information. Il faut donc compléter les llims
restants par des signaux d'amplitude nulle. En fait, on compléte le signal par une succession de points
d'amplitude constante correspondant 3 la moyenne des valeurs prises par le signal calculée juste avant
le début de 1'impulsion. Le retrait de cette composante continue constitue, en fait et numériquement, la
compensation d'offset inhérent 3 toute 1'électronique.

LES SIGNAUX TEMPORELS :

Un exemple des réponses enregistrées sur la colonne et la téte est représenté fig. 13. Ils ont été
obtenus sur 1'animal n® 3. Sur les 8 voies il faut lire respectivement de bas en haut :

- la force et 1'accélération de la broche d'excitation

- les accélérations de S|, Ly, Lg, Lg et L,

- en haut, 1'accélération du créne.

9.0000 ¥1BE-6 s X¥X Impulsion 3 Disque 2 Fichier 41**1}&9&10.?!1%-6 ]
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-16.9

Fig. 13 : Enregistrement du siqnal temporel des ondes propagdes depuis le sacrum YFI jusqu'a la
téte ¥ Téte. Les deux enregistrements du bas sont respectivement, 1'accdélération et la
force de I'excitation sur la broche d'implantation.

le temps total de visualisation (abscisse) de 1'enregistrement est de 8000 microsecondes. Sur le
montage de la figure 13, les ordonnées sont normées (1'amplitude créte du signal de chaque voie occupe
la totalit? de la dynamique de 1'enregistrement). Pour une force appliquée sur la broche de 16,9 N,
soumise 3 une accélération de 17,7 G créte, les maximas des réponses vertébrales et de la Téte sont
respectivement aux signes pras.

§, =23¢ L= 15,76 Lo = 7,36 Ly = 5,34 C Ly = 4,136 Téte = 0,07 G

Cette représentation donne une bonne visualisation du retard d'apparition des impulsions sur les
différentes vertébres,

La figure 14 vicualise mieux 1'amortissement de .a colonne lombaire. Sur ce mcutage, 1'amplitude
maximale de 23,3 G (S)) est conservée sur l'ensemble Jes voies.

En pratique, nous sommes limités 31 7 enregistrements simultanés ; c’est le nombre d'amplificateurs
conditionneurs que nous possédons. Aussi les enregistrements sont-ils toujours couplés deux par deux
(fig. 15 choc dur -~ fig. 16 choc mou).

A gauche toutes les voles sont enregistrées sauf Lg, 3 droite tous les snreeictrements sauf la Téte.

Nius scmmes tenus A cette représentation (et les montages des figures 13 et 14 n'ont qu'une valeur
démonstrative) car il s'agit forcément de deux chocs différents enregistrés aprés commutation de la voie
de Lg. Par conséquent, on ne saurait affirmer, d'une part, que deux chocs consécutifs sont parfaitement
identiques en amplitud2 et en fréquence et, d'autre part, la représentation parfaitement synchrone de
1'ensemble des enregistrements sur le papier ne peut étre que subjectivevis 3 vis dc 1'origine des temps.

Dans le choc mou (fig. 16) le deuxiéme accident en fin d'enregistrement (environ 7000 microsecondes)

A el B
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ne constitue pas une onde de réflexion mais simplement une deuxiéme excitation (un rebond) qui est
expérimentalement trés difficile 3z &liminer.

8n
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Fig. 14 : Méme enregist-ement que le précédent mais 1'amplitude maximale de l'accéléracion de S| ayant

éte conserve sur 1'ensemble des voi1es on visualise beaucoup mieux 1'amortissement des
vibrations le long de la colcane vertebrale.

CMPRNNIBE-E 1 0T Jnealhicr 4 Disawe P Fictier 40D ”,o.'nn 63
o i1

- SZ’H\.‘ 2w Ci..’.;s.allil-‘ * Wl Impulsion Y Disaue 3 Fichier l"'Usf,.'!”"“ ls
AT P e ——_ r—— . ’ N A e 2
3 NS

T
$ee wie s 10090 e, |
Lladad 3.94:% SR
| N s ] o 334 e
. Ao ' W E . I U A E] Wis
11°- - < ued Rt e NTap iy T ¢ s

i CI e Voie 4
e I .Iv o <, e .ﬂ.A = =
I = TR METTON T+ Rg T T s

Hih e it vare 3
R [ETEOE B [P “", . iyt
' s iEN') led. 9 B W &K e

Fig, 15




6-9

S.0000FIOE-6 5 F17 Impulsaun 2 Disaue 3 Fichrer 31»2‘..;”?—"

Teo"emc-{' R 0'0109“7”“.6 s t1f Impuision 2 Disoue 3 Fichier e‘ltaxuaeg&.guec-s s

] .
LR 5.9008
. N ver 8 . I s ien g 'La
Bitne ToG. 0 To09. 0 A ToET « -3.enee TieeeNe) = T«
P3| Vore 6-L4 . Vore S5-LS
. ; erigy 5.9000 ‘en g
Voo FANP-N e A N .
ELINCCT AN TWETT ;. 5.0000 " T00.0 1090 T T MLs
ligre  4-L§ 'iéjé Ucie 4-L6
9 . 13 9
S DAY g /\ en
le‘“%f IET < 1.2 w&exmv- TOE€ s
vere 147 Iéa Uote 3-i7 o
V- FaX R ’ DoSELLE
1 08T 7 ) oY - 10,0 T98.0 %0 566 5
lore  2-sl Bt Usie 2-51
! ven g 19.0 cen 20
S! DA AW UPN .
: 1uiw.(vll%# FETRTS B e P LR was T HST: T VA A TOETS
Bore  1-Brveche ']’é;g tigre  1-@ruche
] ap 19.8 A . ten g
-14.8 ihe.a 1 oLy = -19.9 108.8 x.e i 19E-5 5
oR oA S -18.3 » il
OCHE 12:3 Uote © Force 183 ore B-Force
19,0 J/\k e 108 cen u
, F 0. 1TT00.0° 16060 THER ¢ -10.0 [ T00.0"1000.0 ToE-¢ s
121 21,4

CHOC MOuU 241281

Fig. 16

LES FONCTIONS DE TRANSFERT :

La figure 17 est un exemple d'enregistrement de la fonction de Transfert calculée entre les accélé-
rations de la sixiéme et la septilme vertébre lombaire.

I'I 1
FONCTION
OE !
COHERENCE
PRIMATE 3
PHASE 90°
FONCT ION 180°
{ = te /17
TRANSFERT 0dB
MODULE - 10dB
\ -20¢B

Ramendes cn abscisse 3 une bande d'analyse de O - 4000 Hz oun lit en bas les variations du module en dB
(ndB = 20 log¥.6 F17), au centre les variations de la phase en degrés, en haut la valeur de la fonction
de cohérence qui témoigne de 1'existence d'une bonne relation linéjire entre les signsux &mis par Ly et
ceux roGus par L¢. Sa veriabilité entre O et | est également en relation avec la valeur du rapport
signal sur bruir. Ainsi 1'énergie contenue dans les basses fréquencesn étant trés faible la valeur de la
fonction de cohérence devient trés rfaible en-dessous de 200 Hz.

Les figures 18 (a, b, ¢, d, e et f) comparent les différentes fonctions de transfert en fonction des
chocs. Dans cette représentation ont &té comparés les portions d'enregistrements dans lesquelles les

0 SR L
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fonctions de cohérence sont supérieures a 0,97.
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La figure 19 est l'enregistrement des différen-
tes masses dynamiques (ou effectives) de la
broche. A une intépration prés elles ont valeurs
d'impédance d'entrée du systéme - colonne osseuse-
muscle - ligaments. Le module en bas est donné en
kilogrammne, la phase (en haut) en degré.

Enfin, une autre représentation des fonctions
de transfert est donnée aprés sommation des diffé-
rents segments vertébraux. Pour une excitation
aléatoire de la broche, on peut constater (fig.20a)
que 1'adjonction d'une unité vertébrale complémen-
taire provoque une amélioration du caractére
passe~bas du systéme.

La fig. 20b est la représentation en phase de
ces fonctions de transfert.

ANALYSE - DISCUSSION :

1) Linéarité

Un test de linéarité est généralement réalisé
3 1'aide d'une excitation sinusoidale. La mesure
de la distorsion harmonique de la réponse du
systéme testé est effectuée pour des niveaux
d'excitation croissants. I1 est clair que le
signal d'excitation doit &tre tr&s pur et en tout
cas sa distorsion harmonique propre doit étre
infiniment plus faible que celle qui sera inhé-
rente au systéme testé. Ce qui n'est pas le cas
dans notre expérience ; en effet, l'excitateur
{pour des raisons de maniabilité&) est un mini
pot vibrant électrodynamique aux performances
nécessairement limitées en force maximale et en
distorsion.

FONCTION DE TRANSFERT Acc Vi/Acc BROCHE

1 T

|
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od8
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Fig. 20a
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Aussi la linéarité a-t-elle été testée selon
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- Ftude de la proportionnalité entre les composantes spectrales de l'excitation et de la réponse
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a) Distorsion harmonique :

Le tableau | représente la distorsion de chaque échelon vertébral pour des accélérations croissants
au niveau de la broche, Ces accéliraations sont celles de la broche données en G efficace 3 la fréquence
fondamentale de l'excitation ici 832 Hz.

3 Accélération Broche : g

8 G eff. . 1,213 2,392 3,458 4,558 5,805 6,009 :
:Distorsion 8 Arimal n® 2 8 Tableau 1
ien % f , 1abiead o
*Broche © 0,97 1,58 2,06 2,65 2,42 x

‘s 5,25 9,06 12,63 15, 44 14,35 x

Le ‘0,89 1,37 1,66 1,91 1,90 x

Ls 0,59 1,2 1,70 1,92 1,88 x :

4 F 0,97 1,76 2,49 2,89 3,06 x

‘Téte x X X X 0,24 X

Les cases du tableau remplies par des croix correspondent 3 des niveaux soit trop faibles pour
étre mesurés, soit trop élevés pour étre atteints dans les conditions de 1'expérience.

D'une fagon trés générale, il convient d'étre extrémement prudent dans 1'analyse de ces données.
Remarquons d'emblée que la distorsion harmorique du signal de la Téte est bien inférieure 3 celle du
signal d'excitation (V0,24 au lieu de 2,42 7)., L'explicaticr en est simple : la fonction de transfert
Téte - L, (fig. 18) caleulfe chez 1'animal n® 3 moutre un module constamment décroissant et de fagon
rapide vers les hautes fréquences. les harmoniques de distorsion 1 1600 Hz, 2400 Hz, etc... sont donc
trés filtres et, par conséquent, abaissentla distorsion en-dessous de celle de 1'excitation.

C'est le phénomeéne inverse que 1'on constate lors de 1'examen de la distorsion calculée sur le
signal dé€livré par 1'accélérométre fixé sur le sacrum. La distorsion harmonique y est beaucoup plus
élevée que celle de 1'excitation (15,44 7 e: 2,65 7 respectivement 4 4,5 G eff.). En examinant la fonc-
tion de transfert Sl/ ybroche, on constate que pour un fondamenital a 300 Hz atténué i - 7 dB les
harmoniques Je rang 2 ot § sont considérablement amplifiés (¢ 10 dB). D&s lors, une faible augmentaticn
des harmoniques de 1'excitation (iife aux non linéarités du pot vibrant) se traduit par une trés forte
augmentation des harmoniques de la réponse, méme si le systéme vertébral considéré est linéaire.

b) Proportionnalité entrée-sortie :

L'étude est vonduite en mesurant I'amplitude de la fréguence fcndamentale et des harmoniques de
rang 2 et 3 de 1'excitation (broche) et des accélérations vertébrales. Les graphiques de la figure 2!
intéressent les résultats obtenus sur le fondamental et sur lesquels il faut lire en abscisses les

.
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accélérations imposées 3 la broche et en ordonnées les accélérations vertébrales ( & chague colonne 11

correspond une fréquence fondamentale respectivement : 416, 832, 1660, 3320 et 4520.

La droite tracée est celle obtenue aprés apprcximation des moindres carrés. Les coefficients de

corrélation en rapport avec ces droites sont données sur le tableau 2.
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Sur le tabicau ', le chiffre placé en haut et 3 droite de chaque coefficient indique le nombre de
peints de mesure &'acceélération qui ont ¢té retenus pour le calcul jusqu'd la valeur limite maximale
indiquée dans la derniere colonne de droite, Ainsi pour une acceélération dont la frégquence fondimentale
se trouve 3 516 Hz, 4 points ont pu &tre relevés jusqu'd une amplitude max. d'accdélération sur la broche
de 2,448 (. Cette valeur dans les basses fréquences reste faible car ls force maximale délivrée par le
pot vibrant est d'une dizaine de Newtons. Fu basge fréquence - 208 Hz - le pot vibrant excite directe-
ment !'ensemble de la volonne vertébrale el des masses musculaires correspondantes. C'est done bien la
force qui limite 1'¢tude (accélération maximale atteinte 0,256 ()., Dans de telles conditions expérimen-
tales il n'est pas douteux que la valeur des coefficients de corrélation qui diminue aux environs Je
0,70 soit liée 2 un mauvais rapport zignal sur bruit, Par contre, dés que la frequzance s'é.dve, la masse
dvnamijque mesurce au niveau de l'entrée (Lroche) diminue. A 400 Hz, e¢lle ne va.' plus que 0,3 g, ve qui
permet d'atteindre une accélération (y = F/m = 10/0,3) environ égale 3 3 G,

bes lors 3 1'examen de ce tableau, la linfarité est bonne chagque fols que 1a mes.aie preseate un bon
rapport signal sur bruit, c'est-3-dire dans toutes les fréquences suplrieures 3 208 H:. A l'exirémite
inferieure droite du tableau (coefficient de corrélation Téte-broche 3 trés haute fréguence) on constate
1'absence de valeurs en relation avec 1'absence de mesure possible. Déjd la corrélaticn entre L, et la
broche 3 4520 Hz présentait une valeur basse voisine de 0,74 calculée seulement sur trois valeurs. Or, le
niveau maximum d'accelération appl.qué 3 la broche esz élevé 8 C.

A cette fréquence, ia colonne vertébrale joue parfaitement son role de filtre passe-bas (cf.fig.2la)
et le signal délivré par 1'accélérométre fixe sur le crane devient extiémement faible. C'est encore un
mauvais rapport signal sur bruit qui est la cause d'une mauvaise correlation entre les entrées et le
sorties.

Les cableaux 3 et 4 concernent les coefficients de corrélation cbtenus entre les entrées et répoases
examinces cette fois sur les harmoniques 2 et 3.

Les remarques précédentes s'appliquent 2 ces résultats. lLes corrélations sont excellentes chaque

Ll




fcis que la mesure a pu étre effectuée dans de bon. es conditions (jusqu'd 1600 Hz pour 1'harmonique de
rang 2 et 800 Hz pour 1'harmonique de rang 3 - la corrélation unitaire de L,/Broche 2 4520 Hz pour
L,/Broche n'a évidemment aucune valeur puisqu'elle est calculée sur 2 points).

| Fregquence 151 ~ L6 s - L4 - |Tete” | Niveau |
IFondamentall / | ’ | / | ’ | ’ | Broche !
| (en Hz> | ~sBrochel /Brochel /Brochel /Brochel ~/Brochel Max <(g) |
| |1 7 [ | 7 | 7 | 7 IFondamen. |
R et [ELELEEE LS |mmemmmm—— |ommmmmmm |==—mmmmm = R e |
| ! =X t43 ‘3 L4t 14) |
: 208,60 :0.?35?9 -:0.82046 -:0.81553 -:0.80962 -:0.669?2 -: 8.256 :
= |~mmmmmm—— | mmmmmmmae |ewmmmemee | == |==ommm——e |=m——mm e |
| | 41 141 141 141 14 |
: 416.0 :0.99?35 -:0.99897 -:0.9969? -:0.9941? -:0.99988 -: 2.448 |
|

R |==mmcna- |omem——eea |=wmm—enaa |~——m—can— |emmmmmama |memmen—a— |
| | 151 151 151 151 131 |
: 832.8 :0.99963 -18.99941 -:0.99984 -:0.99901 -:0.99933 -: 5.809 :
[ i |==m——eme- |=——me———- |~emcccnaa Rt b e L L L L L |
| | ! 151 1351 ! 'S |
: 1660.0 :0.99866 -108.99921 -108.99976 -:0.99992 -:0.99960 -l 6.809 |
|

|==mmeceecaa R | === R |===mmemee T |mmmmmmme— |
| | 161 161 161 161 191 |
: 33208.0 :0.99841 -18.999806 -10.99949% -:0.99944 -:xtttttt -1 7.224 |
s |

[ELEEEEE LI |=mmmmmmee | EEELELE LT | ===mmmmme |=mmmmmmce | mcmme e |
| | ! ! 161 131 101 |
: 4520.0 :0.99791 -18.99639 -18.99733% -:0.74311 -1%8%8%2%x -1 8,813 |
|

Coefficient de correlation entre les amplitudes du FONDAMENTAL
de 1’excitation et de 1o reponse vertebrale . Date : 82-NOU-81

Tableau &

Coefficient de correlation entre les amplitudes de 1”HARMONIQUE 2
de 1‘excitatisn et de 1o reponse vertebrale . Date : 02-NOU-81

| Frequence I1S1 ~ ILe - s - L4 - | Tete” | Nivaeu |
IFondamentall ’ | ’ | ’ | / | / | Broche |
| Cen Hz> | /Brochel ~/Brochel rBrochel ~/Brochel /Brochel Max (g) |
| | 4 |l 7 | 7 | 7 | 7 IHarron. 21
|=mcmmmm——ee | ——mmmmmee [EEEELEEEE |=m—————— |mmm—————— |mmmmmm—e— |mmmmmmm e |
| | 121 3 121 121 131 |
| 288.0 :1.00080 -:0.99853 -:1.00000 -:1.00000 -:0.91200 -: 9,029 :
|

|merrecccaaa |memmcenaa | mmmmmemme |==mmcom—— |=———e———— R | === |
| | 14 14| 14 141 131 |
: 416.0 :0.99964 -:0.99856 -50.99931 -:0.99?05 -:0.999?9 -: 8.153 :
[ |==—mmeee- |~——e————— |mmmmcmmm— |==m—mmm—- |eemmmmme |mmmccceaa |
| | 141 151 141 151 181 |
: 832.e :0.99914 -:0.99141 -18.99936 -:0.9972? -:ttttttt -: 8.126 :

|

|=cmmmmrcnaa | e |~eemcnnaa |=—meem——.. | R L L et |==mmmcaa |mmmrmmemm i
| | 14| '3 (M 121 191 |
| 1666.0 :0.99166 -:0.98903 -:0.96032 -:1.00000 -:ttttttt -: 0.116 :
|

ll==—==— === | == | == |ememccaa- e |~mmemc—e- [ |
| | 131 191 191 181 181 |
| 3328.8 10.99327 -Issx818% -:ttttttt -:ttttttt -:ttttttt -1 08.201 |
| | | | |
[ D | ==mmmmm—e | m=mmmmm |-~eerenns | crcerace [ELL LT LTS R |
| | ! 181 ! ) 181 |
| 45208.0 : : 8.0819 :
|

N v e s
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Coefficient de correlation entre les amplitudes de 1/HARMONIQUE 3
de 1’excitation et de 1a reponse vertebrale . Date : 82-NOVU-81

Frequence 1S1 ~ iLe - :LS / L4 ~ 1Tete” | Niveau |
V4 7

Fondauentall s | ’ | | / | Broche |

(en Hz> | /Brochel /Brochel /Brochel /Brochel /Brochel Max (g) |

| 7 | 7 | 7 | 7 | 7 IHarmon. 3I

SRl el R DL L D -|- R et DD 2 EX L Lt |
| 14| 14) 14| 14| 14|

208.0 10.99694 -!0.99?68 -:0.99804 -:0.99851 -18.99689 -1 1.85? |

i ! | | |

e el EE LT O e LY | -1 —————i ——=}- -==1 -——=-]

l 131 131 131 131 131 !

