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I. INTRODUCTION

Vertebral in ju r ies  are sus ta ined  hv crewmen d u r i n g  emergency egress

from disabled high—speed air c ra f t .  These aircraft have been in existence

fo r  over three decades an( there  have h ’rn numerous ejections by nil cits of

many countries . In these th i r ty  years , t h e r e  has also been remarkable

advances in aircraft and space technology . Powever , progress in the area

of injury reduction in ellot election has been slow. One o~ the malor

factors for the lack of progress is the assumption that the i~~ 1fl Q ~ F re-

quired to carry the inertial load of the torso , proporti onal to the ac-

celeration level of the seat , and that there is very little anyone can

do to reduce this load for a given acceleration . This concent is quite

evident in the early models for simulating the p
~ ection event. T,~ tham (1)

assumed a lumped parameter base excitation model in whi ch the torso or

mass was placed above a spring representing the som e. The assembly ‘~is

accelerated upward by a fo rce  or accelerat ion pulse app lied to the  ~o t tor

of the spring and the resu1ttn c~ peak force in the som e wa~ ~rr ’, 1 t e r  than

the product of mass and acceleration . It was , in fact , dependent upon

the rate of onset of the innut pulse. Concentually , :liLc model provided

an over—simplifica tion of the problem and stifled an’ ideas of load re-

duc tion borne by the spine. The continuum model proposed by Hess and Lom-

bard (2) was also too simple , since it simulated the acceleration of a

straigh t rod or coluirn which had a uniform weight dis tr ihu tton along ‘~t~’

length.

Subsequent models by many investigators nerpetuated the axial load i ig

concept and reduction of injury was not achieved through these ef f o r t s .

Tn 1968 . King et al (3) v r’pon (’d and verified the ynothe’~is that the spine—

al column carried an eccentric load , and that ‘It was subject ul to 

-. -
.
—~~ - ‘. “.,
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a simultaneous compressive and bending load. The basis for this hypothes is

‘as str~:in gage data fror~ instrumented vert~ hrac of c’mhalmed cadavers

wI ich were subjected to +( imoact accE lerations , using a vert ical  accel—

~rator at ~Waync State University .

;r . C. L. Ewing of NA~1RL had been interested in the p i l o t ejec tion

p roblem and bad observed that anterior wed ge fractures were a common injury

mode in pilots who eject. lie proposed a hypothesis that the posterior

structure of the spine acted as a motion limiter , preventin ’ spinal hyper—

extension , hut facilitating sp inal f lexion . Ew ing p roposed to ver if y th is

hypothesis by putting the spine into moderate extension to position the

vertebrae in a less favorable position for anterior wed ging . It was rea-

soned that posterior compression of the vertebral column is limited 1:v the

articular facets while anterior compression is unlimited .

In view of the observed bending effects and the Ewing hypo thesis ,

a research project was conceived to verify the hypo thesis and to study

the precise mechanisms of vertebral injury due to +C
~ 

acceleration . The

proposed sponsor was the Office of Naval Research. The specific aims of

the study were:

1. To verify that spinal hyperextension will reduce strain along the

anterior aspect of vertebrae in the thoraco—lumbar spine .

2. To determine the extent and manner of hyperextension which will

produce the maximal reduction in strain.

3. To verify that there is a s t a t i s t i ca l ly significant increase in

frac ture g—level sustained by cadaveric subjects as a res”1t of

spinal hyperextension .

Upon sucessfu1 attainment of these aims, the following objectives were

pursued :  

— —~~~~~~~ - - - - ~~~~~ ~~~~~~~~~ - - -
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4. To q u a n t i f y the ex i s tence  of a fa c et  1 ad ~.j l Lch cons t i t  i t ed  a

second load path along the vertebral column .

5. To i (lenttfv the role of abdominal pressure as a possible third

load path .

6. To determine the effect of the SI) inal m j sclll a tc r ’ ‘ 1 ,/c ’ r t ’ r a l

column response due to -f-C acceleration .

7. To develop a t w o - - d i m e n s i o n a l  m a t h e m a t i c a l  model  of t h e  spine

simulating its response to +C a c c e ler at i o n .

8. To conduct cadaveric experiments which wi l l provide i t  a la r the

va l ida t ion  of thi~; model.

9. To propose this  model f o r  the  assessment c f  i nj u r y  n r o h i i ’ ’it’,

in e j ec t ion  seat design .

II .  THE EWING HYPOTHESIS

Several hypotheses have he.’n advanced to e x p l a i n  these v or t I r a ]  f rac-

tu res .  Most of th e proposed explanations cancern simpi’, peak acceleration

values , and peak rates of onset of a c c e l e r a t i o n , and vie” t h i ’  ver t e 1- r a l

column as a single structure or sPr~ (’s of sin gi structure’; having a

ohvsical failure point , wh ich , when exc ’ede l , causes s t r i c t  u r a l  fa ~ lure

of one or more vertebrae .

It I s  hypothes ized  by o t h e r : , howev”r , ~hnt such structural fai lure

l im i t s  can be Increased by altering body position ing. In this view ,

opening the angle that the longitudina l axis of r h t  t •r ~ I rr;s wI t’; th e

v e r t i c a l  axis of the u n r e s t ra i n e d  pe lv is , by means of m en i  - ic in g the s e t

angle , w i l l  p revent  f r a c t u r e , b y a r r ; i r c t i n g  t b ,  I m p a r t  vec to r  of t he  ej e t lo n

t h r u s t e r  so t, 1s t  i t  doe’; not n: or normal  to the  s un e r i  or or I n f e r  i or sur-

face of the t h o r a c o — l u m h ar  v e r t i b r a l  b o d ie s .

Ewing et al  (4) proposed that one ot the ma j o r  c auses ci j e c t i on

_ _ _ _ _ _ _ _ _ _ _ _ _  -s
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ver t e b ra l  f r a c t u r e  is the dynamic  reaction of t i n -  \ ‘en t e b r a l  column under  +C z

(eyeballs down) impact acceleration in the presence of improper  r e st r a i n t ;

that is, there are certain movements of the individual ver tebral bodies

u n d e r  -+C impact  a c c e l e r a t i o n  t h a t  cause the c h a r a c t e r i st i c  e jec t ion

ver ce l i r~i l  f r a c t u r e . Tf  th is theory is co r rec t  and if these motions  are

)r (’v€llted , t i i  f r a c t u re s  would t h e r e f o re  b e x pe c t e d  to occur only at

markedly h i  g l ier  levels.

This  n ;i” he exp lained by consider ing the  ve r t eb ra l  column as a series

of spr ing—ni ass  systems , w i t h  the in tervert ’i  rd disks serving as spr ings ,

the vertebral bodies (and body segments that they suppor t )  as individual

masses , and the anterior and posterior interspinous ligaments as spring lim—

iters (on tension only).

Figure 1 demonstrates an idealized vertebral segment consisting of

three vertebrae acting as masses and two intervertebral disks acting as

springs. If this segment acted as a simp le spring—mass system , an impac t

acceleration in the vector normal to the superior or inferior surface of

the vertebral bodies and passing through the center of mass should result

in plateau compression fracture(s), as noted in Figure 2 , if the compression

f,IIJ ure limi t of the superior surface of the vertebral body is exceeded.

(‘~cceleratjon vector direction is shown in the figures by an arrow). Such

fractures are rarely seen in ejection vertebral fractures , however.

If an accelera tion is app lied with the vector either before or behind

the center of mass, anterior or posterior wedge compression fractures ,

respectively, should res ult if the fa ilure limit of the superior surface

of the verte’lr al body i s exceeded due to an ter ior or pos ter io r bend ing

of the multi p le spring—mass system , as ill ic tr ,ited in Fi gure 3. However ,

recent examination of eighty ejection vertebral fracture cases by Ewing (5),
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s ho ’. :u - d  t h a t  almost al 1 c r i ’  an t e r io r  C o mp r e s s i o n  f r a c  t t i r e s , as demonstra t ~‘d

in Figure 4; only run e posterior compression fracture was found .* )nc ’

poss ft Ic explanation is that the posterl or compress ion of the system is

sub b e t  to ‘-at sue sprin>~- 1 m t  I ng um-chanism , s h i - r i a ,  , a n t  -r i or compression is

not. Examination of t ic ’  anatomy reveals th is t hi. t ii -  case.

Thin p uterior compression limiter (or spr iii > , l i m i t e r )  is seen to he

t ’ ~~ articular f a c e ts  oI  t h e  vertebrae , hel l  t n t  her by li >’, ai’;unt s , as

demonstrated in Figure 5, tha t  serve as a p o s t e r i o r  h inge  f r  adj .iceuct

ver t eb rae . As can be seen in Figure 6, this hinge allows anterior ‘inrtebral

li PS to touch hu t  p r even t s  any con tac t  of the p o s t e r i o r  ve r t eb ra l  l i p s .  Thus

an additional spring— l imiter system other than the anterior and posterior

interspinous ligaments is acting.

An h y p o t h e s i s  is t h e r e f o r e  p resen ted ; p o s t e r i o r  compression of the

V e r t  e l u r a l  ;:c)lilmn in t h i n  th o r a r i — l u m b a r  a r i a is l i m i t  e l  by the art icular

f a c e t s  of the  ver t e i r ; ie  wh i l e  a n t e r i o r  compress ion  is not limit ed . If  th is

hypothesis i s  t r u e , a mean s of p reven t ing  a n t e r i o r  ve r t ebr a l  compress ion

f r a c t u re  is suggested.

I f  the  ver tebra l  column could be forcibly restrained during application

of impact  a c ce l ’-’r a t l o n  i n  a position of relative hyperex tension as In Fi gure

7, anterior compression would be limited . Therefore , to causc a compression

f rac ture , the spinous processes connecting the articular facets to the

ve rtebral body would have to be torn. The forces required to cause

frac tures of the sp inous processes with restraint in a position of hvperex—

* Autopsies performed on election fatalities rarely include vertebral body
examinations . The conclusion was based upon examination of the x—ray re-

por t in each Instance of those confirmed by x•-rav as having suffered a vert-

ebral frac ture and survived. Those fatally injured at time of election were
n~~~~incIuded. ~~
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t ens ion  as in Fi gure b , ~ ould he increased qu i t e  considerably over those

required to cause anterior vertebral fracture while restrained in the con-

ventional erect manner. Thus the vertebral fracture threshold limi t would

h~ markedly increased.