416.0 :1.00000 -:1000000 -:0.99992 -:0.99998 -:0.99928 -1 4.3%53 |

| |

L o Slleccceeco| jopic Ol L L X S X0 LR SR LS 850 e et S et O
| 151 151 151 131 181 |

832.8 !0.98532 -:0.96994 -:0.9?935 -:0.99459 ~:ttttttt -: 8.863 |

: |
===s|== =l|===== I= == || === Sl==so====d

| 141 121 181 101 8l {

1668.0 :0.31994 -|..00808 ~=tttt!t! ~:ttttt!! ~:ttttt!t -1 8.869 |
: I |
SESESS | =1 s==== - Etd Bt el B e |
| 161 14| 151 181 151 |

3320.0 :9.099?6 ~:9.36994 -:0.02322 -:t!!!ttt -10.16739 -1 @8.821 |

| | |

| 161 151 161 121 131 |
4520.0 :0.69823 -:0.6?163 -:0.81031 -:l.“OOOO -:0.98952 -1 ©6.848 |
| t

¢) Variations des fonctions de transfert obtenues avee divers types d'excitation

La fonction de transfert d'un systcme lincaire doit &tre indépendante ae !'excitation utilisce,
puisqu'elle caractérise complétement le svstime. Faire varier le type d'excitation est aone un
autre moven de tester la lincarité, C'est ainsi que nous 1vons superposé les fonctions de transfert
obtenues avee des choes durs (acier contre acler), mous (acier contre €élastomére). fos risultats
présentés portent chaoue fois sur une povenne de 4 impulsions cboisies pour leur iessemblance, en
forme ¢t en amplitude. Les courbes n'out 6té tracdes aue dans le domaine de frequeace ol les valears
des fonctions de coherence sone supericures & 0,97, €7 1'on corstate une bonne superposition des
courbes T8te/l, o 1/ hs ot 1 /L, iV criste wesnite une & Redagi st Rt roanilagg) SO s Bl fSi 0 e
résultats obtenus sur S au moyen des billes sont surprenants, ¥L7/¥Sjrarait décaldé d'environ 5 dB,
ce qui pent faire suspecter une erreur de calibration, toujours possible mulyre les multiples
vérifications des divers commutatears, tout au lons de la manipulation, Cependant, 1'examen des
couches de phase montre une alteratice identioue, ¢e qui semble ¢liminer une erreer matériclle.
tuoiqu'il en soit au niveau de la charnicre lombo-sacree les courbes se superposent plus ou moins,
Cue faut-il deduire en raticre de lincaritd 7

It semble bien que 1'on puisse affirmer que dans la bande 500 3 4000 Hz, la coloune vertebrale
(intépralement associcée A son svsteme musculo-lipamentaire, normalement vascularisce) ctudice en
rieire impulsionnel o un comportement lindaire. Ceci compléte et confirme les résultats oblenus
antericurement dans la bande 5 = 100 Hz ¢tudiés en régime vibratoire,

1l n'en va pas de mdme ¢n ce qui concerne les fonctions de transtert de L3/8)] et §)/Broche. A co
propos, il convient de remarquer qu'il faut sortir 1'étude du sacrum de lanalvse vertcbrale cay
anatomiquenent, la vertebre sacrée est bien relice 2 la dernitre lombaire, mais ¢palement aux os
illaques ¢t d'une fagon veénerale 3 1o L einture pelvienne porteuse des membres inférienrs,

2) Méthode d'anaivse ¢ le - considere corme un puide dtondes

__________________ to il O T e U

La propagation d'une soliicitation Advnamique est ¢rudide d'un boat 3 1'autre du rachis, Test-
G o=dire de $p 3 La téte. loutefois, on n'a pu instrumenter au stace oo tuel que e niveau tombaire
G a g, S1) et la tote A 1'autse exiremite. Une extensior des mesures G des niveaax vertebraus
int, liaires est en projet.

on opostule, 3 pricri, cotentre le basuin et la téte, le rachis complet (vertebres - disques -
Pluasents = ous. les) constitoe un milien dont les catactéristiques ¢volucnl sn?tissamentl propressi=
viment pour constituer plobaterent un paide ¢ ondes mecaniques conting. e puide s'cuvee o chaque
catremite sur des impédances nettement differentes, ba téte ot le bassin respec tivement, dn 1pnore
colontairement les procasitions paralleles possibles par Pleasenblc des visceres (cavitds abdomi-
dalen et thoraciques) e se Timitant 3 des excitations directes da rachis non susceptibles dappro-
frier cos derpidores. On postule aussioene Lo perturbaticn provecuce par Tattache des cOtes et des
ctisemblos oropiates=rernres aupericers nest plus sereptible aux frocuences conaiddréesn dans
IVtude actuc!le, cor dittorents choments ctant oceaniguenent décounlds au-delid do 100 4 200 tz. Te

schima duosvatere ctud i se ramene alors T vie, 22,

o




Le comportement d'un tel cuide d'onde est facile a
prévoir pour un milieu Clastique homogene comme,
par exemple, un barreau d'acier dans 1'air : en
appliquant un choc bref (relativement au tenps de
propagation dans le barreau) 3 une de ses extré-
mités, on voit (au moyen de capteurs disposés

tout au long) se propager cet €branlement de plu-
sieurs fagons (cf. fig. 23) :

- 4 vitesse élevée et sans déformation du
signal sinon une infime atténuation : onde de
compression @ 5000 m/s (et éventuellement une onde
de torsion d 3300 m/s sous réserve qu'elle soit
appropriée par le choc excitateur)

- 3 vitesse plus lente et avec déformation pro-
gressive de la forme du s?-aal : onde de flexion.

la vitesse de propagation du maxirum de 1'en-
veloppe d'amplitude du signal correspond assez VISCERES,
bien 2 la vitesse de groupe. Elle dépend 3 priori
du spectre du signal excitateur. Flle est diffé-
rente (proche du double au centre de Ja bande dans
cet exemple) de la vitesse de phase du signal, qui
ne peut se définir que fréquence 3 fréquence en
résolvant 1'équation de propagation, et mesurer en
excitant par exemple le barreau en fréquence pure
entretenue.

lorsque 1'onde la plus rapide (compression)
arrive a la discontinuité d'impédance terminale, EXCITATION.
elle est pour une part appréciable, réfléchie en
sens Inverse tant sous la méme forme (onde de com- _ DISCONTINUITE

pression inverse) que sous la forme d'ondes plus D' IMPEDANCE.
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lentes si les diverses ondes sont couplées a 1'interface.

Lorsque ces ondes inverses rencontrent les ondes directes on n'observe plus que le résultat des
interférences.

On voit alors dans notre schématisation du rachis que deux cas trés différents sont possibles
(cf. fig. 24) :

- le milieu est peu amorti et les réflexions aux extrémités fortes : le systéme stationnaire
qui s'établit se traduit par une situation dominée par 1'existence de modes propres a des fréquences
discrétes, qui occasionnent un renforcement considérable de la réponse du systéme a une excitation
quelconque sur ces fréquences singulidres. C'est typiquement le cas du barreau acier présenté en
exemple.

- le milieu est nettement amorti et les ondes réfléchies ont rapidement une amplitude négligea-
ble par rapport aux ondes directes : 1'interférence est négligeable et le milieu ne présente que
des propagations directes comme s'il s'étendait jusqu'd 1'infini. 11 n'y a alors aucune singularite
particuliére relativement au domaine des fréquences.

On verra plus loin que les rachis étudiés se rapportent typiquement 3 cette situation.

SYSTEME IDEALISE

SITUATIONS EXTREMES.

etc.. |

AMORTISSEMENT FAIBLE.
CAS no CAS n02. AMORTISSEMENT FORT.
REFLEXIONS FORTES.
= REFLEXIONS ATTENUEES.
= REGIMES MODAUX.
INTERFERENCES NEGL!GEABLES.
PAS DE MODES.

3y L'aceeés au rachis ¢ comportement et _ancrage do ha broche

b.a) Ondes impliguées dans la broche
La broche utilisée (1 = 0,18 m, ¢ = 0,008 m, acier inea) correspond deéjl en elle-méme 3
un puide d'onde.

L'enregistrement du sipnal d'aceelération sur !

a4 broche montre que dans Je cas d'un choo bret,
on excite tres acttoment un mode de résonance de 1o broche & 145 kliz, qui est typiquement 1d réso-
nance en /2 onde en compression. Auvune mesure ne tait, pas contre, apparsis

¢ rESORANCe percep-

tible 3 des trécucnces inféricures @ les modes de flexion ne sont done appropriés ni par les excita-
tious crées, ni par la disposition et 1'oriettation du capteur. On en cenclut que pour sa plus
srande part 1'onergie injectée au singe est portée par utte ond: de compression de la brocie, ce qui
permet de connaitre preécisement instant d'applivation du choe sur Sy,

F.h) Qualitd de Plancrave Broche-$)

1L'allure de la courbe de masse apparente au droit de la broche (ct. tig.i9) laisse crain-

dre 3 prieri une perte de raideur de Plancrage dos 1,5 kHz puisqu'on ne mesure plus qu'une masse de
'ordre de celle de 1a broche seule. ba mesure sur 1 broche ne serait plus alors représentative du
slenal effed Civement transmias sur S).

Mais ol vonatate simultancment Que 1 toncticen de transtert aecdloration Ly acoéldration brovhe
reste constante pratiquement jusqu'd 5 kHz (et f1p.29) ¢ cecd suttit 3 preuver que le tien




6-19

Broche - §; - L; reste rigide jusqu'ad ces fréquences mais que, compte tenu de la faible masse de
ces pidces anatomiques, inférieure 3 la précision absolue de la courbe de masse apparente, elles
n'y sont pas perceptibles a priori.

FONCTION DE TRANSFERT Accl.7 /AccBROCHE
}L .
L]
0]
| SO
. | . "‘\\ -
- 90 i — t '
' | +
| 2 1181 oo N
[} Fi jo_ o
-180 - ——— Choc dur
...... Cho¢ mou
Choc biile
_____ Bruit Ag: 0,03m milieu homogéne |
4 . SR PR IS [ === P—
| o J
0d8 A 2
+
-10d8 4 ‘
1 1
|
|
-20d8 ;- '
1 |
G S, | . G (KR S Ry S ) B S =
’ 11 1 |
(] 1000 2000 3000 4000 H2
4) Examen_des_enregistrements directs des_signaux. Vitesses de
gLl groupe :
::: :a L.'examen des données sous la forme des courbes présentées aux
:@h figures 13 2 16 permet d'établir les résultats suivants relative-
-— Vi ment au mod&le du barreau (cf. fig.23)
- on n'enregistre qu'une seule onde et dans le seul sens
— Y3 P
direct.
- certe onde se modifle au cours de ia propagation (étaiement
QEJ: Yio croissant des signaux) : le milieu est donc nettement dispersif.
Ve - - on peut procéder au calcul d'une vitesse de groupe, connais-
3 003 m : sant par ailleurs la distance effective entre capteurs.

La détermination de l'enveloppe des signaux étant en soi
imprécise, et ne pouvant étre améliorée faute de relevés expérimen-
taux directs d'une grandeur énrergétique (forces ou contraintes
&tant trop difficiles A mesurer "in vivo”, on ne dispose que des
accélérations), on ne propose ici que des estimations grossidres
qui seront affinées par 1'exploitation d'un plus grand nombre
d'expériences :

. singe 1 : 230 m/s < V < 325 m/s
gpe

. singe 2 : 180 m/s < V <
gpe

v <
Epe

La limite haute correspond 2
jusqu'd la téte.

Dans le cas du singe 1, on a
vitesse de groupe de 1500 m/s. On
plus robuste (15 kg).

L]
A

. singe 3 : 250 m/s <«

0,180 m Acier 5400 m/

220 m/s
400 m/s
chaque fois 3 un trajet complet

observé entre Lg et Ly une
rappelle que le singe | est le

5) Examen des_fonctions de_transfert :

L'examen des fig. 20a et 20b, en particulier, et 18a a IBf,

permet de remonter 3 deux informations essentielles :

§ en fonction de la fréquence ;

e e e

e

. g

= 1’atténuation des &chelons vertébraux successifs ou cumulés
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- la vitesse de phase de la propagation, par comparaison fréquence 3 fréquence entre le dépha-
sage des signaux et la distance parcourue (dans le cas de capteurs distants, cela suppose des
mesures assez précises vers les basses fréquences pour éliminer toute incertitude de 2m sur
}'angle total de rotation de phase).

Résultats :
5.a) Atténuations :

On a déja relevé le caractére passe-bas caractéristique des différents échelons vertébraux, la
fréquence de coupure étant plus ou moins nette selon 1'animal étudié. Dans tous les cas il est
caractéristique que cette fréquence de coupure s'abaisse quand on s'éléve dans le rachis : 2,8 kHz
pour Lg, 2,4 kHz pour Ls, 1,9 kHz pour L, dans le cas du singe 3.

En-dega de ces fréquences il n'y a pratiquement ni atténuation ni amplification des soliicita-
tions, alors qu'au-deld 1l'atténuation est trés rapide (supérieure 3 20 dB/octave).

5.b) Vitesses de phase :

L3 encore la précision des déterminations obtenues est limit&e par le nomhre insuffisant de
mesures dont on dispose 3 1'heure actuelle.

Les seuls &léments certains pour l'instant sont les suivants :

- sur 1'ensemble de la gamme de fréquences, la vitesse de phase mesurée est comprise entre
200 m/s et 400 m/s pour des fréquences entre 300 Hz et 4 kHz.

- plus précisément, elle serait trés rroche de 400 m/s jusqu'aux environs de la'¥réquence de
coupure" des échelons vertébraux (cf. ci-dessus) et .iécroftrait alors sensiblement jusqu'a 200 m/s
vers 3 3 4 kHz.

- la mesure globale entre broche et téte fournit une courbe de la vitesse de phase de 1'cnsemble
du rachis qui est d'abord croissante de 200 3 400 m/s entre 100 et 800 Hz, trés proche de 400 m/s
entre 800 et 1400 Hz, décroissante de 400 3 200 m/s entre 1400 et 2800 Hz dans le cas du singe 3.

Les mesures sur le singe | ne sont disponibles que jusqu'3 1200 Hz. Elles suivent la méme
tendance avec des valeurs légérement inférieures, de 160 3 350 m/s enviren.

6) Cas_particulier_ : cinématique de_ S|

Cette vertébre S; n'a été équipée d'un accélérométre sur sa face antérieure que dans le cas du
singe 3.

Les relevés obtenus a partir de cet accélérométre sont nettement singuliers (cf. courbes 18e et
18f), bien que la fixation du capteur ne laisse aucun doute.

L' "anomalie" la plus notable de ces mesures tient au fait que le maximum du signal est requ
sur Ly prés de 20us plus tdt que sur ce capteur pourtant plus proche a priori de 1'excitation.

L'examen plus attentif des relevés de ces signaux montre en fait 1'arrivée sur ce capteur S
d'une premidre onde de faible amplitude sensiblement plus tst (60ps environ) cf. fig.26.
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On propose donc, sous réserve d'une analyse plus approfondie, 1'explication suivante

- 1'ébranlement initial appliqué sur S; se propage d'abord sous la forme d'une onde rapide de
tvpe compression. Cette onde crée un champ de déplacement faible sur 1'os, mais porte 1'essentiel de
1'nergie du choc.

- ce n'est qu'en atteignant les limites de §; (disque S)|Lj, surtace articulaire de 1'apophyse..)
que cette onde se modifie en onde plus lente,d champ de déplacement en surface de 1'os plus impor-
tant. C'est cette nouvelle onde qu'on mesure sur L7.

- la partie rétrodiffusée de cette onde atteint plus tardivement le capteur de la face anté-
rieure de Sy perturbée de plus par des interférences.

L'existence d'un champ interférentiel sur §; est attestée par 1'oscillation durable du signal
enregistré (cf. fig.i4). Cette résonance a une fréquence de 2,2 kHz.

Sans instrumenter de fagon plus compléte cette vertdbre pour pouvoir préciser sa cinématique,
il n'est pas possible de préciser la nature de cette résonance bien perceptible sur la fig. 18f.

7) Probléme_de_l'ancrage des_capteurs :

On a montré plus haut que l'ancrage de la broche &tait sir dans la gamme 0 - 4 kHz.

La qualité de 1'ancrage des capteurs pose des questions analogues, bien que les masses mises
en jeu soient beaucoup plus faibles, d'autant que cette fois le phénoméne i craindre est une flexion
du systéme capteur=-vis sur la raideur de 1'ancrage dans 1'os.

Cette liaison n'a été vérifide pour 1'instant que jusqu'3 des fréquences plus basses. Elle sera
étendue jusqu'a 4 kH- dans les mesures ¥ venir, la méthode étant de sacrifier 1'animal, de prélever
1'ensemble vertébre- anteur et de le vibrer directement.

Comme 1l n'y a ; 1s de raison pour que ce type de résonance varie sensiblement en fonction du
1éger changement de dimension d'un corps vertébral & 1'autre, mails présente plutdt une dispersion
aléatoire, les auteurs ont le sentiment qu'un tel défaut d'ancrage ne saurait expliquer les courbes
de filtrage répgulidrement espacées des différents étages vertébraux, et que les phénoménes précités
ne sont pas un artéfact du protocole expérimental. Ce qui ne saurait dispenser de cette vérifica-
tion.

CONCLUSTONS

Dans un premier temps, ce travail va &tre poursuivi dans le méme esprit avec le souci de complé-
ter les données actuelles et de préciser tout ce qui peut 1'étre.

Le but essentiel de cette caractérisation est avant tout le développement d'un modéle du rachis
dans cette perspective 'guide d'ondes".

Les principaux résultats acquis 3 cc jour sont les suivants :

- le rachis ne présente pas de phénoménes modaux perceptibles, et en particulier les vertébres
ne sc comportent pas en résonateurs sur la raideur des disques voisins,

~ les atténuations propres au rachis considéré comme un milieu de propagation sont trés sélec-
tives selon la fréquence, et donnent 3 ce dernier un caractére de passe~has 3 pente de filtrage trés
rapide. Dans le cas des primates &tudiés, la fréquence de coupure est de l'ordre de 2 kHz au niveau
lomhaire. Elle décroit continuement quand on s'éléve dans le rachis vers la téte.

- les ondes de compression volumique des matériaux constitutifs du rachis ne se propagent pas
d'un étage vertébral 3 1'autre (on serait tenté d'y voir un cas de type "bande interdite" analogue
3 ce qu'on obtient dans 1'étude de la propagation dans des milieux périodiques...).

- les sollicitations dvnamiques sont du coup véhiculées par une onde lente, 200 3 400 m/s,
dispersive, que 1'on serait tenté de nommer "flexion" sous réserve de bien considérer

. que l'on considére un milieu composite
. qu'il ne s'agit pas de la flexion du rachis au sens statique oli les pidces osseuses ne sc

d¢forment pas, mais de la propagation d'une onde €lastique dans un milieu composite, anisotrope, &
caractéristiques eontinusment variables.

Enfin, la lincarité observée jusqu'd des niveaux de sollicitation élevés (8 G créte) n'est pas
la moindre surprise apportée par cette ¢tude et laisse envisager la possibilité de modéles relative-
ment simples applicables & des chocs «r1s réalistes.
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DISCUSSION
DR. VON GIERKE (USA)

Do you think your findings, the high frequency response of the spine, can be correlated with the injury
patterns which have been observed in various subhuman primates?

AUTHOR'S REPLY

We haven't been making any correlations on that which we observed because we made a preiiminary study
whieh is a global one. The response was not an impaet  response but a vibration response. So we thought
about it and we came to the following conclusion; there exists a different phenomenon when it comes to the effect
of a brief shock or a brief impact directiy applied through the pelvis and this probably brings about a significant
drop in the pass band of the signal sent to the spine. And we have the totality of the pass band which is applied.
Moreover, in this type of study, for physical reasons. which you're well aware of, we eannot study the response
of the spine in the 0-250hz because the energy contained in that band is much too weak and the signal to noise
ratio is also very low; therefore, the correlation function becomes very low indeed and we can't draw any con-
clusions.

(UNKNOWN QUESTIONER) (UNCLEAR STATEMENT)
AUTHOR'S REPLY

In the transfer function whieh has been studied here, first of all, this is a transfer function which is a parti-
eular type sinee this is a coherent transfer function. So there is a linearization of this system in this ease. In
both cases we only considered the results when the cohercrt transfer function is sufficiently high, that is,
higher than 0.95. All the data below 0.95 of the coherent function have been rejected.
DR. VON GIERKE (USA)

The animals were sitting upright and not supine as in your drawing?

AUTHOR'S REPLY

We prepared a seat whieh will enable us to make shock studies and vibration studies according to different
positions from the supine to the erect.

DR. VON GIERKE (USA) (RECORDING UNCLEAR)
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HUMAN CADAVERIC RESPONSE TO SIMULATED
HELICOPTER CRASHES

A.I. King and R.S. Levine
Wayne State lhiversity
Bioengineering Center

Detroit, MI 48202, U.S.A.

ABSTRACT

The use of energy absorbers in crew seats of military helicopters has the potential of minimizing
spinal injuries during a crash. The determination of human response during such simulated crashes was
attempted using a Black Hawk crew seat. A total of 28 impacts with 10 different cadavers were carried out
to determine the injury pattern and the biodynamic response. Head and pelvic accelerations were measured
along with sled and seat acceleration. Floor board and belt loads were also monitored. High speed film
was taken to obtain head and torso kinematics. The predominant mode of failure was the anterior wedge
fracture from T8 to L3. Generally, there was only one fracture per spine. One of the disturbing
observations is the rolling of the shoulders within the restraint system resulting in hyperflexion of the
thoraco-lumbar spine and anterior wedge fractures. An associated potential problem area is the observed
large head excursions which can lead to significant head and neck acceleration injuries.

INTRODUCTION

Spinal injuries, even those without significant injury to the enclosed neural structures, can lead to
significant impairment. During helicopter crashes the spine is subjected to high levels of +G_ accele-
ration which causes spinal compression and flexion. Anterior wedge fractures of tl.e lower thofacic and
upper lumbar vertebrae are commonly seen. These injuries can be attenuated by using an energy absorbing
(EA) seat. Due to limitations on the physical size of the cabin, it may not be possible to design an EA
seat which can bring the loads down to a safe level for all crew members, that is, a constant load limiter
can bottom out before the total energy is absorbed from a heavy crew member. The object of this project
is to study the response of helicopter crews during combined +G_ and ~G_ accelerations simulating a
helicopter crash. A secondary cbjective is the determination of & reasondble EA setting for human cadavers
which were used as surrogates for crew nembers. A preiiminary series of runs were made using a rigid seat
to determine cadaveric fracture g-levels which were to form the basis for using the 14.5-g setting designed
for these helicopter seats or for testing cadavers at a lower level.

METHODS

All tests were performed on WHAM III (Wayne Horizontal Acceleration Mechanism) with the seat and
cadaver positioned as shown in Figure 1. The sled started at one end of the track, was brought to the
desired velocity slowly and was decelerated rapidly at the opposite end of the track by a hydraulic snubbing
device. The EA test seat was positioned so that its bottom pointed toward the front of the sled and the
back was set at various angles with respect to the horizontal between 4 and 2i degrees (Figure 1l). This
system provided A +G_ acceleration component to a seated cadaver on a horizontal sled (horizontaiized
+G_). The cadaver welb positioned in the seat and held with a standard military harness used in helicopters.
a1f belts were hand tightened. The cadaver was positioned with the head and neck were placed in slight
flexion, simulating a pilot sitting upright.

The scat used in these tests was a standard helicopter seat with a thin foam cushion between the
buttocks and seat pan. The EA's were changed after each run. EA settings were at 14.5 g and 11.5 g.
Prior to using the EA's, seeral runs were made with a rigid seat set at 90 degrees. Two configurations
were used for the FA seat to simulate a helicopter crash on a horizontal sled. The 'purely' vertical
(+G_) impact should be simulated by setting the seat back tangent line parallel to the horizontal surface
of ¥he sled. However, in order to acoount for gravitational acceleration which would act nommal to the
spinal axis, the seat back was tipped up 4 deg for a 14.5-g run.* In the combined mode, simulating ’Gz
and "Gx accelerations, the seat back tangent line was tipped up an additional 17 dec to 21 deg. The g-
levels for EA settings were subsequently reduced hut the seat configurations wers .ot altered since small
rotational adjustments of one or two degrees were difficult to attain in structures designed to withstand
high loads.

The cadavers were obtainad from the Willed-Body Program of Wayne State University, School of Medicine.ss
A total of 10 cadavers were used. A total of 28 runs (rigid and EA) were made. Initially, cadavers were
subjected to more than one run, with five cadavers being used for 23 runs. Five of the 10 cauavers were
used only once. Prior to use, the cadavers were X-rayed to rule out any spinal abnormalities, arthritcis
and/or osteoporoeis; all of which disqualified the subject. Anthropometric measurements were made on
each cadaver, after which it was instrumented with head and pelvic accelerometers and dressed in a tight
fittine garment. The hcad and face were covered to preserve anonymity. A procedure to place the cadaver
in the test seat was developed to ensure repeatable positioning. The lap belts were hand tightenad to
about 220 N and the shoulder straps to about 130 N. No helmets were used and the feet were strapped to
bi-axidl load cells which measured foot loads in the antero-posterior (x-axis) and superior-inferior
(z-axig) directions. After each nm, X-rays were taken and; for multiple runs, the cadaver was not reused
if a fracture was identified. All cadavers were autcpsied at the termination of the final run. During
the autopsy, careful attention was paid to the spine. Specimens of vertebral bodies were sent to a testirg
lahoratory to determine the compression strength at failure and their mineral content.

T
The arcsine of 1/14.5 is approximitely 4 deg.

**The protoonl for the use of cadawers in this study was reviewed by the Human and Animal Investigation
Comnittee of Wayne State ‘hiversity. It follows guidelines established by the U. S. Public Health Service
and those recommanded by the National Academy of Sciences/National Research Gouncil.




7-2

The maximum number of data channels recorded was 32. They are:

Head accelerometers

Pelvic accelerometers

Seat pan accelerometers
Sled accelerometers

Lap belt load cells
Shoulder belt load cells
Tie—down strap load cell
Foot load cells

Energy abosorber load cells
Displacement potentiometers

OB NN W WD

The head accelerometers were arranged in a 3-2-2-2 configuration for the measurement of linear and angular
acceleration. Tri-axial pelvic and seat pan ac elerations were measured along with sled deceleration
which was monitored by a redundant accelerometer. The 5 belt loads were measured by clip~on type load
cells while the x- and z-axis foot loads were measured by 2 multi-axis load cells. The performance of the
2 energy absorbers were monitored by EA load cells and up to a maximum of 4 string potentiometers which
provided a quantitative measure of the loads sustained by the absorbers and the extent of the collapse of
the seat. In many runs only one or two seat displacement measurements were made. All transducer data
were transmitted to an analog tape recorder via trailing cables. Ten channels of data were digitized
during the run, permitting an instant review of the results. All data were digitized at 1,600 samples/
second after they were filtered at 800 Hz. The digital data were subjected to a 100-Hz low pass filter
before they were plotted as results for this paper.

RESULTS

Table 1 summarizes the 19 non-EA runs that were made with a rigid seat with a 90-degree seat back to
seat pan angle. The seat back was parallel to the sled surface. Repeated runs were made on each of the
three cadaveric subjects used until a fracture was detected on lateral X-rays taken after each run.
Cadaver 4612 was used for 3 runs. This 52-year old male cadaver sustained a fracture of T9 at 7.5 g, as
shown in Figure 2 which was taken after the spine had been excised. The release of load and the removal
of surrounding tissues permitted the wvertehbral body to rebound and lose its wedged shape. Cadaver 4654
was run 11 times up to 28,5 g. A typical fracture of T10 and T1l occurred during the last run. A total
of 5 runs were made on Cadaver 4660 which sustained a small wedge fracture of T8 during the fourth run.
However, this injury was initially overloocked and it was subjected to a fifth run at 21.4 g. A catas-
trophic fracture of T8 occurred.

The acceleration and load cell data presented in this paper are based on a set of body-fixed cocrdin-
ate axes, the positive directions of which are directed anteriorly, left laterally and superiorly for the
x-, y- and z-axis respectively. Figure 3 shows z-component accelerations of the pelvis, seat par and
input sled acceleration for a 12.8~9 non-injury producing run on Cadaver 4654 (R 7). Accelerations
along the z-axis for a 28.5-g run on Cadaver 4654 are shown in Figure 4. Injuries to 710 and T1l were
noted after this run. Because of the fact that the fracture level for this cadaver was so high, the
average level for the three subjects was 16.0 g. Since the setting for the crew seat EA’s was only 14.5
g, it was decided that this setting should be used for the second and principal phase of the study in
which cadaveric responses were measured using an energy-absorbing seat. This set of non-EA runs also
demonstrated the feasibility of simulating wvertical accelerations on a horizontal sled and of producing
injury patterns congsistent with cbeervations in the field.

The nine runs made with an EA seat are summarized in Table 2, A total of seven unembalmed cadavers
were used in two different seat configurations. 7Two of the cadavers were tested in both the purely ver-
tical mode and the cambined mode while the remaining five were tested only once.

The nominal peak value of the sled pulse was set at 40 g. The velocity change was 46 km/hr and the
stopping distance was 356 mm. A typical deceleration pulse is shown in Figure 5. Data from one of the
nine runs (Run 25) were lost due to a malfunction of the tape recorder. The data from the remaining 8
runs can be divided into 3 groups. There were 3 purely vertical runs with an EA setting of 14.5 g (Runs
20, <8 and 31). Examples of head, pelvic and seat pan accelerations are shown in Figures 6 and 7 for the
x- and z-companents respectively. A 44-year old female cadaver (No. 4784) was used in Run 20. MNo gross
spinal injury was detected. In Run 28, the test subject was a 6l-year old female cadaver (No. 4850) which
did not sustain any spinal injury. A 63~year old female cadaver was used in the third run of this series
(Run 31). Figure 8 shows a compression fracture of T8 sustained by this cedaver. Again, thig is an
x-ray of the excised spine. Cadaver 4840 sustained a wedge fracture of L3 dquring Run 25 for which the
transducer data were lost.

In the sncond group of two runs, the seat was tipped up 21 deg to simulate a combined inde of
acceleration. In Run 21, Cadaver 4784 underwent a second run but was not injured. Run 29 was made with
Cadaver 4850 which sustained an anterior wedge fracture of T12. Pelvic, head and seat-pan acoelerations
along the x- and z-axis for Run 29 are shown in Pigures 9 and 10 respectively.

The three cadavert used in the last series of runs were impacted only ance. They were sibjected to a
combinad mode of deceleration with the EA's set at 11.5 g. The reduced EA level was an attempt to seek a
g~level at which no spinal injuries among the cadaveric population would oocur. All three cadavers sus-
tained anterior wedge fractures, twr of Ll and one of L3. The x~ and z-components of the head, pelvis and
seat pan for Run 33 are shown in Figures 11 and 12 respectively.

DISCUSSICN

In cadavers, fractures of the spine occur at about 10 g in the z-direction. Without an EA, the
acceleration of the sled and seat pan are almost in phase, with the latter having a higher peak dus to
ringing. Pelvic response was delayed and magnified. The delay is due to the presence of aott
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covering the ischial tuberosities which need to be compressed before the inertial load can be transmitted
to the bony pelvis. The higher acceleration experienced by the pelvis is attributable to the bottoming
out of the tuberosities against a rigid seat pan. The z-component accelerations shown in Figure 3 are

i typical of all runs made in the non-EA mode at all g-levels. The spinal fracture patterns observed in

this series of rigid seat runs on a horizontal sled were similar to that reported by Ewing et al (1) whe
performed cadaveric experiments on a vertical accelerator at Wayne State University. Shanahan (2) also
indicated that the pattern of fracture seen in helicopter pilots is also similar to that of the cadave.. 1
Thus, the simulation of helicopter crashes using cadavers on 2 horizontal sled is a viable methcd for

injury studies. However, the difficulty of establishing human tolerance levels from cadaveric data still

remains.

The data from the eight EA runs are nore difficult to interpret. High speed movies of these runs
show that the head and torso undergo severe hyperflexion. The sequence photograph in Figure 13 shows the
head between the knees at the peak of its excursion (Run 28). For a comparable run without EA's, the
amount of rotation of the head and torso is considerably less, as shown in the sequence photograph for Run
18 (Figure 14). The absence of significant spinal flexion was adbserved in previcus studies in both the
vertical acceleration mode and the combined mode. Prasad and King (3) made a large number of cadaveric
runs on the verticcl accelerator without encountering severe spinal flexicn. Begeman (4) performed -G,
and combined -G, and +G_ runs using a rigid seat but failed to observe the subject rolling inside the’
shculder restrathts. Ond of the major differences between the runs made on the Black Hawk seat and those
performed previously is the manner in which the shoulder belts were pre-tightened before the run. During
the Black Hawk test series, the pre-tension was kept at a relatively low level of about 130 N. In the
rigid seat series and in previous experiments, the shoulder harmess was tightened manually to about 400 N.
Belt pre-tension may be a contributing factor to the observed head excursions.

The peak accelerations sustained by the head occurred near the end of the impact atter the nead had un-
dergone a rotation in excess of 90 deg. The body-fixed accelerations in the x- and z- direction were both
negative as the whipping head was brought to an abrupt stop by the shoulder belts. Peak head accelerations
occurred at about the same time as that of the shoulder belt loads. A typical example of this is shown in
Figure 15 for Run 33. Pelvic accelerations along the spinal axis were of the same order of magnitude as
that of the seat. The seat cushion may have prevented the uvershoot observed in the rigid seat rums.

The distribution of spinal fractures among the three groups of test conditions is not consistent with
g-level or test mode. In the wvertical mode, the fracture rate was 50% at an EA setting of 14.5 g. Two of
the four cadavers sustained a spinal fracture in this series. At the same g-level in the combined mode,

] the fracture rate was also 50% {(one out of two runs). However, the fracture rate was 100% for the 11.5-g
setting in the combined mode. A much larger sample size is needed before a satisfactory explanation can
be found.

CONCLUSIONS
The following conclusions can be made:

1. The use cf a horizonta) sled to simulate vertical impact acoclerations has been shown to be a
viable methad in injury research involving the use of cadavers.

2. Human tolerance to combined accelerations cannot be deduced from these results. It is expected
to be lower than that for +G, acceleration.

3. The rolling of the shoulders inside the restraint system is a disturbing phenomenon which may
aggravate spinal injuries. This was not ocbserved in previous studies in which the
shoulder harness was pre-tightened to 400 N. More research is needed to ascertain if
powered inertial reels or an inflatable restraint system can be effective in reducing head
uxcursion and upper torso rotation.

4. The encryy absorbers functioned properly in all of the teste in which they were used. They
appear to be an effective means of attenuating spinal injuries.

S. EA settings for cadaveric tests in the combined mode should ke less than 11.5-q.
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TABLE 1 - SIMMARY OF RIGID SEAT RUNS

RIN # CAD # PEAK SEX AGE HT WT INJURY
ACCEL (mm) (N)
1 461 4.1 M 52 1775 1716
2 5.8
3 7.5 Fracture of T9
4 Taesa 39 M a9 1es 89 7
5 5.9
6 8.7
7 12.8
8 15,5
9 16.9
10 18.8
11 20.8
12 24.0
13 27.0
w 85 Fractwre of TWO and T
15 4660 4.1 M 51 1705 961
16 5.0
17 8.8
18 13.0 Anterior Wedge Fracture of T8
19 21.4 Catastrophic Fracture of T8

TABLE 2 - SIMMARY CF BLACK HAWK SEAT RUNS

RN CAD PEAK SEX AGE HT WT INJURY SEAT
NO. NO.  ACCEL {rm) (N) CONFIG
20 4784 45.0 F 44 1600 738 VERT
21 4784 “.0 oo}
25 4840 ST M 55 1710 711  Fracture of L3 VERT
% 4850 2.3 ° 61 1615 623 VERT
29 4850 41.6 Wedge Fracture of T12 o
31 4875 439 F 63 1660 657 Comp. Practure of T8 VER
33 492 45.0 N 52 1750 971  Wadge Fracture of L1 e
35 4975 4.0 M 63 1715 626 Wedge Practure of L) o
37 4983 430 F S8 1620 7i8  Wedge Fracture of Ll e

VERT = Vertical (ocz) Acceleration, 4 deg seat back angle
QM = Combined ('Gz and G) Acelerationr, 21 deg seat back angle
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Figure 1 - Black Hawk Seat Assembly on WHAM III Sled
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Figure 2 - X-ray of Spinal Segment of Cadaver 4612 -
Fracture of T9 at 7.5 g.
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TYPICAL SLED DECELERHTION PULSE
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¥igure 5 - A Typical >icd Deceleration Pulse Used for
Black Hawk Seat Runs.
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Figure 6 - X-Component Accelerations of the Head,
Pelvis and Seat for Cadaver 4850
(Run 28) at 14 S g EA Setting.
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Figure 7 - Z-Component Accelerations of the Head,
Pelvis and Seat for Cadaver 4850 (Run 28)
at 14.5 g EA Setting.

Figure 8 - X-ray of A Spinal Segment of Cadaver 4875 - Fracture of T8
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Figure 13 - SequencePhotograph of Run 28, Showing Figure 14 - Sequence Photograph of Run 18, Showing
Large Head Rotation and Excursion. Considerably Less Head Rotation and Excursion.
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COMPARISON OF HERD X RAND Z RAXIS o—e X ACCEL
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Figure 15 - Time Correlation of Peak Head Accelerations
with Peak Shoulder Belt Load.
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DISCUSSION
UNIDENTIFIED QUESTIONER

Can you give detailed information about the encrgy absorbing mechanism or energy materials in the
seat system itself?

AUTHOR'S REPLY

I request that Mr. DesJardins, the seat manufacturer's representative, discuss the material.
DESJARDIN'S (USA)

The energy-absorbin® mecharism used are inversion tubes. The material of the inversion tubc is annealed
aluminum tube, the device operates much like reaching into a sock and pulling it inside-out, the tubce is pulled
insidc-out. The seat is attiched to the bottom of these devices and the devices are attazhed to the top of the seat
frame. The devices are elongated by he irertial load of the seat occupant.

UNIDENTIFIED QUESTIONER
Did you see any ligame ntal injuries and disk injuries?

AUTHOR'S REPLY

We didn't sec any lizamentous injurics nor did we sec any disk injuries. Although I expect they should
occur in the end-plate;.” I would expect to see these injuries in a larger series.
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INJURY MECHANISMS IN FRONTAL COLLISIONS INVOLVING GLANCE-OFF

Reidelbach, W.
Zeidler, F.
Daimler-Benz AG, 7032 Sindelfingen / Germany

SUMMARY

Among frontal car collisions offset impact collisions are three times more frequent
than symmetrical ones. In case of small overlap and high collision speed the colliding
vehicles glance-off. The definition and application of the energy equivalent speed helps
to evaluate crash severity and to distinguish glance-off from non-glance-off collisions.
The investigation of frequency and severity of injuries to belted occupants unveils that
in case of glance-off, due to the "impact-shock syndrome", the injury risk of lower ex-
tremities is increased, the injury risk of remaining body regions is reduced when com-
pared to non-glance-off cases,

SOME RESULTS FROM ACCIDENT STATISTICS

Accident investigations have repeatedly shown that about 60 % of road traffic acci-
dents involving injuries to car occupants are frontal collisions, this ¢»sllision type
therefore accounting for the greatest share of personal damage. Besides th®s general re-
search result a more detailed knowledge of collision mechanisms was requested in order
to identify the injury causing parts and kinematics and to design and perform realistic
accident simulations.

So Daimler-Benz started in-depth accident analyses about 2C years ago and has now
more than 1200 case reports on file. From there we have learned that about two thirds of
the vehicles deformed by these frontal collisions can be allocated to one of three typi-
cal impact configurations.

rate of vehicles

impact configuration a1located

100 % overlap —_—
(flat barrier) 25 %

3C to 50 % overlap
asymmetrical left 50 %
(left offset barrier)

30 to 50 % overlap
asymmetrical right 25
(right offset barrier)

Because of this 3}:1 proportion of asymmetrical to symmetrical collision types, the offset
impact deserves priority. Therefore Daimler-Benz for i‘nstance has included in its car
engineering program the left side offset barrier impact test in addition to the flat
barrier test required by law.

ACCIDENT SEVERITY AND ENERGY EQUIVALENT SPEEL

Since the beginning of accident research muny attempts have been made to rate col-
lision severity and correlate some to occupant injury severity, Among other approaches
the change av of vehicle speed v during the collision (together with other parameters
like mean acceleration and intrusion) is considered indicative for crash severity.

Our analyses led us to the opinion that for crash severity the exchange cf kinetic
energy and in particular the amount of energy absorbed by the deformed car structure is
more significant than av (1. The reason is the energy being a square function of the
velocity. Be v the vehicle speed at the beginning and v - av the speed at the end of the
collision. Then the vehicle's kinetic energy is reduced during the collision by

aE = % m [v2 - (v - Av)ﬂ = % m (2vav - 4v2).

For an equal amount of av, the dissipated energy aF increases with v: the greater the
"input speed”, the greater the energy to be "managed".
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The energy W absorbed by the car structure is in principle not identical to aE des-
cribed above but obviously of the same magnitude. So agaii. . the greater v, the greater
is W, and this quantity to our experience appropriately evaluates crash severity. Conse-
quently, the "energy equivalent speed" (2]

gEs = || 2¥
m

is a better collision severity indicator than av. W and thus EES can be estimated by ex-
perienced analysers in many cases with sufficient accuracy. Future application will vali-
date this approach. Here it is used on a selected sample of frontal collisions.

THE FRONTAL COLLISION INVOLVING GLANCE-OFF

For further analysis of the prevailing offset frontal collision we selected from
our files those cases which met the following criteria:
- Front structure damage indicates a left side offset impact with up to two thirds over-
lap.
- The deformation pattern of the case vehicle was to resemble the crush configuration
resulting from offset barrier tests so that the EES could be estimated.
- The driver was to be belted which in many countries is compulsory.

82 cases complied with these conditions. Among them 12 were characterized by rather high
input velocities and small overlap so that after a glancing blow the colliding vehicles

separated from each other and continued their path with only a minor deviation (Fig. 1).
We call it a frontal collision involving glance-off or, shortly, a glance-off-collision

(GOC) in contrast to a non-glance-off-collision (NGOC).

After having determined av and EES for all 82 case vehicles, we realized that for
those 12 GOC vehicles av was considerably smaller than EES whereas for the remaining
70 NGOC vehicles av was almost equal to EES. This led us to the definition of the para-
meter k = av/EES and a preliminary criterion k # 0.7 indicating a typical GOC.

The significant data for the twelve GOC cases are compiled in tables 1 and 2. The
cars were involved in accidents between 1975 and 1980. The weight given in each case is
the empty vehicle weight. Worthy of note is the high relative speed vye1 which varies
from 100 to 175 km/h. It can be found by adding the two collision speeds. The occupant
injuries are ranked using the Abbreviated Injury Scale (AIS) [3].

COMPARISON OF GOC AND NGOC DATA

Iu the ileft side offset 1rontal cotlision sample considered here - 82 cases with all
car drivers belced - no injuries of AIS above 3 are recorded.

In 70 NGOCs the drivers suffered

58 head, neck or thorax injuries, AIS 1 to 3

39 injuries to the lower extremities, in particular
13 injuries to knee and thigh, AIS 1 to 3

13 injuries to foot and lower leg, AIS 1 to 3

13 combined upper/lower leg injuries, AIS 1 to 3

Obviously in NGOCs the injury risk is almost equally distributed over the whole body
with injury severity up to 3 in all body regions.

In 12 GOCs the drivers suffered
7 head, neck or thorax injuries, AIS 1
10 injuries to the lower extremities, in particular
1 knee injury, AIS 2
7 injuries to foot and lower leg, AIS 2 and 3
2 combined upper/lower leg injuries, AIS 3
In contrast to “he NGOC sample the GOC sample, though & small number yet, indicates a
concentration of -~erious injuries in the lower leg area and only a minor risk in the up-
per body region. 9 of the 12 drivers had foot/lower leg injuries some of which we con-
sider to be more severe than is induced by being classified AIS 3. The large intrusion
of the footwell/firewall area of the car body structure observed in all GOC cases was
the first hint to a particular mechanism causing the prevailing lower leg injuries. We
name it the "impact shock syndrome".

THE IMPACT SHOCK SYNDROME

It is characterized by a high peak/short duration impact force exerted on the feet
by the footwell or pedals which in turn is due to the large closing speed between the
feet and the quickly intruding structure elements in the footwell area at the moment of
contact (contact speed). In this moment both feet and footwell move relative to the pas-
senger compartment, the feet in forwa:.d direction, the footwell in rearward direction
due to the intrusion. During GOCs the footwell intrusion speed is extraordinary large
becaunse of the small overlap and the high collision speeds involved. So also the contact
speed is high, but the masses of body parts involved are low, resulting in the high peak/
short duration impact.

e
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Using some elementary equations of applied mechanics together with plausible assump-
tions on car crash behavior [ it can be shown that the contact speed v. can be approxi-
mated by the formula 1

Ve T2

1
EES (k “'1?) .

In Fig. 2 the severity of foot/lower leg injuries is plotted against v, for all 82 cases.
The scatter range of NGOC data is indicated here by the upper and lower limit value only,
for each AIS level. We realize that many GOC data points fall within the NGOC data ranges
except at AIS 3 level. Here it seems to be obvious that the data points allocated to Ve
above 70 km/h indicate injury severity above 3. But after the revision of the Abbreviated
Injury Scale in 1980, classification of injuries below the knee in AIS levels above 3 is
not possible any more. Besides this irregularity the contact speed has successfully served
as a means to clarify a previously unrecorded injury mechanism. Future investigations
should include any attempt to determine v, more precisely, not only from accident analysis
using EES evaluations, but also experimentally through improved crash testing. It can be
expected that in case of unbelted occupants also the severity of head/thorax injuries
properly correlates to a contact speed, then being the closing speed between upper body
regions and an intruding steering wheel or dashboard.

REFERENCES
] Zeidler, F., et al., Injury Mechanisms in Head-On Collisions Involving Glance-Off
P-97, San Francisco, Societv of Automotive Engineers, Inc., 400 Commonwealth Drive,

Warrendale, Pennsylvania 15096, 1981.

P} Burg, Zeidler; EES - Ein Hilfsmittel zur Unfallrekonstruktion und dessen Auswirkungen
auf die Unfallforschung. Der Verkehrsunfall, Heft 4, 1980.

B] The Abbreviated Injury Scale (1980 Revision), Copyright 1980 American Association for
Automotive Medicine, Morton Grove, Illinois 60053, USA.
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DISCUSSION
DR. LEVINE (USA)

These are severe injuries. 1 treat them. These fractures,although the AIS is only two or three,have long-term and
lifetime impairments. These people have paintul joints, they spend months in casts, and some do not heal.
These are clinically very severe, impairing injuries, not life threatening, but they impair people. Many people
will never be the same after a severe ankle fracture. They can't walk or run like they could before.

AUTHOR'S REPLY

We know this from cases, and that is the reason we consider it to be important, to be an objective for the
automobile engineer to do something in that area.

DR. VON GIERKE (USA)

Would you propose a similar treatment of the absorbed energy, {or example, for a multiple-impact helicopter
crash?

AUTHOR'S REPLY

1 have no idea what a helicopter crash is, except what I've seen today at this meeting. It may be that there
is a way of reconstruction using some physical properties.

CARNELL (USA)

Can you give any idea of why the feet 2nd legs were injured? lIs it because flailing of the feet, or loss of
living space in the space under the dashboard? Or is it just the impact loads on the pedals themselves? What is
the cause of injury on the lower extremities?

AUTHOR'S REPLY

It is the impact with the feet and pedal or footwell in these particular cases where the rest of the vehicle,
1 should say, except a very small mass continues its path with only a minor reduction of speed. Whereas the
footwell, or the intruding of the opposing vehicle into the compartment is very fast, very hard, high
peak and short duration impact.