Ill. TUE HYPEREXTENSION TESTS

1. The Hyperextens ion i)evice

The hyperex tens ion  device consisted of a wooden block , 15 cm x 10 cm x

57 cm , that  was fas tened to the seat back . The height of the block from

the seat pan was ad jus tab le . The long axis of the  block was p laced horizon-

tally against the seat back so that the block ’s smallest dimension was be-

tween Ll of the cadaver and the seat back.

Placement of the blocks was determined by experiments carried out to

de termine the optimal location, size and shape. Based on those findings,

the centerline of eack block was placed opposite the body of Li in almost

all cases. Due to the difficulties inherent in performing x—rays on a

metal seat positioned over an elevator shaft , a wooden mock—up seat was

used to determine the location of Li. While Li was known to be instrumented

and this could be de tec ted easily on x—ray , the posterior exterior anatomi-

cal locaiization of LI was necessary in order to place the hyperextension

device . This was accomplished by using radio—opaque markers on the wooden

chair , in the midsagittal plane. The x—ray showed the position of the
0

external markers and the position of Li relative to them. The cadaver was

thier. placed in the ejection seat , the geometry duplicated by means of

Identical markers , and the centerline of the blockplaced next to the centerS-

line of LI.

2. The Vertical Accelerat:or Experiments

All experiments were performed on a vertical accelerator housed in an



eight—story u ’ I e v - u t r shaft of lice S ’ h u o l  of M e d ini cue at ‘ -la ’I n e  ‘~tatu’ l’ n i v e r —

si ty. The sled has an a I rc raft e c r  t ion S le t  t m o u n ted  d I re c t~ ly above t I ;  - p

ton. The ; cru > ~?c  hetcn ,’n ‘i s - u t  pan ;in d n e a t  hark i °() degrees . Ar -t ’ler at r

l ine of t h r u s t  is parallel t o  th e seat hack. The r idavu u was positioned

in the seat prior to fir in > ’ . I i ’  ,- i cc u’le r: u t i o u  p u l  en w i -  i n d u r u ’d  w i t h  t h u r

sled at rest at the hottom of the shaft; ;tr ol i’ leni’th 1 ’; 2 . 4 4  m. A u

comp letion of th e Input acceleration pulse , br akic -ut’ was In itiat ed and

decelera tion completed within about 12 m. Thin acceleration pulse ‘.‘as

approximatel y trapezoidal in shape , the rate of onset and the n r u > p i  i tuide

of the plateau being variable. Details of the ;u-r-ler ator have been

described by Patrick (6).

Foi l—type  s t r a i n  gages , 0 . 125 i n .  in length , weye bonded to t he

cleaned surfac es using Eastman 910 adhesive arid cat ; v a t .  S t r a i n  gages

were installed on the anterior surface of the ve r t eb ra l  body in the mid—

sagittal plane , and lateral gages were mounted In h i. ] ;te rn ui y symmetri (’;ul

nairs coplanar in the coronal plane of T12 , L2 , ant I,! ott ‘ a- of t t e r u d r i ver e .

One cadaver also had an anterior gage on Li and two 00s f  i f u r  ;‘, ;ig .’S on I ’ .

On the other 8 cadavers , the on] ‘ g;Igc’c; h u m ’ ;  tal Inch were - u nt c c  b r  one;; crc

each vertebra from T 11— T~4. On the last 2 cadavers 1 only c c i  ant n c r  ‘ ,ug ’

on L4 was installed , in order t o  preserve thur’ m t  ‘pr I t v  of t h u  - i n t e r i o r

sp inous ligament , as a control. Al l  gages  were’ atnlled with their ;~ ‘nsi—

tive axes parallel to the vertical ax!-; u i  the verte b ral body, rind a] l e a d s

were presoldered tu thur pap ”  t e r m i n a ls .  An a t t e mp t was ‘i— u ”e t o i n s t i l l

these gages near the neutra l axI~ of t h i t ’  v e r t e t r ;u so t I ;  ut t h c c i r cu t ou t

i n d i c a t e d  p redominan t l y ax a l  ;ii p r .-sni n.

The gages were ~‘‘m t od , c i n c h  a minimum of l I P  ‘‘ of ros is ’ -t n ’-’’ t o  gr uc i nd

was ‘ i t  ained t a  e n - ; ;  l o n g — i  un t in g r i n d  ci l e e  i r n u ’  ‘ ‘ c c t p u i t  e . t it e r t e st  i c c ’
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fo r  proper  opera t ion , the instal led gages were coated wi th  Cagekote ‘~3 to

insure insulation from body or embalming fluids . The leads from the gages

were attached by sutures to an ad jacen t  bod y pa r t  to prevent accidental

removal during exposure to experimental conditions.