DR. VON GIERKE (USA)

1 guess the question was, "{s it more the relative mntion of the feet or is it more the
compression of the free space?"

AUTHOR'S REPLY
The mechanism of injury is about 50-50.
DR. VON CIERKE (USA)

If the compartment would not collapse, would you always have the same ratio?

AUTHOR'S REPLY

No. You would not have the same contscts because we only hsve analyzed cases where the driver was belted.
So that the belted driver may have s relstive motlon of his feet with respect to the compartment, but it may
be sttenuated by using a belt. If you started a aimilar analysia with unbelted drlvers, | don't think you obtain any
result. By using the upper torso restraint, the vpper body is protected and legs are a significant remsining pro-
blem.

FRISCH (USA)

In the glance-off situation, you have a greater frequency of lower llmb Injuries than you do in frontal
collisions?

AUTHOR'S REPLY
Not absolutely, but relstively; the distribution 1s different.
FRISCH (USA)

Is that due to the fact that in a frontal impact the car deforms unlformly and you have a breaksway engine
and you don't have the sideward intruslon into the vehicle?

AUTHOR'S REPLY

Yes, we have a tremendoua intrusion into the leg space at a high intruaion speed in the glance-off situation.
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ACCELERATION DAMAGE TO THE BRAIN

Thomas A. Gennarelli, M.D. and

Lawrence E. Thibault, Sc.D.

Departments of Neurosurgery and Bioengineering
University of Pennsylvania,

Philadelphia, Pa. 19104 U.S.A.

ummary : On the basis of 150 primate experiments utilizing controlled head acceleration
the authors conclude that a unitary tolerance for head injury is unrealistic. Rather,
a series of tolerance criteria exist that define two fundamentally different kinds of
mechanically induced intracranial injury --- vascular and axonal. The mixture of these
two injury types is largely determined by the magnitude and the time-history of the loadiag
condition because of differences in the material properties of the vascular and axonal
elements. The topographical distribution of the injured elements will be determined by
the kinematics of the loading condition because of assymetries of geometry, anatomy
and constitutive behavior of the intracranial contents. 1In light of these findings the

effect of acceleration on the brain is presented for the continuum of diffuse brain
injuries and for acute subdural hematoma.

Acceleration Damage to the Brain

In 1974 Ommaya and Gennarelli proposed an hypothesis for cerebral concussion and
traumatic unconsciousness. (1) (Figure 1A). This hypothesis suggested that cerebral
concussion and prolonged traumatic unconsciousness formed a continuum of increasingly
severe clinical syndromes which were graded into six varieties. Our work since that time
has been targeted to a more comprehensive understanding of this contiruum of injuries
and has placed special emphasis on the more severe varieties of traumatic unconsciousness.
This paper reviews our approach to this problem and demonstrates our current concepts
of tolerances of the brain to acceleration based on results synthesized from 150 accelera-
tion head injuries in a primate model (2-5).
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Cerebral Concussion _and Prolonged Traumatic Coma: a continuum

The conceptual format for our understanding of these injuries is presented in Figure
1B. ‘Thus it is postulated that as the mechanical input to the head and brain progressively
increases, the clinical result is that of progressingly more severe traumatic unconscious-
ness. Thus very low levels of trauma cause no injur; whatsoever but at some point as
input is increased, temporary reversible neurological dysfunction without loss of
consciousness occurs. Thus grades 1, 2, and 3 in Figure iA are lumped together in Figure
1B under the heading Mild Concussion Syndromes. Further increases in the mechanical input
to the head results in transient reversible loss of consc.ousness previously called para-
lytic coma (Figure 1lA) but now called classical cerebral concussion (Figure 1B). As
mechanical input increases further, prolonged traumzti. unconsciousness occurs (Grade
5 and 6 in Figure 1lA). Though clinicians tend to lump all such patients who have prolonged
unconsciousness and no mass lesion under the term "diffuse brain injuries" or simply
"diffuse injuries”, it is important to recognize at least two varieties of prolonged
traumatic unconsciousness. For want of better terms, in Figure 1B these are called
diffuse injury and shearing injury Diffuse injury in this scheme refers to those
patients who are unconscious for more than 24 hours who have normal motor responses while
shearing injury includes patients with prolonged coma who exhibit inappropriate decorticate
or decerebrate spontaneous or reflexive motor movements. Thus it is clear from ciinical
observatins that physiological dysfunction begins quite early in this sclieme (with the
mild concussion syndromes) and prorresses along the injury severity continuum so that
at the end of the spectrum, patients with shearing injury have very large amounts of
physiological dysfunction.

At the severe end of the severity spectrum a characteristic neuropathological lesion
complex is well recognized and it is therefore a reasonable assumption that if the clinical
symptomatology is progressively more severe so must the pathological spectrum. It is
therefore postulated that anatomical disruption is very minimal at some point in this
spectrum but that it progressively increases until the classical findings associated with
shearing injury occur. These have been described by Strich (6-9) and by Adams et al.
(10-12) and include minimal, but highly significant, focal macroscopic injuries in the
corpus callosum and rostral brainstem adjacent to the superior cerebellar peduncle. The
hallmark of this lesion is, however, the microscopic appearance of disrupted axons manifest
by axonal retraction balls. If survival is longer, microglial clusters occur where axons
have been injured. The distribution of axonal retraction balls and microglial clusters
is widespread throughout the hemispheres and brainstem, hence a justification of the term
diffuse. Long survival is compatible with functional recovery to vegetative or severely
impaired existence and is associated with demyelination and long tract degeneration.

That these diffuse brain injuries are important was recently pointed out by Gennarelli
et al. in a series of 1107 severely head injured patients (13). Patients with prolonged
traumatic unconsciousness of more than 6 hours duration who had no mass lesions comprised
44% of severely head injured patients and had a mortality rate of 32%. This mortality
was substantially higher in the shearing injury patients (57%). It was found that the
patients with prolonged traumatic unconsciousness ( »24 hours), because of their high
incidence and because of their high mortality, were responsible for 32% of all head injury
deaths, a number only exceeded by acute subdural hematoma. This study demonstrated that
subdural hematoma and prolonged traumatic unconsciousness (diffuse brain injury) accounted
for more deaths than all other head injury lesions combined.

Development of a Model of Prolonged Traumatic Unconsciousness:

Because of the clinical importance of this group of diffuse brain injuries, it was
felt that an appropriate leboratory model of these injuries should be created for further
in-depth studies. 1In order to do so, a conceot of the mechanisms which cause head injury
was reviewed (Figure 2). Because of the extreme complexity of clinical head injury it
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was thought most prudent to study individual injurious mechanisms as separately as possible.
In 1971 Gennarelli, Ommaya and Thibault demonstrated that cerebral concussion could be
readily produced by non-impact inertial loading of the head utilizing angular acceleration
only (2). Since it was felt (Figure 1B) that cerebral concussion was along the same contin-
uum of injury as the desired shearing injury, it was reasonable to assume that all that

had to be done was to increase the acceleration level above that which causes cerebral
concussion and diffuse injury with prolonged unconsciousness would result.

Relation to existing Toletrance Criteria:

Our initial experiments proceeded with this concept in mind and were based on the
accepted concept of injury tolerance. Figure 3A demonstrates the currently accepted
injury tolerance curve which demonstrates an acceleration-time dependence. The shape
of this curve was initially generated by Gurdjian and co-workers to represent a threshold

of "head injury" and was based on three data points from widely differing situations
(14, 15).

Figure 3A

"HEAD INJURY™

One data point had a very short pulse duration (t); one data point was near the end of

the downslope of this curve and one data poirnt was far to the right at the low acceleration,
long pulse duration end of the curve. These three data points were then connected to

form this familiar curve. The curve however did have some basis in mechanics, since this
curve, in effect, provides for equivzlent energy inputs into the head. Unfortunately,

the three points comprised markedly differing data: cadaver drop experiments, impact

to dog's skull, and human acceleration sled rides with acceleration measured on *he chest
and not the head.
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However, further workers, notably Ommaya and Hirsch, did provide a similar shaped
acceleration time curve for experimental cerebral concussion in the sub~human primate
(16) (Figure 3B). This work however also presumed the curve shape, for the data was,
in fact, limited to the lower part of the downslope and very first part of the horizontal
asymptote. Nevertheless, a tolerance curve of this shape became the standard in the head
injury tolerance field. Based on this working presumption, we assumed that in order to
create the desired diffuse and shearing injuries one had to simply increase the accelera-
tion levels to create the entire continuum of injury (Figure 3C).

The Acute Subdural Hematoma (SDH):

Based upon the assumption that diffuse injury and shearing injury were a more severe
injury than concussion, we began to increase acceleration levels above those which cause
concussion. To our disappointment increased acceleration levels at the short durations
dictated by our injury apparatus did not create prolonged traumatic unconsciousness.

There appeared to be no prolongation ¢f the relatively standard 5 to 30 minute transient
unconsciousness of the classical cerebral concussion. However as acceleration was increased
further, first small, then guite massive subdural hematomas were procduced. =uhe size of
these hematomas was sufficient tc cause prompt death of the animals and carerul neuropatho-
logical examination disciosed no evidence of internal brain injury. Gross pathological
dissection 4id document the cause of the subdural hematoma however. This was shown to

be dve to rupture and failure of the parasagittal subdural bridging veins. ({17)

SDH

SDH

CONCUSSION

CONCUSSION

t
t
Figure 4A Figure 4B

We therefore concluded that a tolerance for subdural hematoma existed slightly above
the tolerance threshold for concuscion as depicted in Figure 4A. This hypothetical
construct conformed to the existing concept of brain injury tolerances, but it soon
became apparent that such a construct could not be valid. The situation depicted in
Figure 4A would demand that there could nover exist a shearing injury in the absence of
subdural hematoma since the threshoid for subdural hematoma was lower than that for
shearing injury. This however could not be the case since clinical experience shows quite
readily that the shearing injury can occur i- the absence of subdural hematoma. It therefore
became obvious that a tolerance curve for su..dural hematoma must differ from the shape
of that of concussion such as shown in Figure 4B. In fact on review of our experimental
data such a tolerance curve for subdural hematoma seemed to exist. Our data defined a
jinear relationship between accelegation and pulse duration that begins at 3.5 msec 4
acceleratioa duration at 1.5 x 10~ radians/sec2 and increases with a slope of 3 x 10
radians/sec” per millisecond of increasing pulse duration.

The mechanical reasons why this curve should be so are found in an evaluatior of
the properties of subdural veins. Lowenhielm demonstated the viscoelastic nature of the
subdural bridging veins in 1974 (18, 19). He reported that subdural bridging ve’ns ex-
hibit marked strain rate sensitivity, similar in nature to the viscoelastic behavior of
other biological tissue. Thus, ultimate strain to mechanical failure is low when strain
rates are high and increases as strair rate decreases. Translated to the more familiar
acceleration-duration expression of the head injury tolerance curve, acceleration is
proportional to ultimate strain to failure and acceleration duration is related to
strain rate given the same shape of the acceleration-time history. Thus a tolerance
curve for subdural hematoma of the shape shown in Figure 4B is explainable by the
viscoelastic nature of the bridging veins whose rupture cause the subdural hematoma.
Bagsed on Lowenhielm's data, a simplified mathematical model was exercised and a tolerance
curve for subdural hematoma was achieved (20). As shown in Figure 4C, our experimental
data for SDH fall within the zone predicted by this model.
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Prolonged Coma and Diffuse Axonal Injury:

A second hypothetical construct to explain our findings was then proposed and is
shown in Figure 4D. Here the shape of the tolerance curves of concussion and subdural
hematoma interact with proposed tolerance curves for diffuse injury and shearing injury.
This allows a window of acceleration-time history that can produce concussion alone, sub-
dural hematoma alone, subdural hematoma plus either diffuse injury or shearing injury
and finally diffuse injury or shearing injury alone. Through this working hypothesis
our acceleration apparatus was modified to provide longer pulse duration (and lower strain
rate) at the same acceleration level. 1In increasing the pulse duration, prolonged traumatic
unconsciousness was produced for the first time in any experimental model. By appropriate
manipulation of acceleration-time-direction of input, traumatic unconsciousness could
be extended from the usual 5 to 30 minutes to, at first, several hours without any abnormal
motor movements (diffuse injury) and finally to traumatic unconsciousness lasting for
several days accompanied by decorticate and decerebrate responses (shearing injury).
The neuropathological observations in this latter group of animals demonstrated an identical
picture to the shearing injury seen in human cases. That is, macroscopic tears in the
corpus callosum and rostral brainstem were present in association with widespread diffuse
axonal retraction balls in the cerebral hemispheres and uppor brainstem. Thus the entire
spectrum of cerebral concussion and traumatic unconsciousness (Figure 1A and B) could
be in fact be duplicated in an experimental model.

Our current data favors a model with tolerances such as depicted in Figure 5A. This
can be viewed as our specific hypothesis and demonstrates that at acceleration levels
which are applied rapidly, subdural hematoma occurs due to rupture of bridging veins because
of their strain-rate sensitivity. At similar accelerations applied for longer time periods
the clinical syndromes of traumatic prolonged unconsciousness (diffuse injury and shearing
injury) begin to occur. An intermediate acceleration-time history will provide superimposi=
tion of these two phenomena and an intermediate zone which results in clinical injuries
which have both subdural hematoma and evidence of axonal injury. These cases have been
reported by Clark (21), Peerless (22) and others (23-26) and are prcbably more frequent
if careful neuropathological examination of patients with subdural hematoma were performed.
That our data support this concept is shown in Figure 5B.

Tigure 53
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E It also became apparent that one could begin to generalize this specific hypothesis.
Since diffuse injury and shearing injury are parts of a clinical spectrum that correlate
with a pathological spectrum of axonal injury manifest by increasing numbers of axonal
retraction balls, this clinical complex could be viewed as differing amounts of the same
injury to axons. Since axons exhibit the same tyve of viscoelastic behavior as do subdural
bridging veins, it is reasonable to assume that the tolerance curve shape would be similar
to that of subdural hematoma. This was corroborated in the mathematical model of Liu
who demonstrated that materials with diffeirent viscoelastic properties all exhibit a similar

h wave shape which differs only in its placement on the acceleration-time axis (27). This
allows us to conceptualize the injury not in clinical terms but in pathological-mechanical
terms and to consider the diffuse-shearing injury tolerance as that of axons, to which
we have applied the term diffuse axonal injury (DAI).

That DAI does, in fact, have a pathological spectrum was recently confirmed by a
careful clinical-pathological examination of our animal material. We therefore suggest
that the spectrum of DAI is responsible for the clinical spectrum proposed in Figure 1B.
Axonal injury without disruption would be responsible for the lesser degrees of clinical
injury (mild concussion and possibly classical cerebral concussion) while disruptive axonal
injury causes the more severe injuries. (See also Figure 7B)

SDH
1 - No INJuRY
2 - ShH
3 3 - SDH + CoNcusSIow
Figure 6A i (a) DAl 4 - SOH + DAI
- S - DAl
6 - CONCUSSION

CONCUSSION

f(1)

Current (o:cepts of the Effects of Acceleration on the Brain: Families of Head Injury
Tolerances:

In general, Figure 6A summarizes our current conceptualization of the effect of
acceleration on the brain. Acceleration is the principal mechanism leading to the two
greatest causes of head injury death and disability--subdural hematoma and diffuse axonal
injury. The determinants of these injuries reflect the mechanical properties of the

x
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injured elements - bridging veins and axons respectively. As a first approximation the
determinants are acceleration magnitude and strain tate, the latter bei-3 related to
acceleration duration if the wave shape of the acceleration-time histor 1is constant.
These structural failure tolerance curves interact wich a functional fa.lure tolerance
for reversible traumatic unconsciousness (cerebral concussion) to predict several type:
of injury combinations (as shown in Figure 6A).

This simplified view of injury tolerances is, of course, only an approximation and
kinematic considerations can be added to the kinetic considerations as shown diagramati-
cally in Figure 6B. Thus axonal or bridging vein tolerances, because of tissue inhomogenity
and geometric pecularities, will differ in magnitude, in location and in relative prcportion
depending on the direction of head acceleration.

Tigure 7a

ALO0D
VESSELS TS

STRUCTURAL

f(a) FAILURE

FUNCTIONAL
FAILURE

f(t)

Furthermore, we have noted that, as our experimental model produced more axonal injury
and less subdural hematoma, fewer and fewer contusions were present. The experimental
model in a few instances did reproduce the transition zone where subdural hematoma and
axonal injury are combined. This zone produced a contusional state intermediate between
the large deep contusions asscciated with the pure subdural nematoma and the virtually
non-existant contusional state which accompanied severe DAI. Thus Figure 7A is a general
h¥gothesis of head injury which generalizes the subdural hematoma curve to include all

ood vessels of the brain and the DAI curve to represent diffuse axonal injury in general.
This general hypothesis then explains not only the three conditions of pure subdural hema-
toma, pure axonal injury and a combination of both, but it also demonstrates that vascular
elements that are disrupted within the brain (causing contusions) may follow a similar
injury tolerance curve as do the subdural bridging veins. Thus Figure 7A becomes our
current formulation of head injury mechanisms in kinetic terms. It can be related
to Figure 7B where a zone of functional failure occurs without obvious structural disruption.
Clinically this corresponds to the mild concussion syndrome and perhaps some of the classi-
cal cerebral concussion. Soon however, if the appropriate acceleration-time history is
delivered to the head, structural failure begins, either of the axons or of the blood
vessels. If the acceleration-time history is appropriate, pure axonal injury begins and
causes the more severe types of cerebral concussion and prolonged unconsciousness of either
the diffuse injury (moderate DAI) or shearing injury (severe DAI) clinical types. As
these occur, structural failure increases in magnitude to the point where the classical
injury described by Strich and Adams et al. occurs. Thus the spectrum of diffuse brain
injuries can, in fact, occur with the appropriate loading conditions. 1In the general
hypothesis the precise tolerance shapes are not yet known and are yet to be determined.
Similarly, the precise function of “-celeration and of time which best fit this hypothesis
need to be further investigated. DIFFUSE BRAIN INJURIES
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DISCUSSION
DR. VON GIERKE (USA)

You spoke about a very controlled inertia loading input, but if I understand the set up correctly, you have
the bending of the spinal cord involved. This has been shown to be potential input to concussion which is called
acceleration concussion, but the focus is in the bending speed of the spinal cord and not cerebral.

AUTHOR'S REPLY

I think that it will still be many, many years before the focus or location of concussion is agreed upon by all.
What we can tell you is that when we increasc the input that we see the axonal pathology that I demonstrated in
the white matter of the hemispheres in the upper brain stem; but even under microscopic examination, we do not
see it in the cervical spine. One would anticipate that if the cervical spine was the first thing to be injured, then
as one increases the impact energy , we would expect to see something in the area. I certainly agree that the
influence of the cervical spinal cord may have quite a bit to do with brain injury.

UNIDENTIFIED QUESTIONER
You didn't say what kind of animal you used?
AUTHOR'S REPLY

We used the baboon because of the brain size, but we have used squirrel monkeys, rhesus monkeys, and
various species. We've not used subprimates.

DR. UNTERHARNSCHIEDT (USA)

We propose a family of at least three different concussion types. 1 think before { discuss this, 1 present my
paper, and we can discuss this with questions later.
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The Development of Intracranial Tissue Component
Failure Criteria as a Consequence of Controlled Inertial Loading

Lawrence E. Thibault, Sc.D.
Thomas A. Gennarelli, M.D. **

Department of Bioengineering
** Department of Neurosurgery
University of Pennsylvania
Philadelphia, Pennsylvania 19104, U.S.A.

Summary

Acute subdural hematoma and diffuse axonal injury have been shown (1) to be
responsible for the large majority of deaths and/or disabilities associated
with head injuries. In order to develop a set of criteria which describe the
tolerance of the head to mechanical loading (and thereby gain better insight
into methods of protection) it appears that it is necessary to describe, and
to understand discretely the behavior of those components which constitute
the intracranial contents. Specifically, the behavior of the vascular and
neuronal elements under dynamic loading conditions needs to be further el-
lucidated.

Physical ard animal experimental models conducted in conjunction with iso-~
lated tissue studies will then permit us to relate the more macroscopic
ohenomena, such as the input force-time history or kinematical response

of the head, to the variation of the field parameters within the intracranial
vault and the concomitant changes in neurophysiology and neurohistology.

Introduction

A well distributed impulsive load or an almost purely inertial loading con-
dition applied to the head can produce a broad spectrum of injury modalities.
The specific nature of these acceleration-induced brain injuries and the
associated pathophysiological consequences can often be described in terms

of failure of the discrete tissue elements which constitute this structure.
In order tc be able to protect the intracranial contents from damage it is
essential that those loading conditions which are responsible for the high
incidence of mortality and morbidity are well defined and that the relation-
ships between the generalized mechanical input conditions and the resulting
variations in the field parameters are understood. Once the spatial and
temporal variations in the strain for example can be determined as a function
of the loading it is then possible to examine a set of relevant failure
criteria for the isolated tissue components. This report presents a three
phase approach directed toward achieving these goals.

Figure 1. shows in diagramatic form the elements of the subject study. The
first phase consists of a series of primate experiments in which a system has
been developed with the capability of producing those forms of injury which
result in the highest rates of mortality and morbidity (acute subdural hema-
toma and diffuse axonal injury). The loading conditions in this experiment

can be finely controlled, i.e., the acceleration amplitude, pulse duration

and rise time are adjustable and the kinematical conditions such as center of
rotation, axis of rotation and degree of anguliar excursion can be independently
adjusted. The details of these experiments and the sensitivity of the animal
mode]l to the parameters mentioned will be discussed.

The second plase, which is designed to provide the necessary data to relate
the input 1%ading to the variation in the field parameters, is an experimental
study of physical models of the skull and surrogate brain under identical
loading conditions that the animal model experiences. These data can also
serve to vzlidate existing mathematical models and to perhaps provide neces-
sary scaling information to be able to transfer findings from the subhuman
primate studies to man.

The third phase of the program is designed to investigate the sensitivity of
isolated vascular and neuronal tissue elements to mechanical deformation.
Failure of these tissue components in response to mechanical deformation is
not restricted vo the more classical engineering failure criteria, which are
structural in nature, but, must include functional changes in these living
systems. Isolated neural tissue studies will be discussed in this context.
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GENERALTZED MECHANTCAL PHYSTOLOGIC AND PATHOLOGIC
NyT  F(t) = PKIMATE MODEL > ALTERATIONS

PHYS1CAL MODELS ANALYT1CAL MODELS

FIELD PARAMETER DETERMINATION

ISOULATFD TISSUE STUNIES
= VASCULAR COMPONENTS
= NEURAL FLEMENTS

FUNCT IONAL STRUCTURAL

FALLVRE FATLURE.
CRITERIA CRITERIA

Figure 1

Methods

Angular acceleration of the head was first used by Unterharnscheidt (2) to pro-
duce controlled forms of head injury in the primate. Subsequently, this model
was extended to discretely examine cerebral concussion (3), (4) and more
recently, subdural hematoma (S5). In all cases the head was captured rigidly

by a fixture and the driving mechanism produced an angqular acceleration which
was restricicd to the sagittal plane. Further, the acceleration waveforms were
relatively symmetric with respect to the acceleration and deceleration phase.
The pulse durations in most cases were less than 4 msec and the raies of onset
were approximately 106 g's per second and greater.