Aft er the cadaver was positioned in 11cc accelerator chair , the leads

from the lateral strain pages were connected to form diagonally opposi te

arms of a four—arm I’lheatstone brid ge; the other two arms were 121—c? high—

stability precision resistors. This configuration resulted in summing of

the output of the l e f t  and right gages to eliminate the ef fec ts of lateral

bending of the vertebral column. The anterior gage formed a two—arm

br idge with a 121— l~ resistor, w i t h  the othe r two arms being prov ided by the

bridge balance unit.

The following gage i nden t i f i ca tion  symbols were used: the p r e f i x  A de-

noted a gage on the anterior surface of T12. The prefix D denoted gages

mounted on the lateral surface of the vertebra . Strain values of DL2 re—

presented the average output of the two gages on the lateral surface of L2

on either side of PL2. Posterior gages were denoted by the prefix DD.

The restraint system consisted of an automotive lap belt under a

regular aircraft lap belt and shoulder harness , with leg straps . The wrists

were tied together and loosely anchored to the seat base without tension

by means of a single rope run through an eye bolt in the seat base to

prevent flailing of extremities. A rope was also looped around the aircraft

lap bel t and through the eye bolt to serve as an inverted V. This step was

t al:en so tha t  no load would be transmitted to the arm rest, and to prevent

vertical disp lacemen t of the lap belt during pretensioning of the shoulder

• harness, and dur ing  the experimental acceleration. The lap belt was always

snug ly t ightened , and the shoulder  harness was then preloaded to a 89 N

-

I _~~~~, — - - - - ~~~~‘s~~jL~~~ _ , - - - ~~~~
- ; -

~~~~ - , _ - -
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tension before  each run except fo r  t h u o s u ’  runs  in the  f l e x e d  mode (vide Infra).

Although the head was unrestrained , its initial position ~-‘as kept apr,royi—

mately vertical by means of masking tape that broke once u-l w head sr;crte >

r o t a t i n g  but did not have s u f f i c i e n t  b r e a k in g  str cr ;ath to serve as a

limiter under acceleration.

3. Fracture  Levels and Sp ina l  Modes

Instrumented cadavers restrained in the seat ‘ce~~e snhb ected to -i-c
z

impact accelerat ions in 3 g—4 g (peak)  inc rement s , keep i n g  t h e  ra te  of onset

constant at roughly  the r a t e  of onset of the standard ejection seat (approx .

300 g/ sec—500 g / sec) .  The in p u t  a c c e l e r a t i o n  pulse was t r apezo ida l , w i t h

peak p lateau amplitudes v a ry i n g  f rom 5 . S  g to 2 4 . 5  g. Du r a t i o n  of the inpu t

pulse varied f rom ap p r o x i m a t e ly  140 m/ sec to 300 rn/sec  and van dependen t uoon

the peak acceleration , since total stroke length was 2..44 m. After eac’i I m p a c t

exposure , the cadaver was x— r aved  again , and if no f r a c t u r e  ;- .‘ac noted , the

next incremental exposure was given. In some cases , th e x-r rmvs i’ere deve l-

oped after the completion of several runs . If fracture occurred in one oF

these runs , the da ta  f rom al l  p o s t f r a ctu r e  runs ~e - r e  d i sca rded .  The end

point  for each cadaver was fracture n t  a v e r t e b r a l  body d em o n st r ab l e  by

x—ray .

At each peak acceleration le v e l , the cadaver  was teste~! in one or more

• of the following spinal modes: 1) !b ~ - entire thoraco—lunhar segment was

forced into moderate l ”per-extensirn nod n -uai nt a iru ed In this positIon t o t h e

restraint system and hyperexteu sion d e v i c e  —-t h e extended mode; 2) the verte—

bra l  column was allowed to assume the norma l er c ’r t  c o n f l p c u r : c t  ion  of a

seated cadaver , w i t h  a l an  b e l t  and s h c c u h h ’ r  harness re--traint system——the

erect mode; and 3) the cadaver was rest r- ch ;u e ’d in a - -ra t ed position ~~ a Tan

belt only. In the absence of ,i shoulder i u r n e s ’c , h v p e r f l e x i c - n  of the

;~~~~ #L~~~”~ 
- 

~~~~~~~~
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vertebral segment was permitted——the flexed mode. On some cadavers anterior

s t ra in  gages were used on all ver tehr - i l  bodies from T i l  th rough  IA , hut on

cont ro l s  onl y L4 was ins t rumented to letermine the  e f f e c t  of ins t rument ing

the  ver tebrae  on f r a c t u r e  level.

The effect of evisceration on fracture level and measured strain was

tested on the two cadavers on which only L4 was ins t rumented  and which were

not  eviscerated.  Retent ion of the abdominal viscera can only a f f e c t  the

f r a c t u r e  level adversely since some of this weight  must  he borne by each

spinal segment. To determine the effect of the experimental acceleration

as a cause of frac ture , precise fracture timing relative to onset of sled

acceleration by examination of vertebral body strain curves was used . From

postrun x—ray studies alone it was not possible to determine whether a

detected f rac ture  was due to the experimental  acce lera t ion, or to the

‘-~raking decelera tion which may be considered as onl y a necessary experiment-

al evil, and not a factor in the experiment.

The experimental design and resul t ing  acceleration levels at f rac tu re

as well as the spinal mode in which f r a c t u r e  occurred are listed in Table

1. A summary of average peak sled acceleration required to cause f r ac tu re

for  all modes and average age at death of those cadavers is contained in

Table 2. The extended mode shows roughly a 50% increase in the peak sled

acceleration required to cause fracture over the level for the erect mode,

and a 100% increase over the flexed mode . Yet the seat angle , the line of

thrust relative to the pelvis , and the cadaveric hack struc ture itself were

all unchanged , and the instrumentation and cadaveric oreparation were iden-

tical in the majorit y of the runs.

0efereiice to Table 1 reveals that the peak acceleration at fracture for

cadave r 11 in the ex tended mode is unknown since no frac ture occurred ,

—
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despite peak sled acceleration of 24.5 ~‘ . Yet  no cadaver ruin I c ;  e ther the -

erect or flexed mode escaned fracture . More imp ortanrl ’~, exam ination of

the time of fracture (determined from tlce strain gages) sluows that, ,all erect

and flexed mode fractures occurred within th e’ duration ci t he e l ed e x o o r i —

mental acceler at ion pulse , while none of th2 ex t e n s i o n  mode fr ,i c n ; jr ~~s deu p_

i tely occurred dur ing t h i s  p e r i o d , and only one (cadaver  12) c uu l,d have oc-

curred during experimental  acce le ra t ion .  T n st a a d , examina t ion  of Table I

shows that  for  cadavers 9 and 11’h , ruin in the extended mode , the verte ’~rn],

f rac tures  occurred a f t e r  the end of sled acce lera t ion  and thus w e l l  i nt — the

period of the braking decelera ti on pulse~ and therefor e, these oresent a

different problem. The deceleration pulse , which was necessar i ly  used fo r

these experiments due to loca tion of the accelera tor dev ice , does not occur

during operational ejection seat use. Therefore , a fracture due to th e de-

celera tion event is only an experimental artifact with- regard to the input

acce lera t ion  of i n t e r e s t .  The decelera t ion f r a c t - i r r e  t 1;nt ocecurr ed to cpd—

avers 9 and 10 apparen t ly  were due to the  d i s r un t i on  of the anterior vertebral

ligament incidental to instrumentation of the anterior verte~ i-al ho -h f e’ TI]—

L4 , which altered the vertebral column dynamic renponse on deceleration. The

time of occurrence of the other f rac ture  in tbe ex t end ed  mode (cad-’wer 12) I ’ ;

not known , and , the re fore , has been a r b i t r a r i ly  cue,signed to t h e  g r o up  due

to the acceleration pulse for conservative analysis of the data. The d~~f f e r —

ence between the average f r ac tu re  levels in  the erect and f lexed modes a

compared with the extended mode , therefore , could n o s s i l l v  be more  si c ’a u i f i ~~

cant if the reverse ass ignment  were made .

A t test was performed fo r  the fr ac t : u r e  levels between t ie va r~~ec u s

spinal modes and the r e e u u l t  a r c ’  given ii Trihle 3. The d i fl or e n c e s  ~n c

level between the extended mode and the ( ‘t i ler  two modes ;icrc found  t o  He