The system described herein is capable of shaping the acceleration-time history
of the load and extending the deceleration phase pulse duration to beyond

10 msec. The device is also designed to produce a variety of kinematical con-
ditions with respect to the head motion. We believe that because of the asym-
metry of the head/neck structure this will undoubtedly alter the resulting
variation in the field parameters.

The prime mover used in this system is a six-inch diameter HYGE R linear
actuator (Consolidated Vacuum Corp., U.S.A.). The Hyge design permits wave
shaping by modifying the internal acceleration and deceleration metering pins.
The normal struke of this unit is six inches. The design modifications to the
standard Hyge unit include: decreased stroke length to 3.25 inches by modifying
the deceleration pin length, recesign the acceleration pin contour to increase
terminal veloacity and thereby compensate for decreased stroke length, and
finally, redesign of the deceleration pin contour to control deceleration phase
} oulse duration. Fiqure 2. depicts the system in schematic form. The cut-away
b view of the Hyge actuator shows the thrust column, piston, acceleration andi
¢ deceleration metering pins. The unit is coupled to a linkage which converts
the translational motion of the thrust column into an angular motion of the
{ixture which rigidly supports the head. 1In the case shown the motion is re-
stricted to the sagittal plane. The linkage assembly is fabricated primarily
from titanium for high strength to weight ratio. Relatively simple alterations
prior to an experiment permits one to vary the center of rotation and the
deqree of anqular excursion indecendently. Alsc shown in the figure are two
calibration curves where the “"set pressure" (the pressure on the downstream
face of the oiston) is varied to determine the peak deceleration amplitude,
The two curves represent two different metering pin contours, both of which are
half sines with deceleration pulse durations of aporoximately 8 and 11 msec.
As can be sec¢n the deceleratior. amplitude is a linear function of the set-
£ pressure on the system.
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Acceleration m2asurements are made using piezoelectric accelerometers and
appropriate amplifiers and recording system (ENDEVCO, U.S.A.). The accelero-
meters are fastened to the linkage in such a way that the sensitive axis is
oriented tingentially at a fixed radial location. The animal's head is cap-
tured into » helmet by using dental cement as a potting compound. The head
location and orientation is fixed relative to the helmet with the aid of ear
canal pins. The helmet is then attached to the kinematic linkage.

Figure 3 shows a typical acceleration time history experienced by the animal
model. A5 can be seen the acceleration and decelecation phases are approx-
imately sinusoidal but asymmetric with respect to amplitude and duration.

The deceleration amplitude in this case is approximately 1700 g's at the
transducer which translates into 1150 g's at the center of mass of the brain
and it is directed tangentially. The pulse duration of the deceleration

phase in this case is approximately 8 msec with a rate of onset of 2.8 x losg's
per second. As discussed previously, this loading can be applied in the Wy,
Wy or Wy directions. In these experiments the W, and W, directions were used
exclusively with the center of rotation in both cases lgcated at approximately
T-1, the first thoracic vertebral element.

Conventional phvsiological monitoring is performed and supplemented with
neurological and behavioral examinations. The somatosensory evoked response
using median nerve stimulation is measured bilaterally with the aid of a
PDP~-11 (Digital Equipment Corp., U.S.A.) computer.

ACCELERATION
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Figure 3
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Phase II of the study focuses on the experimental determination of the field
parameders utilizing physical models of the baboon. The models are constructed
by taking sagittal, coronal or horizontal sections through a baboon skull,
thereby obtaining a geometrically accurate boundary. A surrogate brain
material (Sylgard dielectric gel, Dow Chemical) is cast into the skull sec=-
tions. This material is optically transparent and can be cast in layers

which adhere upon curing. On any given layer a grid may be printed to provide
a means of measuring displacement of the elements of the plane of interest.
The physical models are then subjected to the identical loading condition as
the animal model. High speed photography of the physical models is obtained
using a HYCAM camera at 4000 frames per second. Again, these models can be
run in the sagittal, lateral or torsional modes similar to the animal model.

Phase III of this study is designed to investigate the mechanical properties

of isolated neural and vascular tissue, though the primary emph:isis herrs will i
be placed or. the former. The intention is to develop a set of tailure crite-

ria for isclated tissue which may be described in structured and/»or functional

terms.

A system has been developed which is capable of applying either axial or
torsional loads to an isolated nerve fiber while monitoring the compound
action potential elicited by electrical stimulation. Desirable features of
this system include: an atraumatic method of gripping the fiber which provides
uniform load distribution at the point of attachment, a suitable environmental
condition in order to maintain a viable tissue preparation, the ability to
obtain any desired initial state of fiber strain, a method to produce a pro-
grammable displacement-time history of the movable fiber end, and last a
monitoring system for both the mechanical and physiological variables. This
system is shown in block diagram form in Figure 4. The system in essence is a
miniature materials testing machine, capable of applying loads from static
conditions to relatively high strain rates. The displacement is measured
optically with an MTI-KD-100 Fotonic Sensor which provides a non-contact, high
frequency response method of obtaining strain and strain rate. The load is
measured by & Statham UC 2 "Green Cell"” (% 30 gm,2% .06 mm) force tranducer

and amplifier. The load cell is attached to the stationary end of the nerve
fiber fixture and is relatively isometric as can be seen from the above

) specifications. The physiological instrumentation includes a Grass Stimu-
lator Model £88, Isolation Unit S105A and Physiological Amplifier P511J. A
record of the compound action potential was obtained by periodically photo-

graphing the CRT trace from a Tektronix Oscilloscope.
GAGE LENGTH /
TENSINN ADJUST

ACTUATOR MOVABLE — G Pe—
! AUDI0  |—gd AT TACHMENT ISOLATED ATTACHMENT
SPEAKER) CHUCK FIBER CHUCK
¥ i 1 1
OPTICAL PHYSIOLOGICAL FORCE %
WAVEFORM DISFLACEMENT AMPLIFIER TRENESER
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Figure 4

Depicted in Fiqure 5 is the apparatus which was developed to apply the loading
to the nerve fiber. The nerve is attached to a pair of plattens by adhesive
(cyanoacrylate) at the edqge of each platten. The section of nerve between
these points of attachment defines the gage length of the fiber. The plattens
are attached co the load cell on one end and the actuator on the other. The
load cell end -~an be moved statically through a spring-loaded micrometer drive
and tne gauge length of the fiber can therefore be adjusted over the range of
zero to four centimeters. The actuator consists of an audio speaker (Poly
Paks, Inc.) and linkage which attaches to the movable platten. The linkage
design produces s2ither axial or torsional displacement of the movable plarten.
The audio speaker i3 driven by a waveform generator and an emitter-follower

s circuit. The amplitude of the displacement and the pulse duration and rise
time are adjustable. This system can be operated in a single shot or oscile

. lating mode,

Contained withirn the plattens are pairs of stimulating and recording electrodes
for the electrophysiological studies. Once a nerve fiber is bonded in place
the electrodes are insulated with petrolatum. Both plattens are contained
within a well assembly which is filled with a solution consisting of 205 mM

Na Cl, 20 mM C3Cl, S mM K} and S mM Trizma (7.50), adjusted to pH 7.5S., All
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chemicals were obtained from Sigma Chemical, St. Louis. The solution temper-
ature was aoproximately 15°C.

The fiber sclected for study was the spinal cord of the crayfish (cambarus).

The preparations used were aporoximately 6 cm in length containing four giant
axons approximately 60 microns in diameter. The crayfish were obtained from

Monterey Bay Hydrocultural farms.
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Figure S

Results

Figure 6 represents a summary of 68 animal experiments conducted using the HYGE
device with mndifications described herein. 1In all cases the animals were con-
cussed to vaiying degrees of severity., The symbols (X) indicate subdural
hematoma, (®) indicate mild to moderate concussion, and (0) indicate prolonged
unconsciousness for periods up to six weeks. Also shown are the results of
two analytical expressions which predict concussion threshold. The solid

line is the result of an analytical model of Hyashi's (6) and the more con-
servative dashed line is that of Bycroft's (7). Both models seem to agree
with the exoerimental data if the end point determination is to be some

degree of cerebral concussion. However, it is important to note that there
exist three subsets of data within the experimental population. Those animals
which experienced subdural hematoma were subjected to high rates of onset of
acceleration (of the order of 106 g's per second) while all other animals
experienced approximately 105 g's per second. This can be accomplished with

a variatior. of the metering pin configuration as discussed previously. An-
other distinction can be drawn between those animals which were run in the
purely sagi“tal plane (@) which correlate with mild to moderate concussion

and reduced rate of onset of acceleration, and those animals which were run

in a lateral or oblique mode (0) which correlate with prolonged unconscious-
ness. The latter group was also subjected to reduced rate of onset of accel-
eration.

It is theref>re suggested that specific injury modalities exist either inde-
pendently or in concert with one another and that tolerance levels for each
injury mecrkanism may be different. High rates of onset of acceleration

suggest that high strain rates may be generated and therefore the viscoelastic
properties »f the discrete elements (vascular and neural) must be taken into
account. UDirection of the anqular acceleration relative to an anatomical
coordinate system may indeed influence the relative magnitudes of the components
of the strain tensor since the brain is asymmetric, inhomogenous and perhaps
anisotropic.
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In the case of subdural hematoma one may view these data in a sligi..ly different
fashion. Figure 7 depicts the head subjected to an angular acceleration in

the sagittal plane. The parasagittal bridging veins which couple the brain

and skull undergo an elongation which is proportional to the relative angular
displacement between the brain and skull. If the deceleration phase of the
loading is symmetric with respect to time then the rise time of the deceleration
pulse may be related to the strain rate which is experienced by the parasagittal
bridging vein. It has been shown by Lowenhielm (8) that these vessels exhibit

a markedly viscoelastic response to mechanical loading. As characterized by
Lowenhielm, the ultimate strain to failure decreases by almost one order of
magnitude as the strain-rate is increased from zero to three hundred sec”l,

If this experimental data is applied to the elastic case developed by Hyashi

it is possible to incorporate the strain-rate dependence of the bridging vein
into a tolerance curve for subdural hematoma. This result is depicted in

Figure 8.
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The difference in tnhe physiological responses of the animals subjected to
sagittal and lateral plane accelerations can be seen in the somatosenscry
evoked respcnse changes. These differences are shown in Fiqure 9. The evoked
response returns to normal in the first 5 minutes (post-trauma) in the case

of the sagittal experiment, while the evoked resoonse remains absent through

30 minutes in the case of the lateral plane acceleration. These experiments
were conducted at comparable levels of acceleration and pulse duration (approx-
imately 90C g's peak tangential deceleration at the center of mass of the brain
with 8 msec pulse duration). The only parameter which is different in the two
cases is the direction of the anqular acceleration.
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These experiments suggest that it is not sufficient to describe an injury
tolerance level only in ter.s of the peak or average acceleration and the
duration of the acceleration pulse, but that the pulse shape and direction of
the acceleriction vector need to be included.

The physical model experiments provide a method of determining the field
parameters and their spatial and temporal variation as a function of the
mechanical input conditions. Once these data are obtained from the physical
model studies it becomes possible to test the isolated tissue preparations

in order to develop a rational set of failure criteria for vascular and
neuronal elements which are consistent with the loading conditions experienced
in-situ.

These resulting deformations can then be applied to the isolated tissue and

a evaluation of the tissue response from both a structural and functional point
of view can be made. The system to perform these tests has been described
previously.

Figure 10 shows the calibration curve of the optical displacement transducer
which is used to determine the strain and strain-rate experienced by the tissue
specimen.
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The transducer is displaced from the moving target by a "stand-off"” distance

of 2.0 mm which produces a full scale output of 10.0 volts. This voltage
decreases with platten displacement and is linear (r= .9571) over the range

of zero to 3.8 mm. Also shown in the figure are typical displacement waveforms
representative in terms of ampliturie and waveshape of those used during the
study. The maximum strain rate used thus far is approximately 300 secdi, with
maximum strains of 125%. The waveforms shown represent displacements of 0.8,
2.0, 3.6 and 4.7 mm with pulse durations of approximately 12 ms.

#Ahen the fipver i{s dissected free and ligated, it is transferred into the plattens
of the apparatus where electrical stimulation and physiological recording are
performed to establish fiber viability and baseline (control) conditions.

The cyanocacrylate adhesive is then applied and recording continues in order

to measure any time varying toxic effects. Fibers in this study have been
monitored for up to 24 hours with no adverse effects observed as a result of
manipulation or bonding to the plattens.

Figure lla shows the results of an experimenc which subjected the nerve fiber
to a high strain rate uniaxial extension. The baseline compcund action poten-
tial is reccrded prior to loading the specimen. Sequentially the next signal
was obtained at 30 sec post injury while continuing to stimulate the fiber with
3 velts, duration 60 msec at 1 Hz., The action potential in this case was vir-
tually obliterated. The next signal obtained at 1.5 min shows spontaneous
recovery vhere the signal amplitude is 200 mV with a latency of & ms. Figure
1lb shows a similar experiment where the level of strain was increased. Con-
trol compound action potential is shown with amplitude 200 mv and a latency

of 4 ms. Tae next signal is again approximately 30 sec post injury with no
response to stimulus. The third signal shown is representative of the condition
which persisted at 20 min, Under this loading condition (80% strain, strain
rate 250 sec™!) the fiber did not recover. Th:s fiber did not show macroscopic
signs of structural damage which we have shown to occur at approximately 150 %
strain in this preparation at comparable levels of strain rate.

»




119

20—
Y

e € .
£ 0 — - € [
LR G
[ [
o o
& &
z 2
- -
v 7
[o] o
a 25 a 80
w | 5 i
3 3
- =
PRE IMPACT PRE MPACT

e

msec 0

msec ]

STIMULUS STMULYS

Figure 11

4 Discussion

In order to develop rational criteria fcr injury to the structures of the head
and neck when subjected to a variety of mechanical loading conditions, it is
necessary to understand how these loads translate into the spatial and temporal
variation of the field parameters such as strain, and, then, to determine what
the structural and/or functional failure criteria are for the component tissues
in terms of “hese parameters.

In this study it has been shown that controlled inertial loading can produce
subdural hematoma, mild to moderate concussion and prolonged coma with con-
commitant diffuse axonal injury. These injuries may be dependent upon the
amplitude of the acceleration, the pulse duration, the rise time (which is
prcportional to the strain-rate) and the direccion of the acceleration vector
with respect to the anatomical reference system. Physical model studies
promise to provide insight into the details of the strain field in this regard.

It has also been shown that the ability of the isolated neural tissue element
to propagate electrical signals can be impaired in a reversibl: or irreversible
manner depending upon the levels of strain/strain-rate imposed. It is important
to notethat this functional response occurs before the nerve fails completely
in a structural sense. The mechanism by which the normal electrophysiology

. is disruptcd s not known and remains 3an area of great interest to the authors.
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DISCUSSION
UNIDENTIFIED QUESTIONER

- SIS

(Non transeribable sentenee) .
DR. GENNARELLI'S (USA) REPLY TO ABOVE QUESTION

The first question was whether the cerebral bridging veins eould rupture in the lateral mode. The
answer is certainly, yes. If we dcliver roughly the same wave shape in terms of posturation and am-
plitude in the lateral dircction, we will also rupture bridging veins. They will be different bridging
veins than the parasagittal bridging veins. As best we ean tell, no difference exists in the mechanieal
toleranee of the different veins. The second question was whether the intraeranial pressure that oceurs
afier injury ehanges the viscoelastie propertics of the veins. 1don't know. Wc're talking of the slide
that Dr. Tribault showed of post-impaet intracranial pressure, not the instantancous intraeranial pressure,
that Dr. Ward showced yesterday. We'rc talking about pressure that is probably due to venus congestion;
the eause of the high pressure is probably distention of the veins and in our model docs not oecur instan-
taneously, but only aftcr several seconds after injury. So wc feel that if the vein is going to rupture, it
will rupture in the first few milliseconds after the injury depending on the mechanical input rather than
later. It may bleed more or less.

AUTHOR'S COMMENT

We are interested in also looking at a functional eriteria for the bridging vein so to speak. We believe
it may be possible that if the vein is subjeected to a transicnt uniaxial extension, that it may in fact, dilate
in response to that mechanical input, but not fail. At levels of strain below which it would ordinarily fail,
it still may havce a funetional response, a basic dilatation, which may have an associated rclaxation time
constant.

UNIDENTIFIED QUESTYIONER

From what you said, 1 think there are two different phenomenon. First of all, the dilatation phenomenon
which is a physiologieal onc. 1believe the primary phenomenon is related to a hypertension, cven a
) small one, but must exist due to the flcxion of the head. The median parasinoidal charaeteristies of the
vein change from flat to eylindrical and are probably much more sensitive to a possible rupture. This is the
primary phenomcnon. It's a purely mechanieal phenomena, at least | think <o,

DR. GENNARELLI] (USA)

1 agree that the bridging veins may be under different geometrie configurations to begin with,
and that ecrtainly aeeounts for what we call biolegical variability in cxperiments: howcever, we recl
that we need morce data to prove that. The primary causc of inercased intraeraniul pressure shown
by Dr. Thibault is, in fact, the inercased blood pressure ind the blood pressurc is the primary
responsc to the acccleration forces and bending of the neck. cte. The intraeranial pressure is a reflee-
tion of the inercased blood pressure beeausc of basal dilation or loss of cerebral sutorcgulation. We
believe this ix the mechanical response of the blood vesscls to injury. just as laek of propagation of
action potential is a response of the neuroelement to injury. Mueh more data is necessary to prove that.

DR. WARD (USA) QUESTION INADVERTENTLY NOT RECORDED.
AUTIIOR'S REPLY

We arc in the process of doing dynamic testing on both brain tissuc and with the dialeetrie gel.
; The gel is strain rate sensitive. Whether or not we ean match the viscoelastic properties, i.c.. the
. relaxation modulus clhiaracterization, we have not yet been able to determine. We feel confident because
' you can vary the catalyst in & gel and change the gel elastic modulus three orders of magnitude. We also
see variations in the viscoelastie properties. So we think we'l! be able to do them.

DR. UNTERINHARNSCIHEIDT (USA)

First, 1 wish to congratu.ate Dr. Thibault and Dr. Gennarelli on their very fine and solid cxperi-
ment work. Whiel technique did you use for the axon staining technique? 1 would like to eomment
that we shiould take into consideration that bridging veins have a tremendous variation in anatomy
and in the location from animal to animal and man to man.

DR. GENNARELL] {I'SA) CONIMENT

These photomicroygraphs that Dr. Thibault showed of the nerve cord of the crayfish were perfermed
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in our peripheral nerve laboratory, not in our own laboratory. These were semi-thin cut seetions of acrylic-
embedded nerve. 1 plead ignoranee to the particular stain that was used. The material was fixed in situ,

in glutaraldehyde while under load, and then was prepared in the standard fashion fer peripharal nerve material.
I don't know the partieular membrane stain that was used. Actually. the morphologist who did the work with us
was much more convinced than perhaps was apparent, that those were real and not artifactual changes. He has
had considerable experienee with this particular fixation preparation method in human and other animal peri-
pheral nerves, and has never seen the kind of disruptions of the axoplasm from the inner membrane of the
neuron than was seen in these. It still could be artifactual but perhaps not.

DR. UNTERHARNSCHEIDT (USA) COMMENT
1 am convineed that these were not artifacts .
DR. THIBAULT (USA) COMMENT

I am very interested in the behavior of a single cell undergoing mechanical deformation at very low levels of
strain, where we believe any cell, bone, muscle or skin tissue experiences deformation and somehow ean
communicate that to the cell machinery. So we are trying to study this problera also in culture where we're
subjecting cells to meehanieal strain in culture and looking at changes in biochemistry. For example, in bone
cells we're looking at Collagen synthesis as a function of mechanical strain, bLut to continue the eoncept that
Dr. Gennarelli presented ultimately has to be verified at the cellular level. A response which starts out, per-
haps as membrane phenomenon, but shows up as an inability to propagate eleetrical information. Perhaps a
little further up the scale of meehanieal deformation is an internal structural problem, failure perhaps of the
eellular-skeletal network and ultimately at the limit to some membranes torn and disrupted whieh is as far
as we know an irreversible phenomenon. This is the approaeh we are presently exploring.




INFLUENCES RESPECTIVES DE L'ACCELERATION, DU JERK ET DE L'AMPLITUDE DE LA FLEXION
DU COU SUR LA SURVENUE DES LESIONS CEREBRALES.

R

C. Tarriére, G. Walfisch, A, Fayon, Laboratoire de Physiologie et de biomécanique de
1l 'asiociation Peugeot S.A./Renault, 147 ave. Paul Doumer, 92501 Rueil-Malmaison, France.

C. Got, F. Guillon, A, Patel, Institut de Recherches Orthopédiques, Hépital Raymond
Poincaré, 104 Bd Raymond Poincaré, 92380 Garches, France.

J. Hureau, Laboratoire d'Anatomie de 1'U.E.R. Biomédicale des Saints-Péres, Faculté de
Médecine, 75005 PARIS

Résumé .

Les Auteurs présentent une synthése de résultats expérimentaux obtenus sur cadavres humains
frais dont la pression vasculaire moyenne a été rétablie avant de subir des impacts directs
de téte.

L'inf)uence des paramétres tels que l'accélération linéaire et 1l'accélération angulaire, le
jerk, l'amplitude de la flexion du cou, la durée du choc, est analysée et discutée,

Les conclusions sont relatives a la tolérance de la téte humaine et aux critéres de
performance utilisables pour tester la qualité de la protection offerte par un casque ou
un élément d'habitacle aménagé (padding).

La connaissance de la tolérance de la téte humaine a 1'impact est nécessaire pour la
réalisation de dispositifs de protection bien adaptés, gu'il s'agisse de casques pour usa-
gers de deux-roues ou des parties d'un véhicule susceptibles d'étre heurtées par la téte de
ses occupants (ou celle de piétons). Les parametres physiques mis en relation avec la sévé-
rité des blessures cérébrales sont, le plus souvent, déduits de la loi d'accélération/temps
de la téte (accélérations linéaires, HIC (head injury criterion), accélérations angulaires,
! jerk, etc...)

L'objectif de cette communication est de faire la synthése de données experimentales obte-
nues par le Laboratoire de Physiologie et de Biomécanique Peugeot S.A./Renault et 1'Institut
de Recherches Orthopédiques de 1'Hépital Raymond Poincaré de Garches.