___________________________________________ _________ ___________________________- 4 

~~~~~~~~~~~~~~~~~~~~ — - ~~~~~~~~~~
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s t a t i s t i c a l ly  s ign i f i c~.nt (P = O. c5) . The nul l  hypothesis  i--as rejected

di-sp i te  ‘oui ~~c r v a t ~ ve es t imates  mac e fo r  the  fr a c t u r e  level in the extended

tjh en the  f r a c t u r e  g levels in the various modes were analyzed , it

c~as not possible tea use paired sets of da ta ;  so , the appropriate  values of

t ;- cr e  o b t a i n e d  from the equation for unpaired data w i t h  unequal  samples.

tu part icular , for  extended mode the f o u r  f r a c t u r e  levels were obtained

;ii;d er sli~ i-t l y different conditions , in that in two of the cases the

anterior ligament was left intact while it was disrupted in the other two.

Similarly , when th e cadaver was not eviscerated , the fracture level would

be expccted to decrease. Therefore , the actual difference and the prob-

ability that i t  did not occur by chance can only be h i gher than those given

here.

Comparison of the fracture levels obtained in this series (Table 2)

must be made with those reported by Ruff (7). Table VT-8 t rom his chapter

shows maximum tolerance of the individual vertebrae for T12-L1 tested

approximately in the erect mode to be 2 4 . 5  g and 23.0 g, respect ively ,  and

minimum tolerance for the same vertebrae as 18.6 g and 18.2 g respectively.

Yet the findings in the present study indicate an average tolerance in the

erect mode of 10.4 g ± 3.79 g in the extended mode of 17.5 g + 5.55 g. I t

is believed that this seeming inconsistency can be resolved on the basis of

age . R u f f ’ s specimens were obtained at least in part from accident victims.

It is presumed that those accident victims were youthful , whereas the

average age of cadavers in the erect and extended modes of the present

study was 61 years. Figure 7 of the study by McElhaney and Roberts  (8) ,

shows that strength of the vertebral body in the s ixth decade of life is

approximately half that in the second decade. Empirical data from aircraft

_ _ _ _ _ _ _ _  _
_ _ _ _ _ _  J
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accidents indicate that the inajori tv of I nd Lvi d u n  i a n iffe r I nt vertebral frac-

ture are in their twenties .

If th is  r e l a t ionsh ip ho lds  t rue , t h er e f o r e , t i e  average f r - ’ c t ; c r  level

fo r  t h e  erect  mode at n~~ a ’ 21), which  is th e on of tnt e;- u - t  e x t r a n o l a t -” f r o m

the presen t  s tudy , would be- r o u gh l y 20 g—25 ~‘ aci l f r  t h u  t ended ,0 t- ~

would he 35 g— 44 g. Since cadaveric i enu ’  is  not  as ,ct:rnnp un I ly i n g  human

bone or fresh cadaver ic bone, the comparison I— ecom c-s p ot c-nt i;ll v even nor ’

meaningfu l .  -

Roentgenograms of the f r a c t u r e s  occu r r i ng  to var ious  cadav€ ’r ic  subjects

showed a n t e r i o r  compression f r a c t u r e s  fo r  t w e ’  c a d n \ ’I - r s  t e st c~~ i n  t i c  f l ex e ~

mode; f o r  two cadavers in the e r ec t  mode.  T h e  f r ; u c t  r u - s  t h a t  occu r r ed  i n

the extended node , two cadavers were d i f f e r e n t  from those in  the  erect  or

flexed mode. They were somewhat unexpected from previous pathological d~~ta

and were apparent ly due to tension on the superior en- ! p l ate of the ver t e

bral bod y by the a t t achment  of the i n t e r v e rt e b r a l  disk and/or ligament tc

the end p la te .  If the hypothesis being t e s t ed  w er e  t rue , no f r a c t u r e s  would

occur In the poster ior  ver tebra l  s t r u c t u re t ~. Th is  inn to rifled ;i r ’ce  there

was no roentgenograp hic evidence of damage to the p o s t e r i o r  s t r u c t u r e s  of

the vertebrae for any experimental acceleration en~~~~ r- ,

IV. TIlE ROLE or ARTICIILAR FACETS

1. Seat Pan Load fo r  l ) i f f e r en t  S p inal Modes

The hyperex tens ion  exper iments  not  an l  v e r i fy  t u e  hwi n ;’ hc ”p ot hes i s ,

hut  also y ielded i nu p o r t a u u t  st r a i n  da ta  as shoc.-’n in T~- ! - ’ c 4. Tn mare’ cases ,

the decrease in anterior s t r u m  is a r e s u l t  of h y p er e x t e n d i u i i~. The spine

is atatistically significant at tile 95% confidence level. This decrease

is a t t r i b u t a b l e  to two p o s s i b l e  caus .’s.  F i r s t , the hyperex tens ion device

could i n t e r a c t  w i t h c  the torso and ca~ rv come (‘1 t i -  i n e r t ia l  load - u n d  t icu c s

- — — -  -. — —- - -——- -.- - - - —— - -i- - - - - - -~~~--
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produce a drop in the anter ior  s t ra in.  Al t e rna te ly ,  the po sterior structures 
. 

-

of the sp ine , p r inc ipa l ly the a r tic u lar  f a cet e , could he load—bear ing  elements

and provide a second load pa th  fo r  the vertebral column . The first possibil—

i t v  was eliminated by comparing the seat pan loads of hvperex tended and

erect runs made at t h e  same g level. The t races  were identical as long as

the run conditions were repeated exactly. Thus, the Iuyperextension block did 
a

not carry par t  of the inert ial  load , and that the sp inal load was

rierely redistributed. The Ewing hypothesis could then he extended to state

tha t the articular facets constituted a second load path. The quantification

of this facet load is descr ibed  in this section. -

2. Anatomy of the Facet joint

In a typ ical vertebra , the articular facets or processes are located near

th e junction of the pedicles with the lamina . The pair of superior facets

spring upward from the pedicles and face in the general posterior direction ,

while the two inferior facets project downward from the lamina and face anter-

iorly. The articular surfaces are lined with hyaline cartilege and form a

plane synovial joint.

It is obvious from this anatomical arrangement that the overlapning facets

perform the important function of limiting rotation and of preventing one verte-

bra from sliding with respect to its adjacent vertebrae . The question of whether

they are capable of transmitting compressive loads in the longitudinal direc-

tion of the vertebral column has never reall y been answered . Ir most texts of

anatomy , the vertebral body is considered to be the weight—bearing structure

of the column (9, 10). These references exemplify opinions expressed in 1948

and 1970 , respectively. The facets have been said to carry no load at all (11,

12). On the other hand , Strasser (13) and Nachemson (14) have indicated that

the facets can support a portion of the load borne by the spine. However , in a 

-~ - - - -.- ~~~~~~~~~~~~ - -- -~~ ---~~~~~~~~~~~~ - - -~~~~~ - - 
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later paper , Nac hue m son ( 1 5 )  r a t  u c T ~~d h i s  c ’ ; u r i  i c ’r  st; H - I -  i t  a c d  u h i ’ u l ; c r c ’ I

that the  f ,  ets ca r ry  no 1 - ui . I l l s  st a l i e n  were 1 . - on I I c -  - , a - : u - : u u r c r c e c c t

of Intradiscal pressures i .n i s o l a i c i  ;- , i n ; u i - ; e I ’ ’ ;c ’n t - ;  w h i b u ’ I ,  ; ‘ c ’ c ,  s cuL u O c t  c d

to  a x i a l  loads ‘. h u i  I i -  the d i~~k w a ;  t i l t e l  up t u 5 c- ~ roes .

3. ‘ Pi I I t e a t  I ye l-~v i ( lea  - , - of Facet Loads

Several  t e chni  q tu es  were used to c!elScc ’ t he l . a  d’— he - - ri n~ c :in ; h 11 i t ”  of

the  a r t i c u l a r  f a c e t s , sin e d i r e c t  m e a s u r e m e n t  c f  1 rc~’ In -c i lmi tp l cp~-w-e

envi ronment is t i l l  hcv cn I the state’ of t t n -  - c

Strai n gages were an effective uuleans of p rov iu hiuig a qu u a h i t a ti v e i n h i c —

a t i o n  of f a c e t  load. They were mount o h  on t i ’  ped i c b s  acid lamina . ~I 0 t  I I  ds

of in s t a l l i ng  them on verted m l  surf u -on were de-~a - i n e d  to - a l low I I, -  - l e a n , ; r - —

ment  of s t r a i n  j u s t  e b o c u t  anywhere  on t i n ’  - x t e r n , u l  s u r f a c e -  ru f  a v e r t eb r a .

A d e t a i l e d  descr i p t i o n  of the  t e ch i n i q u i e s  used to I n s t ; u l  I st r a in  i’. a m’ ’s ( c i

verteb ral bodies  has been descr ibed above . Thu semi’ metlu (cds were emp l (Vc’d

f o r  i n s t a l l i n g  t hem on t I i -  edic lea , for wh~ ci ic; ant ‘ c h r  ap p ru n ( ’t ’  i s  um ed

To mount them on the  pos t  - n c r  s u r f ;u c & ’  of a Iiici u in n , - u p os l :c ’nl cr ~u t 1 roa -h

was taken , hut the haste tech niques rema I n c - T  n ’ i , c n ’ ( - - I .

As an examp le of q u a l i t a t i v e  e ’ I i ancc ’ t f ; o - e t  l ou d s , the  s t r a i n  ca-cor al ’

of two ~ g ru ins  are compared.  F igure  9 ‘ ; h u u - ;  I i c ’  an t  - n o r  ( A )  and n - ;  , - r J o r

(P )  strain gage output with the spine icc t h e  e r a - - f  m ode . The p st er i o r

gages were installed on t i u P  Lamina of Till , Til , e e l  1,2. Tluoi-ic ’ can T il l  and C i i

were in tension throughout the nulse while PL2 ial by in co;’lpra’l u s ion

and went into tension at abou t 50 ms after - I t t  oh acceleration. P a i n

from an Identica l run hut wi th the spine c v ’ - r c ’x t  “ - l e d  i r e  I - u - a u  I n  I

10. PL2 remained In  counpr es s  I c c n for tb~ c’n t rc’ duc rat i ‘n of t h e pulse ,

whi le  P T L O and P T I I  un( ler - ’ent  a ; h — j n - ’ ’ ii , ste’ from eu u ; u T ’ r e s ’~ f o p  to t c ’ i i - ; 1 o~i .

A marked reduction In unterior train Is aI~ o q u i l l ’  c ’ n i d e n t .

— 
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- , . i )u an t it  a t iVi ’ Evidence of ~~~~~ T oads

(
~ue~ntit ,it I ye picasures of Inc at  I ( a d  W a  rca al t  aimed 1w means of an in—

L C,’r v e r te b r a l  load c e ll (IvLc) des iu ~ned to  f i t  un d e r  a di;l’ of a ve r t eb ra l

T)O(bV. It  c ac u meas u re b o t h ;  ; !x i ;c I f a r ce  and t lu i ’  a ’c c e n t r i c ~~ty of tha t  fo rce

wi t h u  r e spec t  ta i t s  c ’eo , ’;etr ic c e n t e r .  The f l r - ; t  model of an rvi c ~ias al most

1 in.  thjch- . and is believed to he the  f i r s t  t r a n s d u c e r  cap able  of a c t u a l l y

:i ;e;ms c zrin Tl t h e  load  carried by a v e r t e b r a l  body in an i n t a c t  ve r t eb ra l

cobuam . A thinner version is ‘hown in Figure  11. This load cell was de-

signed to f i t  above a lumbar disk , replacing thu inferior segment of a

vertebral body. A chouble—bladed rotary saw was cons t ruc t ed  to cu t  slots