Ces données permettront d‘'évaluer la tolérance de la téte a l'impact a partir de la loi
accélération/temps; L'utilisation de cette loi nous parait d'autant plus intéressante a
prendre en considération que les paramétres qui s'en déduisent (accélération, HIC, etc...)
sont assez aisément transposables sur mannequin de choc et, par conséquent, utilisables
pour déterminer un critére de protection.

En plus de la commotion, ils pourraient permettre aussi d'évaluer le risque de fracture du
crane lorsque les efforts appliqués a la téte sont répartis sur une surface suffisante, ce
qui est genéralement le cas dans les accidents de véhicules a moteur.

Les données utilisées ont été obtenues soit dans des simulations ou reconstitutions d'acci-
dents réels, soit lors de chutes libres de sujets humains frais, non embaumés et instrumen-

tés.

Une partie des résultats acquis lors de ces expériences a déja fait l'objet de publications
s (1)(2)(3)(4)(5) dans lesquelles la méthodologie utilisée pour chaque type d'esszais était

decrite,

Par rapport .. ces punlications, l'analyse des résultats a été complétée et approfondie; en
particulier certaines données ont été vérifiées,

Cette communication concerne la tolérance de la téte humaine a l'impact; la transposition
au manneqguin de choc doit étre envisagée dans un deuxiéme temps.

I - METHODOLOGIE

Rappelons briévement quelques points importants:

1. Description des essais

Les reconstitutions d'accidents réels prises en compte étalent des collisions latérales
et frontales a vitesse élevée pour les chocs latéraux (comprise entre 45 et 70 km/h).
Pour les chocs frontaux, la vitesse d'impact étalt comprise entre 50 et 65 km/h,.
Dans Jes chocs latéraux, la téte de 1l'occupant du véhicule heurté était impactée dans sa
partie pariéto-temporale; dans les chocs frontaux, la téte de 1'occupant était heurtée dans
sa partie frontale.
Pour les essais de chutes libres, au nombre de 53, schématisées sur les figures . et 2,
les sujets humains étaient maintenus au moyen d'un dispositif adéquat, la téte casquée ou
non, dans le prolongement du corps.
Ils sont tombés en chute libre, la téte heurtant une surface plane et rigide revétue ou
non de matériau amcrtissant.
Le reste du corps était arrété par un épais matelas dont 1'épaisseur et la raideur étaient

{ choisies afin de contrdler le mouvement de flexion de la téte par rapport au thorax. i

f Les essais de chute réalisés peuvent étre classés en deux catégories suivant la direction
principale de 1l'impact:

i 3 a) impacts pariéto-temporaux (au nombre de 17 dont 1 contre une surface rigide non aménagée

(n* 76)). La hauteur de chute a varié entre 1,83 met 3 m (1),
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b) impacts frontaux (au nombre de 20 ). Pour ces essais, la hauteur de chute était de
Im,.

2. Préparation des sujets

Il s'agit des corps de personnes en ayant fait don de leur vivant. Chaque sujet a
fait 1'objet de la préparation présentée ci-aprés.

a) relevés anthropométiriques - Un relevé anthropométrique précis précéde chaque es-
sai.
Outre 1'age et le sexe, on note la circonférence et le diamétre antéro-postérieur de la
téte, mesurés en passant par la partie la plus basse de l'os frontal (au niveau des sinus)
et la protubérance occipitale externe,
Le diamétre transversal de la téte, également noté, correspond au maximum de la distance
entre les parties temporales droite et gauche.
Aprés chaque essai, la téte et le cou sont prélevés suivant des techniques déja décrites
{6) pour la recherche d'éventuelles blessures cérébraies, craniennes ou cervicales. Les
masses de la téte et du cou, de la téte seule, du crine et du cerveau sont prélevées afin
d'aider a lacompréhension des phénoménes de masse équivalente et a la caractérisation de
la boite cranienne.
L'ensemble des données disponibles est reporté dans les tableaux 2 et 5.

b) Rétablissement de la pression artérielle - Une perfusion de l'encéphale suivant la
méthode déja décrite (1) a eété effectuée avec succés sur l'ensemble des sujets pris en
compte dans l'analyse (20 essais en choc frontal, 17 en choc latéral). Cela a permis
d'évaluer la sévérité des blessures cérébrales dans 1l'échelle des AIS (7).

3. Calcul des accélérations

Des accélérométres sont vissés sur le crane des sujets. Afin de pouvoir calculer les
accélérations linéaires et angulaires au centre de gravité de la téte des cadavres, nhous
avons utilisé pour tous les essais postérieurs a l'essai n°® 76, 9 voies d'accélération
obtenues par 1l'intermédiaire de 3 capteurs tri-directionnels fixés sur le crine, a distan-
ce de la zone impactée de la téte. Un programme de calcul permet, a partir de ces neuf
voies, de reconstituer les accélérations au centre de gravité de la téte.

La mise en oeuvre de ce programme a été modifiée depuis le début de son utilisation, en
4 particulier par l'incorporation d'orientations plus précises des capteurs. De ce fait,
certaines valeurs antérieurement publiées se sont vues quelquefois retouchées.
L'ensemble des chaines de mesure accélérométriques était conforme a la procédure SAE J
211 b (classe 1000).

4. Calcul du jerk

Il n'existe pas de procédure standardisée de calcul du jerk a partir de la loi accéléra-
tion/temps. Plusieurs méthodes ont été décrites dans la littérature (8), Elles concer-

nent la partie ascendante de la courbe de décélération de la téte; l'intervalle de temps

choisi pour le calcul dépendant alors, dans une large mesure, de l'intuition de 1l'auteur.

La méthode utilisée ici est définie comme suit:

- 4 partir du maximum de l'accélération résultante, on détermine sur la partie ascendante '
de la courbe accélération/temps deux points correspondant respectivement a 0.2 et 0.8
d'accélération résultante maximum.

- Puis, entre ces deux points, on détermine une droite définissant un jerk "moyen" par la

p méthode des moindres carrés, en échantillonnant la courbe suivant des longueurs d'arc

constantes (20 a 25 points par courbe ont été ainsi utilisés),
Cette méthode s'est révélée bien adaptée aux sorties graphiques, une précaution devant
étre prise qui concerne les échelles; elles doivent, en effet, rester dans un rapport
constant quel que soit l'essai considéré. Dans nos essais, il était tel que 1 g correspon-
dait & 25.10-5 secondes sur 1'autre axe.

] Ceci n'a été effectué que pour les essais avec impant frontal,

5. Mesure des efforts

Cette mesure est particuliére aux essals de chute libre. Un plateau dynamométrique est
placé sous le matériau amortissant impacté par la téte et mesure uniquement la composante
verticale de l'effort appliqué a la téte,

Dans le cas ou le sujet d'essai est porteur d'un casque, la téte impacte directement le
plateau dynamométrique. Dans les autres cas, on interpose le plus souvent une couche de
matériau amortissant.

II - RESULTATS DES ESSAIS DE CHUTE LIBRE

1. Cinématique de la téte et du cou

D'une maniére générale, la cinématique de la téte et du cou peut etre décrite d'une

i fagon simplifiée comme suit:

- une premiére phase, qui est un mouvement vertical de la téte dans le matériau {ou le
casque), sans rotation importante par rapport & son orientation initiale. La durée de
cette phase est voisine de 6 a 7 ms.

- Puis, au cours du rebond, on observe un mouvement de rotation de la téte par rapport
au thorax (fig. 3 et 4).
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On notera que les maxima des accélérations linéaires et angulaires sont atteints pendant
la premiére phase décrite ci-dessus et que les vitesses angulaires n'ont pas excédé 96,2
rd/s (89 rd/s pendant 3 ms), valeur qui sera a rapprocher des limites envisagées pcur
garantir l'absence de blessure.

2. Analyse des blessures

a) a" niveau du crine - Pour les impacts frontaux, 3 sujets sur 21 présentaient une
fracture du crane. Il s'agit des essais 166, 250 et 251 qui étaient de sexe féminin avec
une téte de petite dimension. Des essais mécaniques seront effectués sur des parties d'os
cranien a des fins d'explication des fractures observées.

Pour les impacts pariéto-temporaux, sur les 17 sujets ayant subi un impact dans cette
zone de la téte, ceul un sujet est tombé téte nue sur une surface rigide, et il présen-
tait une fracture du crane (essai n® 76). Parmi les 16 autres, un seul sujet révéla une
fracture du crane. Ce sujet, de sexe féminin, est tombé casqué d'une hauteur de 3 m. Il
s'agit du sujet qui présentait la plus faible épaisseur moyenne du créne (3,65 mm) rele-
vée parmi tous les sujets d'expérience. De plus, la minéralisation de sa boite crinienne
était également parmi les plus faibies observées (0,7 g/cm2). Les données sont rapportées
dans le tableau n°® 5; il s'agit du sujet n° 83,

b) Lésions du cou - Pour les impacts pariéto-temporaux, un sujet sur les 17 testés
présentait des blessures ostéo-ligamentaires de la colonne cervicale pour un angle d'incli-
naison latérale de la téte par rapport au thorax voisin de 61°(n° 67, sexe féminin, 82 ans)
On doit noter que, plusieurs fois, des angles proches de 70° ont été atteints sans blessure
de la colonne cervicale. Ces angles ont été relevés a partir de films tournés a 1000 iriages/
seconde.

Pour les impacts frontaux, quatre sujets présentaient le méme type de blessure os*€c-
ligamentaire pour des angles d'hyperextension de la téte par rapport au thorax supérieurs
a 65° (de 66°a 90°) pour des HIC variant de 1000 3 2000. Il s'agit des sujets 104 et 142
pour lesquels l'injection cérébrale a été un échec (1), et des sujets 110 et 143 (Cf.
tableau 3).

c) Lésions cérébrales - Sur les 53 sujets impactés, on n'a pris en compte que les sujets
pour lesquels le cerveau €était bien conservé et bien injecté. Ils sont au nombre de 20 en
chocs frontaux et de 17 en chocs latéraux. Une synthése de la localisation des blessures
cérébrales est reportée dans le tableau 1 ol l'on peut constater la prédominance des bles-
sures du tronc cérébral (prés de 70 ¥ des blessures observées) quelle que soit la direction
des forces appliquées a la réte.

Ces blessures se situent souvent au niveau protubérantiel: la position de la protubérance,
en saillie par rapport aux autres éléments du tronc cérébral et au contact des structures
osseuses (corps de l'occipital en avant et partie antérieure du rocher latéralement) favo-
rise son implication, que les efforts soient dirigés d'avant en arriére ou transversalement.
Des mécanismes du type "engagement" du tronc cérébral dans le trou occipital, consécutifs
a certaines cinématiques de la téte par rapport au cou, peuvent étre évoqués pour l'expli-
cation du nombre relativement élevé de blessures observées dans cette région,
Des recherches complémentaires seraient nécessaires pour préciser ce point.

3. Résultats des mesures concernant ies impacts frontaux

L'ensemble des résultats utilisés dans 1l'analyse est reporté dans les tableaux 2 et 3.
Dans c2 qui sult, on a successivement cherché i mettre en relation les klessures observées,
exprimées en termes de AIS, avec des paramétres liés a la violence et aux circonstances de
1'impact: HIC, accélérations linéaires et angulaires, hyperextension de la téte par rapport
au thorax, jerk d'accélération linéaire, etc...

La considération des données anthropométriques de la téte des sujets d'expérience et de
données morprométriques relatives a leur boite cranienne a permis une analyse plus fine des
résultats. Ces derniéres données sont la quantité de sels minéraux par unité de surface de
1'os cranien et l'épaisseur moyenne du Crane.

Tous les sujets qui ont subi un impact frontal sont tombés d'une hau“eur de chute de 3 m.
La variation de vitesse de la téte dans ces essais était voisine de 10 m/s, et la durée
totale du choc comprise entce 5 et 15 ms; ces durées de choc sont réalistes si l'on se
réféere aux données expérimentales obtenues lors des reconstitutions d'accidents de voitures,
de piétons ou de deux-roues (2)(4)(9)(10).

Le tableau 4 résume les principaux résultats obtenus, classéssuivant la sévérité des bles-
sures cérébrales observées (AIS).

On a respectivement relevé les minima, maxima et la valeur arithmétique moyenne pour chague
paramétre physique considéré, ainsi que le nombre de svjets pris en compte

Quelques observations peuvent étre faites, paramétre par parametre, a partir de ce tableau.
Auparavant, on attirera l'attention sur deux sujets:

- le sujet 103, qui avait le crine le plus épais et le plus minéralisé parmi tous les
sujets d'expérience (Cf, tableau 2) et pour lequel, en 1l'absence de toute blessure, les
paramétres utilisés dans l'analyse des résultats ont atteint des valeurs trés élevées
(Cf. tableau 3):

- le sujet 107, qui avait la plus petite téte, un crine de trés faible épaisseur et trés
peu minéralisé par rapport a l'ersemble des sujets (Cf. Tableau 2). Dans l'analyse qQui suit,
nous ne tiendrons pas compte des résultats relatifs a ce sujet car, de par ses caractéris-
tigues, il s‘écarte beaucoup trop de la moyenne des sujets d'expérience.

Nous attacherons une importance particuliére aux sujets indemnes a chaque fois que leur
nombre sera suffisant par rapport au nombre d'essais effectués et a chaque fois qu’il n’au-
ra pas €été possible d'isoler l'influence d'un paramétre parmi les autres, car l'associaticn
de plusieurs paramétres physiques qul ont atteint des niveaux €levés interdit toute conclu-
sion sur l'évertuelle influence d'un paramétre sur le bilan lésionnel.
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a) L'accélération lin€aire est le premier paramétre examiné. On le considére selon qu'il
est associé a des blessures sévéres ou non.

- associée a des blessures séveres, AIS 2 3 - La plus petite valeur d'accélération maxi-
mum relevée était de 182 g (122 g pendant 3 ms). Il s'agit du sujet 174, qui associait a
un jerk d'accélération linéaire élevé (0.99x105 g/s) une accélération angulaire (3 ms) im-
portante (12936 rd/s2) et dont la sévérité des blessures était classée entre 3 et 4 dans
1'échelle des AIS.
Pour les blessures ici les plus séveéres, correspondant a des AIS 4 et 5 (sujets 102 et 108),
les accélérations maxima étaient, respectivement, de 232 et 313 g (147 et 144 g pendant
3 ms). Ces deux sujets ont subi, par ailleurs, des accélérations angulaires trés élevées et
des hyperextensions de la téte par rapport au thorax trés importantes (Cf. tableau 3).
Associées a une absence totale de blessures cérébrales (AIS 0), les accélérations linéaires
sont souvent elevees. Quatre fois sur dix, des accélérations linéaires résultantes maxima
ont dépassé 250 g. La valeur la plus élevée de l'accélération maximale était de 349 g et,
pour une durée de 3 ms de 149 q.

- pour les dix sujets indemnes, le maximum d'accélération a varié de 126 g a 349 g
(valeur arithmétique movenne = 217 g); l'accélération dépassée pendant 3 ms a varié de
102 a 169 g (moyenne arithmétique = 130 g).
La considération de ces résultats relatifs a 1'accélération linéaire entraine une critique
du critére 80 g/3 ms. Il est en effet encore courant de le voir utiliser comme "critére de
protection" de la téte a l'impact. Or, en impact frontal, nous n'avons jamais trouvé de
blessure cérébrale pour des accélérations linéaires appliquées pendant 3 ms inférieures cu
égales a 100 g.

b) HIC - L'on considére ici le HIC d'une maniére privilégiés parce que c'est le paramétre
le plus souvent examiné en relation avec la sévérité des blessures.
On a trouvé un cas sur 20 ol un HIC modéré (inférieur a 1500) peut étre associé a des bles-
sures sévéres. Il s'agit du sujet 174 (HIC = 1156) qui a subi un jerk d'accélération linéai-
re tres élevé (0.99x105 g/s), dont on verra l'influence probable sur le bilan lésionnel
plus loin, Il a subi, en outre, une valeur d'accélération angulaire dépassée pendant 3 ms
atteignant 12936 rd/s2 (pic a 18922 rd/s2). L'association du jerk élevé et de cette accélé-
ration angulaire a pu contribuer a la sévérité des blessures cérébrales de ce sujet humain
car aucun des autres paramétres physiques pris en compte dans l'analyse des résultats (HIC
et hyperextension de la téte par rapport au thorax) n'a atteint un niveau suffisant pour
rendre évidente cette sévérité de blessures (AIS 3 ou 4).
Inversement, des HIC élevés supérieurs a 2000 ont été supportés par une téte humaine sans
qu'il leur soit associé de blessures (Cf. Tableau 3).
On n'a pas alors les associations jerk et les accélérations angulaires élevées notées pré-
cédemment (4 l'exception du sujet 103 déja cité).

c) Accélérations et vitesses angulaires (tableau 3) - Si 1'on considére les trois sujets
qui présentaient des blessures classées supérieures ou égales a 3 dans 1'échelle des AIS,
on trouve d'abord le sujet 174 qui associait a une accélération angulaire élevée (12940rd/s2
/3 ms) un jerk élevé (0,99%105 g/s), et les sujets 102 et 108 pour lesquels l'ensemble des
paramétres physiques mesurés était trés élevé: HIC, accélérations linéaire et angulaire,
vitesse angulaire, hyperextension, 2tc...
Si l'on considére maintenant les sujets dont la sévérité des blessures était 2 ou 3 dans
1'échelle des AIS, on se heurte au méme écueil que précédemment, c'est-a-dire la difficulté
d'imputer les blessures a un paramétre isolé en raison des associations observées. [A titre
d'exemple, hyperextension forcée de la téte et vitesse angulaire importante pour les essais
110 et 143.]) Ne pouvant isoler l'influence d'un paramétre, on s'intéressera plus particu-
liérement aux ujets indemnes: quelques observations intéressantes peuvent étre alors effec-
tuées.
Pour les 10 sujets indemnes qui ont subi des HIC compris entre 690 et 2350, des jerks d'ac-
célération linéaire entre 0,16 et 2,49 x 105 g/s et une hyperextension de la téte peu impor-
tante (a l'exception du sujet 251), les maxima de leurs vitesses angulaires ont varié de
22 a 63 rd/s (valeur arithmétique moyenne = 34 rd/s).
Les maxima des accélérations angulaires ont varié de 8950 & 35780 rd/s2 (valeur arithméti-
que moyenne = 16808 rd/s2), et les accélérations angulaires dépassées pendant 3 ms de
4300 a 15110 rd/s2 (valeur arithmétique moyenne = 8161 rd/s2).
Ces résultats sont intéressants a prendre en compte en raison du peu de données disponibles
relatives aux niveaux d'accélération angulaire et de vitesse angulaire supportables par un
étre humain sans qu'il leur soit associé de blessure cérébrale.

d) Jerk d’accélération linéaire -
Le maximum de jerk relevé en 1'absence de blessure a été voisin de 2,4x105 g/s.
Le minimum de jerk assoc1é a des blessures a été voisin de 0,17x105 g/s: il s'agit du sujet
143 qui associe une hyperextension de la téte élevée a une vitesse angulaire maximum élevée.
Si 1'on considére tous les essais ou le jerk était élevé (» 105g/s) et 1'AIS cérébral infé-
rieur 3 3, la moyenne arithmétique des jerks était voisine de l,2x105 g/s.

e) Hyperextension de la téte par rapport au thorax (angle e.dans le tableau 3 ) - S1 l'on
considere les sujets indemnes, on peut constater gue leur absence de blessure cérébrale
s'accompagne d'une hyperextension inférieure ou voisine de 1'hyperextension naturelle (60
a 65°), a l'exception du sujet 251 pour lequel 1’'hyperextension a atteint 76°. Ces résul-
tats ont été obtenus pour des HIC compris entre 700 et 2350, des jerks inférieurs a 1,52
X 105 g/s et des accélérations angulaires dépassées pendant 3 ms inférieures a 15000 rd/s2.

Pour les autres sujets (AIS 3. 4 ou 5), il n'a pas été possible de dégager 1'influence
de l'pyperextension sur le bilan lésionnel en raison du niveau élevé atteint par les autres
parametres,

—— e e e e o e e o e e e
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Relations entre les paramétres physiques pris en compte et la sévérite des blessures obser-
vees, exprimée en termes d'AIS.

Dans les paragraphes précédents, on a analysé, par classe d'AIS, les niveaux atteints par
chaque paramétre. Or l'interprétation de 1'éventuelle influence d'un paramétre sur le bilan
lésionnel ne peut se faire ici sans prendre en compte les autres paraméires physiques utili-
sés pour juger de la sévérité d'un impact cranien. Dans ce qui suit, on s'attachera a met-
tre en relation chaque paramétre physique avec la sévérité des blessures exprimée dans
1'échelle des AIS en utilisant les essais ol les autres paramétres étaient les plus voisins
possibles.

a) Influence du jerk d'accélération Les sujets qui ont été sélectionnés pour analyser

1'influence du jerk d'accéléraiion linéaire sur le bilan lésionnel sont tous ceux qui ont
supporté des HIC voisins de 1500 et decs accélérations angulaires dépassées pendant 2 ms
inférieures a 9000 rd/s? {(a 1l'exception du sujet 174). De plus, pour tous ces essais, les
conditions de choc étaient choisies de telle sorte qu'aucune hyperextension excessive de
la téte par rapport au thorax n'a été provoquée (5 ).
Les jerks classés comme élevés était compris entre 105 g/s et 1.5x105 g/s: un tel niveau de
jerk avait été atteint lors d'une série d'essais antérieurs aux essais présentés 1ci, avec
des sujets humains porteurs d'un casque dont les propriétés amortissantes s'etaient révé-
lées insuffisantes par suite de la faible distance entre le point d'impact et le pord du
casque (1).
Les jerks "modérés étaient voisins de 0.5x105 g/s: ce niveau avait été atteint lors de la
série d'essais déja citée, avec des sujets humains porteurs d'un casque dont la partie an-
térieure recouvrait 3 cm de polystyrene (1):

- Tous les essais effectués dans ce but ont
été reporteés sur la figure 5 ou sont representés le jerk, le HIC et la sévérité des bles-
sures observées. Nous rappelons ici que ces résultats ont été obtenus pour des accélératicns
angulaires que l'on peut considérer comme tolérables par une téte humaine (inférieures a
9000 rd/s2 pendant 3 ms), et qu'aucune hyperextension de la téte n'a été provoquée.
Quelques observations peuvent étre faites:
- pour une classe de HIC donnée, il n'y a pas de relation simple entre le jerk et la sévé-
rité des blessures cérébrales. Ceci n'est pas étonnant car le jerk, comme cela a été cons-
taté précédemment, n'est qu'un des parametres physiques qui décrivent les sollicitations
de la téte dans les essais réalisés,
- Néanmoins, on peut remarquer que, pour lzs jerks élevés (supérieurs & 105 g/s) et pour
une méme classe de HIC, 1 sujet ou 2 présentaient des blessures cérébrales. Ces blessures
ne sont pas trés séveres a l'exception du sujet 174 (AIS 3 ou 4) pour lequel une explica-
tion de la sévérité des blessures a déja été proposée. Il semble donc, sur la base du petit
nombre d'essais rapportés, qu'au deld d'une valeur voisine de 105 g/s, le jerk d'accéléra-
tion linéaire ait une influence aggravante sur le bilan lésionnel (probabilité d'apparition
d'une blessure cérébrale voisine de 50 %).
Cette hypothése peut étre prise en compte car on ne voit pas de paramétre auquel on puisse
attribuer les blessures de fagon évidente. Toutefois, il n'apparait ni indispensable, ni
possible, sur la base de ces résultats, de définir un critere spécifique a cette fonction,
déduite de la loi d'accélération en fonction du temps, dans la mesure ou la condition HIC
1500 est satisfaite. Les raisons sont,la trés faible probabilité d'apparition d'une blessure
cérébrale, dans ces conditions d'impact réalistes, lorsque le HIC est inférieur ou égal a
1500 (voir fig. 5), et 1'absence de blessures parfois observées méme lorsque le HIC et
le jerk atteignent des valeurs élevées (essais 103 et 177, par exemple). Ces points seront
repris a propos de la relation HIC/AIS.

b) Relations entre le HIC et 1'AIS - L'ensemble des résultats est reporté sur la figure
6. Si 1'on analyse cette figure, on n'observe pas de reiation simple entre le HIC et la
sévérité des blessures cérébrales exprimée en termes d'AIS, Cela n'est pas surprenant car

les dispersions propres aux tolérances et l'absence de linéarité dans l'échelle des AIS
expliquent en partie cette absence de relation HIC/AIS.

Néanmoins, 1l'analyse de la figure 6 permet de justifier l'utilisation du HIC comme limite
pour la toiérance humaine. En effet, si l'on raisonne en termes de "seuil" de tolérance au
lieu d'utiliser une définition statistique du niveau tolérable pour le paramétre choisi, par
exemple un niveau tel que 50 % des sujets présentent un AIS=< 3, on ne peut obtenir, pour le
seuil, qu'une valeur inférieure de la tolérance. Il apparait qu'un seul sujet (n® 174) sur
les 20 pris en compte associait un HIC relativement faible (HIC = 1150) a des blessures
cérébrales séveres (AIS 3 ou 4). Ce sujet présentait des particularités dont nous avons déja
parlé.

En conclusion sur la relation HIC/AIS en cas d'impact frontal et dans l‘'attente d'une fonc-
tion déduite de la loi accélération/temps de la téte mieux corrélée aux blessures que le
HIC, on peut dire que la probabilité d'apparition d'une blessure sévére (AIS 2» 3) est treés
faible lorsque la condition HIC =€ 1500 est respectée.

En 1'absence de paramétre mieux adapté, notre avis est que le HIC peut étre utilisé comme
limite pour la tolérance humaine, et que le niveau 1500 est d‘'autant plus acceptable qu'il
est obtenu avec des cadavres qul, d'une maniére générale, ne donnent qu'une sous-estimation
de la tolérance des vivants exposés aux risques d'accidents. La validité de ces conclusions
s'entend en 1'absence de fracture du crine, pour des accélérations linéaires maximales
comprises entre 120 et 350 g (100 et 170 g pendant 3 ms), des accélérations angulaires
maximales inférieures a 43200 rd/s2 (17200 rd/s2 pendant 3 ms), des hyperextensions de la
téte par rapport au thorax inférieures a 80°® et, enfin, des durées totales de choc comprises
entre 5 et 15 ms.

4, Résultats relatifs aux impacts latéraux

L'ensemble des données sont rassemblées dans les tableaux 5 et 6. Or a considéré suc-
cessivement les accélérations linéaires, les HIC et les inclinaisons latérales de la téte
par rapport au thorax (angle & dans le tableau 6):; les autres donneées examinées pour les
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chocs frontaux ne sont pas disponibles.
Pour ces essais, la hauteur de chute a varié de 1,83 a 3 m.

[P -

a) résultats concernant les accélérations linéaires - Ceux-ci sont résumés dans le tableau
7 ou ils ont été classés suivant la sévérité des blessures cérébrales observées. Quelques
constatations peuvent étre faites:

- dans le cas de blessures sévéres (AIS > 3), 1'accélération maximale a varié de 210 a
580 g (moyenne arithmétique: 328 g), et l'accélération maximale depassée pendant 3 ms de
136 g a 200 g (moyenne arithmétique 157 g).

- Inversement, des accélérations élevées peuvent étre associées i une absence totale de
blessures (AIS = 0): pour les 9 sujets indemnes, le maximum d'accélération linéaire a va-
rié de 150 a 350 g (moyenne arithmétique 218 g),et 1'accélération linéaire dépassée pendant
3 ms de 110 & 175 g (moyenne arithmétique 144 q).

On peut noter sur le tableau 7 que les accélérations relevées dans chaque classe d'AIS sont
assez voisines (surtout pour les accélérations 3 ms). Cela confirme gue, comme en choc
frontal, il n'est pas satisfaisant d'utiliser le seul maximum (pic ou 3 ms) de 1'accéléra-
tion linéaire a des fins de définition d'un critére de tolérance cérébrale de la téte hu-
maine a 1'impact.

En outre, il faut noter que pour ce type de sollicitation de la téte, il n'a jamais été
observé de blessure cérébrale pour des accélérations appliquées pendant 3 ms inférieures a
110 g: ceci confirme 1l'inadaptation du critére "80 g pendant 3 ms" quand il s'agit des
tolérances cérébrales.

b) Résultats concernant le HIC - Les HIC obtenus, classés suivant la sévérité des bles-
sures cérebrales, sont €galement résumés dans le tableau 7. Quelques remarques peuvent
étre faites; lorsque les blessures sont d'un niveau d'AIS> 3, les HIC ont varié de 1255
a 5000 (moyenne arithmétique 2287).

Un seul sujet associait a ce niveau de sévérité de blessures un HIC relativement faible
(1255): il s'agit du sujet 83 qui a Até éliminé de 1'analyse car il présentait un criane
particuliérement mince, le plus mince parmi tous les sujets d'expérience (Cf. tableau 5).
L'impact cranien de ce sujet était localisé dans une zone pratiquement translucide qui
s'est fracturée a cet endroit, Cette fracture explique en partie le faible niveau de HIC
pour ce sujet. Tous les autres sujets ont supporté des HIC compris entre 1600 et 5000.
Inversement, des HIC élevés ont été supportés par des tétes humaines en l'absence de blessu-
re.

Pour les 9 sujets indemnes, le HIC était compris entre 1000 et 1990 {(movenne arithmétique
4 1400) .
c) Résultats concernant l'inclinaison latérale de la téte (angleot dans le tableau 6 ).

Si 1l'on considére les sujets indemnes, on peut constater que leur absence de blessure
cérébrale s'accompagne d'une inclinaison latérale de la téte qui est restée inférieure ou
égale a 64", quelle que soit la valeur de HIC. Pour tous les autres sujets (AIS 3, 4 et 5)
a 1'exception du sujet 83 dont on a déja parlé, il n'y a pas eu d'inclinaison latérale
forcée de la téte par rapport au thorax, et les blessures peuvent étre mises en relation
avec le niveau de HIC atteint, compris entre 1600 et 5000.

Relation entre le HIC et la sévérité des blessures cérébrales, exprimée en termes d'AIS

Iy

La figure 7 illustre les résultats obtenus, a& savoir que la probabilité d‘apparition
d'une blessure cérébrale sévére est trés faible lorsque le HIC est € 1500 et, qu'inverse-
ment, des HIC élevés peuvent fréquemment &tre supportés par une téte humaine lors d'impacts
latéraux sans gque leur soient associées de blessures cérébrales séveéres.

3 Comme dans le cas des impacts frontaux, la validité de ces conclusions s'entend en l'absen-
ce de fractures du crane, pour des durées de choc comprises entre 5ms et 15 ms et des ac-
célérations linéaires comprises entre 150 g et 350 g (110g et 180 g pendant 3 ms).

5. Synthése des résultats des essais de chute libre

Si l'on se réfare aux accélérations et HIC obtenus, il apparalt que pour une méme
classe de blessures, les valeurs atteintes sont plus faibles en choc frontal qu'en choc
latéral. On admettra que l'on peut, dans l'attente de la disponibilité des données de la
méme famille en choc latéral (accélérations angulailres, jerk), extrapoler les seuils de
tolérance qui apparaissent pour les impacts frontaux.

-Pour les sujas indemnes, les valeurs moyennes arithmétiques étaient les suivantes:

. accélération linéaire maxia 220 g ®130 g 3 ms pour 1l impacts frontaux et 9 latéraux),

. accélération angulaire maxi - 16800 rd/s2 #8160 3 ms pour 9 Impacts frontaux).

Ces résultats ont été obtenus pour des HIC compris entre 300 et 2350.

-Lorsque le HIC est de l'ordre de 1500, on peut dire qu'au dela de la valeur 105 g/s pour
le jerk d'accélération linéaire, la probabilité d'apparition d'une blessure cérébrale
sevére d'ATS 2 ou 3 est voisine de 50%.

-En cas d'impact frontal, il semble qu‘'au dessous de 65° pour l'hyperextension de la téte,
il n'y ait pas de risque supplémentaire d‘apparition de lésion.

Un grand nombre d'essais permettrait de préciser ces points.

-Dans le cas général ol plusieurs des paramétres étudiés doivent é&tre considérés pour décri-
re lasévéritéde 1l'impact, il apparait que le HIC est le paramétre le mieux adapté pour
permettre d‘évaluer la probabilité d'apparition d'une blessure cérébrale, et que la valeur
HIC & 1500 pourrait étre utilisée comme limite acceptablo pour la tolérance de la téte
humaine 4 1°'impact en cas de choc frontal et latéral. La figure 8 1illustre ce résultat.

3
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III - RESULTATS RELATIFS AUX RECONSTITUTIONS ET SIMULATIONS D'ACCIDENTS

Les résultats acquis lors de ces essais ont été reportés sur la figure 9 . Ils con-
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i firment les conclusions relatives a l'utilisation du HIC et de la valeur 1500.
x Ces reconstitutions sont celles de collisions réelles choisies pour leur caracteére
représentatif en violence et en configuration, Pour les collisions frontales, la vitesse de

rapprochement des véhicules était comprise entre 100 et 120 km/h. Pour les collisions laté-
rales, le véhicule heurtant, centré sur l'occupant situé du cdété du choc, avait une vitesse
comprise entre 45 et 70 km/h suivant l'essai. Ceux des occupants dont les lésions apparais-
saient les plus intéressantes a reproduire était remplacés par des sujets humains frais
préparés comme pour les essais de chute libre. Ces recherches ont été présentées dans des
publications récentes ( 2)(4 ).

IV - DISCUSSION

a) HIC en 1'absence d'impact de la téte - En collisions frontales avec sujets humains
instrumentés, retenus par une ceinture de sécurité trois points, nous n'avons jamais trouvé
de blessures cérébrale ou cervicale en 1'absence d'impact de la téte, Lkien que les HIC
aient parfois atteint des niveaux €élevés (1000 << HIC == 2000)(11) (3).

Des conclusions identigues ont été obtenues par 1'analyse des accidents 1dels (12-13)ce qui
confirme qu'il n'est pas fondé d'utiliser le HIC (ou un autre paramétre accélérométrique)
a des fins de prédiction d'une blessure cérébrale en 1'absence d'impact.

Cependant, en collision latérale voiture contre voiture, nous avons ouservé deux fois des
blessures cérébrales d'AIS > 4 alors que le déplacement de la tdte par rapport au thorax
n'était pas limité. Les rdsultats de mesures ne sont disponibles que pour un cas, ou les
valeurs atteintes par les paramétres physiques étaient treés faibles (HIC = 100 mais flexion
latérale = 75°). . . )

b) Critere de protection de la téte a 1l'impact - Dans l'attente de disposer d'un manne-
quin suffisamment "biofidele" pour que les criteres de protection soient le plus directe-
ment corrélables aux blessures qu'aurait subi un étre humain dans les mémes conditions d'im-
pact, on peut, en réalisant des essais d'impact de téte du mannequin dans les mémes condi-
tions de choc que pour les sujets humains, établir des relations entre le HIC cadavre et le
HIC mannegquin. POur les chut2s libres avec impact direct de la téte, des essais comparatifs
ont déja été réalisés (1), Ils sont reportés sur la figure 10 |, ol il apparait justifié de
choisir le critere de protection proche de la limite tolérable préalablement déterminée.

Remarque importante: Utilisation du HIC pour les porteurs de ceintures en choc frontal.

Nous avons vu précédemment qu'il n'était pas justifié de calculer un HIC en 1l'absence

) d'impact de la téte. Il est donc indispensable, lorsqu‘un occupant ceinturé en choc frontal
impacte un élément du véhicule (volant, par exemple), de définir l'instant de contact de la
téte pour le calcul du HIC.

CONCLUSIONS

En résumant l'ensemble des données présentées plus haut, on a dégagé les rdles respectifs
du jerk d'accélération linéaire et de l'hyperextension de la téte, et obtenu des précisions
sur les valeurs d'accélération linéaire et angulaire associées & l'absence de blessure
céréorale.

Par contre, lorsque plusieurs de ces parametres attelgnent simultanément les niveaux élevés,
le HIC est apparu comme la fonction la mieux adaptée pour définir le seuirl d'apparition
d'une blessure cérébrale sévere. On associe alors a ce seuil la valeur de 1500.
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FIG.3.

Rebond de la tete

Cinémalique de la téte

-impacts frontaux.
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SUMMARY

Neurophysiologic and biomechanical methods were used to evaluate axial tension applied
to the cervical spinal cord and brain during impact or inertial loading. Because axial
forces are often implicated in military accidents, these studies were designed to evaluate
physiologic changes in the brain and spinal cord with cervical axial tension aopplied to the
rhesus (Macaca mulatta) monkey. Both slowly applied (0.1 to 1 cm/s) and rapidly aoplied
loads (greater than 100 cm/s) were studied in the isolated fresh cadaveric cervical column
of the monkey and in the intact living and dead monkey. Similar investigaticns were con-
ducted on fresh human cadaveric skulls and cervical spinal columns and in the fresh human
cadaveric torso. Both axial tension and compression were applied to the human preparations.
Thoraco-lumbar sections were also tested for failure in compression. Helmet studies were
also conducted to determine the effects with axial loading. A mathematical model was
developed using a lumped parameter torso, head and helmet capable of simulating disvplacement
and time deperdent applied loads. The model was compared with photoqraphically studied
football injuries for validation.

I. INTRODUCTION

The majority of studies on head and spine injury have evolved damage criteria from bio-
mechanical measurements and pathological findings (33). In contrast, few studies are
available which evaluate the neurophysiological parameters of injury in the closed animal
model. Most studies of the physiology of head and spinal cord injury utilize techniques
similar to the Allen (1,41) method in which the neural tissue is directly traumatized. These
methods require the destruction of supporting elements such as vertebrae and licaments,
making biomechanical correlations difficult. Furthermore, the injuries produced often do
not correlate with those seen clinically (3,7,19-22).

Consequently, studies have been directed to develop a physiologically controlled closed
model of spinal cord injury with axial tension in the subhuman primate. Biomechanical data
has been obtained from monkeys and fresh human cadavers to determine the mechanical and
physiologicel parameters of human spinal cord injury (32,34,35).

All of the subhuman primate studies were done with axially applied tension forces.
A critical review of the quasi-static and the dynamic films and X-rays demonstrated less
than 10 degrees of extension or flexion induced during the experiments. The alteration
of the evoked potential secondary to spinal cord distraction was studied in monkeys in
whom thoracic osteotomies were done with stimulation of the dorsal columns of the spinal
cord.

Cerebral responses were gone within two minutes after complete occlusion of the
ascending aorta. The evoked responses recorded from the spinal cord continued for aoproxi-
mately ter minutes and then gradually disappeared. However, the immediate flexion and
iist-action responses were altered. These findings suggest that mechanical trauma alters
the sp@nal cord evoked potentials and that it should be possible to differentiate a
mechanical from a vascular insult (19). In the efferent pathways, stimulation of the
motor cortex produces a response which can be measured over the spinal columns reflectina
the physiologic integrity of the corticospinal tracts. The corticospinal tracts are
altered in the same way as the afferent response by cord flexion, distraction or ischemia.
Therefore, the evoked potentials can be used to evaluate spinal cord dysfunction over
afferent or efferent pathways (39.

—————e — - -
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Changes in the spinal and cerebral afferent and efferent evoked potentials were
evaluated with axial forces applied between the shoulders and skull of the living male
Macaca mulatta monkey. The failure loads ranged from 556 Newtons to 1555. The largest
ggg%?éﬁl stretch was observed in the smallest animals (32). The loads were quasi-statically

The majority of animals demonstrated minimal ligamentus disruption except one animal
which had a C3-C4 total disruption at 1112 Newtons. Two animals with posterior muscular
transection showed findings similar to the intact animals. The majority of changes
appeared to be secondary to mechanical stretch of the cervical medullary junction.
Routinely, the evoked potentials decreased prior to or concurrently with changes in heart
rate, blood pressure and regional perfusion evaluated with microspheres (34).

P

Studies in monkeys at high loading rates (up to 110 cm/s) produced failures of the
upper cervical spinal column at 1690 Newtons to 2668 Newtons. In these animals, a cervi-
cal displacement of 0.5 cm to 1 cm produced a 50% reduction in the evoked potential.
Structural failure and alteration in physiologic parameters occurred with displacements
of 1.25 cm to 2.13 cm (34).

These studies suggest that the afferent and efferent evoked potentials are sensitive
indicators of metabolic or mechanical alterations in spinal and cerebral pathways. Forces
required for tissue disruption were approximately twice as great in the dynamic studies
compared to gquasi-static runs.

The strength of the isolated monkey cervical column was evaluated with slow and rapid
loading rates with forces applied between the skull and upper thoracic spine. In quasi-
static tests, the columns failed at 325 to 534 Newtons. With rates up to 170 cm/s, the
failure loads were 1289 to 1423 Newtons. The anterior ligaments were approximately twice
as strong as the posterior and failures routinely started in the anterior ligaments and
proceeded posteriorly. The monkey cervical spinal cord failed in tension at approximately
35 Newtons quasi-statically and 90 Newtons dynamically (32,34).

II. MODEL STUDIES

Analysis of sports injury films indicate various time dependent and position dependent
events are required for cerebral or cervical spinal injury. To provide an understanding
of the mitigating effects of helmet protection and tc estimate the forces upon the necks
| and accelerations at the head, a model was developed. The computer model simulates player
impact conditions with and without helmets with a typical contact surface (FigureA). An
external force can be included which often occurs with opposite player contact.
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X FIGURE A: LUMPED PARAMETER MODEL

where My = mass of thorax (kq), Cy = damping coefficient of neck (Ns/cm), Ky = stiffness
coefficient of neck (N/cm), Myp = mass head (kg), Cyg = damping coefficient of
helmet, Kyp = stiffness coefficient of helmet, Myg = mass of helmet, K¢ = stiffness
coefficient of contact surface, F(t) = external applied force to helmet, N =
Newtons, s = seconds, m = meters, cm = centimeters.

The model motion i3 confined to one dimension, is coincident with the spinal axis and neck

and helmet compression is not restricted. The muscles and ligaments and overlying tissue

offer negligible resistance in compression; and the skull stiffness is neglected. The

upper and lower limbs and torso are combined into an effective torso mass (25,35 ). The

torso mass is appropriately reduced to account for the angle of impact of the athlete with

another player or a fixed object. The following equations define the acceleration of the
thorax, head, and helmet, respectively

X (£)=C (¥p (8) =R (£)) +K (X (£) =X (1) (1)
My
Xyyp (£)=Cyy (Xq (£) =Xy (£) ) #Cpp (Xpyp (£) =Xy (£))
; Ky (X (8) =Xy (0)) 4Ky (X (8) =Xy () (2)
t 'M'HD

SEHE(t)=cHE(kHD(t) -)'(HE(t)) Ky (Xgip (£) -
XHE(t)) -KC(XHE(t)) +F (t)

uE

—— el e
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For the no helmeted case Cyg, Kyg and Myp are zero. Table A compar the impact with
helmet (H) and without helmet (WH) for effective torso masses of 34 und 68 kg. The Table
indicates that the helmet provides protection: however the neck forces are in the region
of injury at velocities of 3 to 4.6 m/s(5,12,14,27,28,33). A review of football injury films
demonstrates neck injuries with impact velocities of approximately 5 m/s (35). The helmet
provides the greatest neck and cerebral protection for the smaller torso mass. Further-
more, studies with typical commercial football helmets indicate bottoming out with 2 to 3
cm of compression (35). Beyond this compression, substantially higher forces and energy
are transmitted to the brain and neck when the helmet bottoms out. Brain injury may occur
in the region of the highest impact velocities with a 68 kg mass where bottoming out
probably occurs. Table B shows the effects of various stiffness and damping coefficients
upon peak neck force, peak head accelerations and peak helmet compression for the typical
parameters shown in the legend. The least risk for the head and neck occurs with the
smallest values of helmet stiffness and largest helmet damping coefficients, however, a
substantial increase in helmet compression is required.

Table C demonstrates an augmentation of neck forces with increasing neck stiffness
and compliance, and a decrease in neck compression and acceleration at the head. Table D
shows typical stiffness and compliance parameters for six popular commercially available
helmets. The model is a single spring with stiffness (kj) in series with a kelvin element
with a spring having a stiffness of (k)) and parallel dashpot with a compliance of (Cj'.

For comparable parameters, this model yields results similar to those published by
McElhaney (25). However, his study did not include variation of helmet compliance.
neck stiffness, compliance, and compressjons.

This model may be useful in evaluating the effects of changes in helmet and neck
parameters, and for estimating forces and accelerations in injury. Studies of helmets
and human cadavers suggest that the kelvin elements can be approximated with series
springs, or two series of kelvin elements. Parametric optimization indicates that the
neck model should be replaced with, at least two series kelvin elements with stiffnesses
of 900 to 1800 N/cm and 1400 to 2100 N, cm and compliance of 35 to 150 Ns/cm (39).

TABLE A

M,  H/WH v, B Aup N, H,

(kg) (m/s) (N) (n/s?)  (cm)  (cm)
34 WH 3 6672 762 3.6 --

34 H 3 5338 549 3.0 1.5
34 WH 4.6 9786 1128 5.6  --

34 H 4.6 8006 823 B, 2.8
34 WH 7.6 16458 1859 9.1  --

34 H 7.6 13789 1341 7.9 3.6
66 WH 3 8896 762 5.1  --

68 H 3 8451 549 4.5 1.8
68 WH 4.6 13344 1128 7.6  --

68 H 4.6 12010 823 7.0 2.8
68 WH 7.6 22685 1859 2.2 =

68 H 7.6 20016 1341 11.5 4.6

Peak values of force on the neck (Fy), acceleration
of the head (Ayp), compression of tﬁe neck (N.) and
compression of the helmet (H.) for torso weights (My)
of 34 and 68 kg, impact wvelocities (V;) of 3 m/s,
4.6 m/s, and 7.6 m/s, with helmet (H) and without
helmet (WH). Constant values for the model were

Ky = 1751 N/cm, Cy = 1.75 Ns/cm, Kygp = 4378 N/cm,
Cyg = 3.5 Ns/cm, Myn = 4.5 kg, Myp = 0.1 kg, Ke =
4378 N/cm. F(t) = 8.




‘t TABLE B

i
Kyup Cue N Aup He
{N/cm) {Ns/cm) (N) (m/sz) {cm)
4378 0.175 20461 1676 4.6
4378 3.5 20238 1433 4.6
4378 17.5 18504 1402 4.3
1791 3.5 16680 1067 9.7
4378 3.5 20238 1433 4.6
8756 3.5 20906 1524 2.5

Peak force on the neck (Fy), acceleration
of the head {(Ayp), and helmet compression
(Ho) with changes in helmet stiffness (Kyg)
and damping (Cygg) characteristics. Con-
stant vaiues for models were Ky = 1751
N/cm, Cy = 1.75 Ns/cm, Mp = 34 kg, Myp =
4.5 kg, Mgg = 0.9 kg, Ko = 4378 N/cm,

Vi = 7.6 m/s. F(t)=0

TABLE C
]
Ky Cy H/WH By e N, H,
(N/cm) (Ns/cm) (N) (m/s2) (cm) (cm)
\ 146 1.75 WH 2137 1272 8.9 -
‘ 146 1.75 H 2039 895 7.9 0.05
1751 1.75 WH 9786 1128 5.6 -
1751 1.75 H 8006 823 5.1 2.3
§ 14447 1.75 WH 15769 768 1.1 -—
14447 1.75 H 11506 591 0.8 2.8
1751 0.14 WH 8168 1183 4.8 -
1751 0.14 H 7606 850 4.6 1.3
a 1751 17.5 WH 8879 666 2.8 -
1751 17.5 H 7652 501 2.5 2.0
1751 73.0 WH 12208 393 1.3 -
1751 73.0 H 9200 277 1.3 2.5

Peak force on the neck (Fy) acceleration at the head
(Ayp) neck compression (N § and helmet compression
(Ho) for various neck stiffness (Ky) and neck com-
pliance (Cy). Constant values for model are Mqp = 34
kg, Myp = 4.5 kg, Mygp = 0.9 kg, K, = 4378 N/cm,

Kyg = 4378 N/cm, Cyp = 3.5 Ns/cm, Vi = 4.6 m/s, F(t)=0
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TABLE D
1
kl k, Cl
I Helmet (N/cm) (N/cm) (Ns/cm)
|
Fully padded with foamed
plastic in segregated
cells !
| A 3383 1817 417
; B. . 3891 2189 1215 |
i Pneumatic 1 | .
| A . 3015 876 | 133
B 1933 721 . 159
{ Pneumatic 2 i
]
}
! A. . 4782 1007 464 !
B. 4059 1117 413 : k ::JC
'Pneumatic 3 ; 1 1
i
A. 2049 788 170
B. 2418 744 189
' Suspension with padding
A. 6260 | 1138 739
. B. 10474 1 1445 1431
}Hydtaulic !
A, 2298 I 962 196
B. 1366 855 133
One used fully padded
with foamed plastic in
segregated cells
1st 2860 1772 926
2nd 18354 1883 1214

Three clement helmet model for 2.0 cm displacement at vertex

on six different brands of the most popular U.S. football helmets.
Helmet on 290.1 magnesium head form with MTS-810 controller.

Ram velocity 120 cm/s. Two helmets of each model (A,B) with
exception of used helmet tested twice in succession at bottom,
Constants derived from load relaxation curves.

III. HUMAN SPINAL COLUMN STUDIES

A METHODS

Twenty-two unembalmed human male cadaver specimens were studied with forces applied
in tension, compression and transverse to the cervical column. The metiiods have been
described elsewhere ( 34 ). Briefly, all specimens were determined to be within normal
limits from the medical history and X-ray examinations done prior to the tests. All tissue
was X-rayed following each test. Final injury was determined by careful gross dissection
w.th confirmation of the findings by at least two clinical staff members. In the isolated
cervical and thoraco-lumbar spinal column studies, the supporting tisses were carefully
removed to avoid damage to the ligaments. All tissues were kept at 2°C until studied (1-3 days)
Liberal amounts of Ringer's solution were used to keep the preparatioar moist during
the tests. Dynamic axial loads were applied to the human spinal columns with a Series
810 Materials Test System (MTS) at rates up to approximately 152 cm/s. The siow rate
studies were applied with the Instron Device at rates of less than 2 cm/s. All forces
were applied at a constant rate. In several cadavers a Bourn> 118 linear potentiometer
was attached between spinous processes or from a spinous process to the base of the skull
to measure cervical distraction. Films were taken of the studies at 1000 frame/s with a
Hycam camera. The energy abscrbed up to fracture (failure energy) by the specimen was
estimated for each run. The load deflection curves were appro. imately linear, con-
sequently this assumption was used for the estimation. The machine energy was calculated
from the machine load deflection to failure. The tissue energy was calculated for those
runs in which the linear potenticmeter readout was available. All recordings were made
with a 1858 Honeywell Visicorder., Most of the specimens underwent mulziple runs and were
remounted in the regions without observable damage. Ali angles for the isolated cervical
and intact torso are measured from the Frankfurt Plane of the head with respect to the
horizontal. Unless stated, all tests were conducted with a 10 cm piston strcke.

Tension

Ten unembalmed human male cadaver specimens were studied, with forces apnlied in axial
tension (Tables 1,2). In five of the preparations (s-1,2,3,4,5,Table 1) tension was

P
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applied between the base of the skull and the lower cervical or upper thoracic elements of
the isolated spinal column, both of which were mounted in methylmethacrylate and 1 mm
diameter nichrome wire, and attached to the ram or base with a U bolt or a 6.3 mm diameter
stainless steel cable. Four of these same specimens (S-2,3,4,5,Table 1) underwent
ablation studies upon remounting, with either the anterior ligamentus complex (all anterior
ligaments up to and including the posterior longitudinal ligament) or posterior ligament
complex (all posterior ligaments up to but excluding the posterior longitudinal ligament)
transected (Figure 1). In one specimen (S-9, Table 1), axial tension was applied betwecn
the head and lower cervical and upper thoracic elements of the isolated spinal column. A
6.3 mm diameter stainless steel cable in methylmethacrylate anchored the head. 1In an-
other isolated column (S-23,Table 1), the forces were applied to the anterior longitudinal
ligament or the anterior longitudinal ligament and the tectorial membrane, secondary to
transection of any ligaments pesterior to these (Figure 1). In the whole cadaver torsos

(s-6,7,8,Table 2), axial tension was applied between a fixed yoke on the shoulders. The
head was mounted in methylmethacrylate and attached to the ram with a 6.3 mm diameter
stainless steel cable, with the force applied at the vertex. Axial tension studies were
also conducted on cervical spinal cords taken from three of the cervical spinal columns
used in the axial tension studies (S$-3,4,5,Table 1). The cord was clamped at each end
with serrated jaws attached to the Instron or MTS system. The unclamped free cord section
ranged from 3.8 to 7.6 cm (Table 1). Diagrams indicate approximate fixation and specimen
shape.

Posterior | Anterior
facet intertransverse
articular ligoment
capsule
anterior
langitudinal
intervertebral

disc

ligament
flavum

past
longitudinal

Figure l: Ligaments of lower cervical spinal column.
Vertical line indicates divisior between
posterior and anterior compartments.

Compression
In another series, thirteen human male cadaveric specimens were studied with com-

pression of the cervical elements (Tables 3,4). For this series, one specimen (s-2¢,
Table 3) was compressed from Cl to C7, with the isolated column mcunted in methylmethacry-
late molded into a 15 cm diameter aluminum cylinder with set screws driven into and 1 mm
diameter nichrome wire incorporated into the tissues. In four of the isolated cervical
columns (S-6,10,19,21,Table 3), the force was applied to the base of the skull by means
of a bolt mounted in methylmethacrylate and inserted into the load transducer of the MTS,
and the upper thoracic elements mounted ir methylmethacrylate molded into a 15 cm diameter
aluminum cylinder with set screws driven into and 1 mm diameter nichrome wire incorporated
into the tissues. One of these preparations (S5-6,Table 3), consisted of the remaining
viable cervical column and base of skull from the whole torso axial tension study. For
fixation in three preparatiuns (5-14,16,17,Table 4) the whole torso was mounted and
supported under the armpits with a rigid yoke with additional compression force applied
to the anterior and posterior thorax. The force was applied to the reqion of the vertex
with a 10 cm x 10 cm, 3.6 kg steel plate attached to the ram. In the five remaining
specimens (s-11,12,13,15,18,Table 3), a compressive force was applied to the head, with the

10 cm x 10 cm, 3.6 kg steel plate, with the upper thoracic elements mounted in methyl-
methacrylate molded into a 15 cm diameter aluminum cylinder with 3et screws driven into
the tissues.

For comparison, forces were applied to the isolated thoraco-lumbar coiumns of seven
of the cadaver spinal columns used in the cervical compression studies (S-10,11,12,13,
17,18,Table 5). A compression force was appiied between T2 and L5 or LS5-sacrum by mounting
the upper thoracic and lower lumbar segments in methylmethacrylate molded into !5 cm
diameter aluminum cylinders with set screws driven into the tissues. In one preparation
(s-11,Table 5), the remaining tissues were transected into two sections, Tll to L4 and

———— e
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T3 to T10, and compressed with the distal portions of the isolated columns mounted in
methylmethacrylate molded into 15 cm diameter aluminum cylinders with set screws driven
into the tissues. In another specimen (S-12,Table 5), the remaining viable column was
remounted at T10 and the sacrum with methylmethacrylate molded into 15 cm diameter aluminum
cylinders with set screws driven into the tissues. Slow and fast compression force rates
were applied with the MTS and Instron devices. Moment arm values were calculated from

the original vertical spinal axis, between T2 and L5, to the displaced axis at the maximum
area of deformation, usually the thoraco-lumbar junction, prior to loading. This moment
arm is, therefore, the minimum value acting on a preparation which usually deforms sub-
stantially during compression. Diagrams indicate approximate fixation and specimen shape.

Transverse

In several cervical and thoracic specimens, forces transverse to the column were
applied with a 2 cm x 2 cm steel plate, to determine the shear force required for disrup-
tion of the anterior and posterior ligamentus complexes (Table 6). In the cervical
studies (S-11,12,Table 6), the lower cervical elements were mounted in a methylmethacry-
late block with the forces applied in either an anterior tc posterior or posterior to
anterior direction with the force plate at C2 or C3. 1In one of these tests (S-1ll,run 4,
Table 6), the anterior aspect of C2 and C3, C4, C5, Cé6 were mcunted in methylmethacrylate
blocks with the force applied in a posterior to anterior direction at the C2 methylmetha-
crylate block. In another test (S-12,Table 6), T6 and T9 were mounted in methylmetha-
crylate blocks and loaded at T9 in an anterior to posterior manner. Moment arm values
were calculated from the distance between the point of force application (center of plate)
to the junction of where the specimen is mounted in the methylmethacrylate block.

B. 1IN VITRO TENSION STUDIES ON ISOLATED CERVICAL SPINAL COLUMNS AND CERVICAL
SPINAL CORDS

Case S-1 (Isolated Column, Table 1)

This 50 year old isolated column was mounted in the Instron Device and loaded at a
constant rate of 0.13 cm per minute. In the first run, the specimen was mounted at C7
and the base of the skull. An endplate disruption was observed at C4-C5 with 1446 Newtons,
and approximately 1.14 cm of distention. Failure commenced in the anterior compartment
(all anterior ligaments up to and including the posterior longitudinal ligament) and
proceeded posteriorly. The remaining tissue was remounted between the base of the skull
and C3, C4. With the second application, failure occurred at the C1l-C2 junction with
disruption of the anterior occipital-atlanto ligament, anterior and posterior longitudinal
ligament and right articular capsular ligament. The failure began anteriorly and occurred
at 1312 Newtons, and 1.10 cm of distention.

Comment - The anterior to posterior failures were similar to those observed in the
isolated cadaveric columns of the monkeys (32). The lower force value for failure be-
tween Cl and C2 is probably due to the stress imposed upon the column during the first run.

Case S-2 (Isolated Column, Table 1)

This 36 year old, 52 kg preparation was mounted at C7 and the base of the skull
during the first run. A circular skull fracture at the foramen magnum occurrcd at 1779
Newtons with a machine deflection of 2.67 cm and a loading rate of 0.13 cm per minute.
For the second run, the specimen was mounted at Cl and C7 and the posterior ligaments
were cut at C4-C5 up to but excluding the posterior longitudinal ligament. The anterior
complex (disc, anterior and posterior longitudinal and intertransverse ligament) dis-
rupted at 1289 Newtons. For the third run the tissues were mounted at Cl and C4 with the
anterior ligaments transected between C2 and C3 up to and including the posterior longi-
tudinal ligament. Failure of the posterior complex (interspinous, supraspinous, liga-
mentum flavum and articular capsules) occurred at 622 Newtons.

Comment - The basilar skull fracture of the first run shows that the strength of
the cervical elements was in excess of 1779 Newtons. The posterior ligament and anterior
ligament ablations demonstrate that the anterior ligaments are stronger than the posterior
ligaments as found in the monkey (32).

Case S-3 (Isolated Column, Table 1)

This 65 year old isolated column was mounted in the MTS device and loaded at a rate
of 127 cm/s. 1In the first run the specimen was anchored at T3 and the base of the skull.
An endplate failure at C6~C7, as well as partial disruption of capsular ligaments at Cl-
C2 and partial disruption of the interspinous ligament at C3-C4 occurred at 1668 Newtons
with a machine deflection of 3.3 cm. For the second run, che preparation was anchored at
C6 and the base of the skull, and the posterior ligament complex was transected between
C3 and C4. The MTS device malfunctioned with no injury to the column and no recorder
output. For the third run the remaining tissue was remounted at C3 and the base of the
skull. No injury occurred with a load of 1668 Newtons and a distention of 4.4 cm. The
preparation was remounted and the test was repeated. In test four a fracture of the
odontoid base and through the anterior arch of C2 was produced with 1390 Newtons and a
machine deflection of 1.4 cm. The dens and fractured arch were still inserted in the
atlas and no occipital-atlanto ligamentous damage occurred. The spinal cord was not
visihly damaged.
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Comment - Although partial disruption of the articular capsules at Cl1-C2 occurred
in the first run, subsequent runs upon the upper cervical column {C3-base of the skull)
were required to bring about failure.

Case S-4 (Isolated Column, Table 1)

This 76 year old, 59 kg preparation was mounted at T3 and the base of the skull for
the first three runs. During the first and second runs, loads of 556 and 1056 Newtons were
obtained, respectively, with no injuries occurring. During the third run, an endplate
disruption at C6-C7 along with partial disruption of the capsular ligaments at C2-C3
occurred with 778.4 Newtons, a machine deflection of 2.4 cm and a 1.46 cm distention be-
tween C3 and C7. For the fourth run, the anterior ligaments were transected between C2
and C3, up to and including the posterior longitudinal ligament, with the specimen mounted
between C5-C6 and the base of the skull. The posterior complex disrupted at C2-C3 with a
force of 444.8 Newtons and a distention of 1.8 cm. The spinal cord showed no damage.

Comment - The lower cervical endplate failure of the third run occurred at 778.4
Newtons. This force is approximately 50% less than the forces obtained for similar lower
cervical endplate failures, which is probably due to weakening of the column as a result
of the two previous runs. The anterior ablation demonstrated that the anterior ligaments
are stronger than the posterior ligaments, as found in the monkey (32).

Case S-5 (Isclated Column, Table 1)

This 63 year old preparation sustained a C6-C7 endplate failure along with disruption
of the articular capsules at Cl-C2. This occurred with 1835 Newtons, a distention of 2.12
cm between Cl and C7 and a loading rate of 142 cm/s, with the specimen mounted at the base
of the skull and T3. The second run was a C2-C3 posterior ablation with the specimen re-
mounted at C6 and the base of the skull. A C3-C4 endplate disruption was observed at 612
Newtons.

Comment - The endplate failure of C3-C4 in the second run must have occurred as a
result of the first run, although no apparent damage was observed at that junction after
the first run. The force obtained during the second run did not damage the anterior
complex of C2-C3, which is consistent with previous data {32,34). No damage was cbserved
in the spinal cord.

Cases S5-3,4,5 (Human Cervical Spinal Cords, Table 1)

The remaining cervical cords were removed and mounted into the jaws of the apparatus.
For S-3, the isolated cervical cord failed between the jaws at 278 Newtons with a loading
rate ol 106 cm/s. The free, unclamped region between the jaws was 7.6 cm long. 1In S-4,
the isolated cervical spinal cord was transected at the midcervical level at 167 Newtons
with a loading rate of 1.6 cm/s. The length of the cord between the jaws was 3.8 cm.
For S-5 the cervical spinal cord was disrupted at the midcervical region at 389 Newtons
with a loading rate of 118 cm/s. None of the cords slipped in the jaws.

Comment - The dynamic forces were approximately twice those required for static
disruption. Failures were observed at the midsections with approximately 10-26% elongations.

Case S-9 {Isolated Column, Table 1)

This 61 year old preparation had a posterior complex disruption at C6-C7 followed by
total disruption of the soft tissues at that interspace. This failure was observed at 1940
Newtons with 0.13 cm/min loading. For the second dynamic test, the machine malfunctioned
and only provided a maximum of 2688 Newtons. This force was not sufficient to damage the
spinal column. For the third run, a C4-C5 endplate failure occurred with 1601 Newtons and
a rate of loading of 0.13 cm/min.

comment - The dynamic force applied to the isolated cervical column in the second
test was at least 40% greater for run one and 70% greater for run three than that required
statically, without failure.

case S-23 (Whole Torso and Isolated Cervical Column, Table 1)

In this 25 year old, 68 kg preparation, the cervical spinal column was isolated from
the intact head to C4, and anchored througn the anterior portions of the vertebral body of
C3 and C4 with steimen pins (run 1, Table 1). The posterior complex, posterior longitudinal
ligament, intertransverse ligament, and the posterior and anterior annulus of the disc were
ablated, leaving only the anterior longitudinal ligament intact. A tensile load was applied
<o the anterior portions of the C3 and C4 vertebral bodies at a rate of 0.13 cm/s. A
force of 845.1 Newtons and distention of 2.29 cm resulted in disrupting the anterior longi-
tudinal ligament at the C3,C4 interspace. For the second run, the column was remounted at
the head and Cl, C2. The posterior complex was ablated at the Cl, C2 interspace leaving
the anterior longitudinal ligament and the tectorial membrane intact. The force was
applied along the spinal axis with direct vertical loading, which produced disruption of
the anterior longitudinal ligament and tectorial membrane at Cl, C2 with 689.4 Newtons.

Commert - The ablation studies of runs 1 and 2 give scme indication of the strenghts
of the &auaterior longitudinal ligament and anterior annulus. The lower force value for
failure bet. en Cl and C2 during the second run is probably due to the stress imposed upon
the columr during previous runs.




139

-2A0QE UMOYS JUSWYDE3IIE JO BOIR y3Tm ‘dInTTel Ie uoT3OST3IS9P I938wWoTudjod ILauTT+
pi0oo TPUTAS 03 AeBME pPOJIDISSTP 3IUSWEDHTT] 9SISASURIZIDIUT pPue OSTP ‘IuswebTT IeUTPN3ITHUOT I0TIS3SOd pUE JOTIDFUVssw
pIod TeuTdas o3 Aeme pPI3IDISSTP WNABRTJ

-bt1 pue sarnsdeo

I10TI9380d="50d

xernoTlae

‘snoutdsexdns
pasn uwnino JO Y3busT 2IT3uUd 03 SIDJOYs

‘I0Tad3uy="3uy
3391="1

3ybta=o

‘snouTdsIajUulyy

pa3anasIp soINS
-ded xendoTrlae uotrijeledald
pur ‘umael3y Ioyoue 03 pasn a3eTAID
“HTIT ‘snoutds -BY3DUTAYIAUW PUR ODITM
—-X23ul - pLjanx syy " UOTIRTQE °“3UY £D-7D
-STP X9TUWOD utW/wWwo c$O-T1D 3I® paIoyduy
- L2 sveE"0) 8B°0 | OVT| 229 “sod £0-20 €1°0 [#°pO-TO UUNTOD PI3BTOSI €
pa23unasIp b1 uotjeaedaad
9SIBASURIFAIJUY Ioyoue 03 pasn ajeTAio
pue °-bTl -buog -2YISWTAYy3isu pue 3ITM
"s0d ¥ 3IUV ‘DOSsT1d »¥ UOT3IETQqER °SOJd GO-$D
"uoTIANIS TP uTWw/Wo s ID-LD 3T paaoyouvy
- ¢ 0T | ST9°0| 65°T | 06C| 6821 a3erdpua gD-pO €T1°0 | TO-LDO UUMTOD pPd3LTOST Z
uotjexedaxd 03
s3710q-0 IOYd>uer 03 pIaSN
93eTdxoey3sawTiL3isu pue
umubeuw usSwexoJd ?{ITM - TINAS wo wmmnmho 1 2401V
3e 2anjoeaz UTW/WO | 3' paIoyduy y°-1INYys 3O Jd 3 Y TYNIY
- L ET SO"T| L9°C | OOV| 6LLT TINYS IeTnNdITH €1°0 |®Seq-LD UWNTOD E33BTOSI 1 9¢ | T°25§ Z-S
uoTjexedaad
pa3unasTp “HTT 03 s3T0g-01 I0youe 03
ojuel3je-Te3Td pasn 3jerdaoeylauTiyisu
-T00Q -3UY¥Y pue pue 31TM “TINYS 3O
"BTIT IETNSURD ¥ aseq-{(pDE£D) 3IE paxoyouy
‘*BIT *buol *sod UTW/Wo «"TINNS Jo 3seq
=k "L PP 0| OT°"T | S6Z|TTET 8 *3uy ‘gO-T1D €T°0 | =(pO€D) uuMTOD pPd3RIOSI z
uotjexedaxd 03
pa3idanasIp °'bT s3109-n XOoyoue ©O3 pasn
SNOUTUSId3UT pue 93eTiadeyzauTiAyzsu pue
*bTT<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>