a) I a pr-c i sc v i  c i t t u  ac  r a n  t h i - sp ine to ace ‘‘ i n u l ; a t a ’ the IVLC w i t h o u t  damag ing

the  n eu r a l  a rch .  Tu e u n  shown i n  Figure 11 , en abl es a st rap to h old t he

1 ~‘l . ( lii J ) 1 ;uca - a l u i r i r a I ~ t lie ‘x ~a a r lmen t~i l. r u n .  \ proper  iv ins tal la~ IVLC will

n o t  resul t  J.n a ch ange in length of the ye . ebral column , ~in d , if the thin-

ner model is used , the mobility of the column is also not affected . When

a~ IVLC is used , strain gages are installed on both the anterior and posterior.

The purpose of the IVLC was to measure  the  load car r ied  by the verte-

b ra l  body and to compare it wi th that  borne by the  column , the total  spine

toad . The h a t t e r  was taken to he p r o p o r t i o n a L  to t h e  measured seat pan

load . The r a t i o  used was the we ic~ht  of the torso above the IVLC to the

to ta l body w e i g h t .  Any difference between the spine load and the I VLC

o u t p u t  is t he load c a r r i e d  by the ;c r t i cu i a r  f :ccu’tn , the ta cet load . Just !—

I ic : a t  tons  t n  the va l i d i t y  of thin method of deducing face t  load are pro—

V I cl od I n  t l u c  - a l l  su c u e S  11)0 i-; t ’ a ;  t Ion of th a ’  c _ a l e r

n i t :  d a t - i  were o b t a in e d  f rom t h r e e  d i f f e r e n t  cadavers,  The i nI t ia l
- 

I l - t e ’ l ’ a - r  v a ’r , W c i m  w a - , ma c c l  Iii I I i -  i i i  c i  i w o  c , a I a u v c - c a , w i u f l e  L ice second t h i n n e r

model was employed during ruin made on t i m e t h i r d .

- _ _ _
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The va r ious  sp inal loads for  a 10 g run in the erect mode are shown in

Fi gure 12.  The IVL C replaced the i n f e r i o r  p o r t i on  of the L3—L4 disk and

t h e sunerior segment of L4. The neur-d arch of TA was left intact. The

facets were in compression for the first 125 ma of the pulse. However ,

as the head and torso rotated forward , the facets unloaded and went into

tension , resul ting in an interver tebral body force larger than the total

spine load . The facet load and PL3 strain also show good correlation ,

with  the  zero crossover point of both trac es occ urring almos t simultaneously.

A series of runs were carried out in a cadaver using the thinner model

of the IVLC . It was p laced about the L3— L4 disk by replacing the infer ior

segment of L3. The disk was virtually intact. Pigure 13 shows data from

two 8 g runs made in the erect and hyperextended mode . In the f i r s t  case

the f acets unloaded rather early in the acceleration pulse (at about 60 ms)

but there was confirmation from PL3 strain. In- the hyperextended mode ,

the face ts  remained in compression for the entire pulse duration , as shown

in Fi gure 13. PL3 and PL4 s trains were also in compression throughout the

pulse. The total spine load was the same in these two runs, but the inter-

ver tebral body force decreased by about 400 lb as a result of hvperextension.

These runs were repeated at 6 and 10 g and the results were essentially

the same as those at 8 g.

In summary , the following conclusions can he l is ted:

1. The a r tic u l a r  facets  are capable of bearing compressive and tensile

loads. When the face ts are in tension , i t  is assumed that  the jo in t s  and

the associated capsular  a t tachments  are being stretched .

2. S t ra in  gages were employed to provide qua lit a t ive  evidence of facet

load.

3. Intervertebral body force was measured in an intact spine during

__________________ - - ---- __ _____—_____
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impact acceleration by means of a special lv designed intervertebral load

cell (IVLC) .

4. From the IVLC and seat pan load c e l l  o u t p u t , a f a c e t  load h i s t o r y

was computed .

5. A better understanding of the injury mechanism of the snine has

been achieved.

6. Hyperextensiori of the spine transfers more 1oa~ to the f;ucets .

7. The proportion of the load carried by the Facets appear to increase

with the decreasing g levels , sugges t ing  tha t  they may a lso c a r ry  a n o r t i o n

of the s tatic body weigh t when the body assumes normal  erect  pos tu r e .

Table 1 Frac ture  Levels and Spina l Modes

Rate of Peak Time AfterCadaver Duration Mode At No. of
Onset Fractured VertebraNo Onset AccL

(m/sec) Fracture Modes Tested• (g/sec) (g) (m/sec)

1 246 11.0 195 116 erect 2 T 12
2 320 7 .5  238 138 erect 2 Tb
3 375 5 .5  300 130 erect  2 Tl~l
4 Data Lost 14.0 Data Lost 110 erect 2 19

6 830 7.0 263 120 flexed 3 1.2
5 418 14.0 208 60—lAO erect 2 Til

7 162 11.0 248 85 flexed 3 Til
8 333 9.0 265 195 flexed 3 t 2~’14
9 267 14.0 206 390 extended 1 Tension fracture on

gunerthr end olate
of 1,1

10 483 20. fl 170 290 ex tended  1 Tension f r a c t u r - - on
sun e r io r  end p la te

of T 12 & L2
11 280 24 .5  14 1 no frac ture ex tended 1 ~o f r a c t u r e
12 333 12 .5  178 not  known ex tended  1 18

— --— - — . . - -- . -— -—- ---________ ____

- - • •,• 
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Table 2 Summary of Peak Acceleration Values at Fracture in the Three
Spinal Modes

Fracture Average
No. ofLevel AgeCadavers(g) (yrs)

Extended 17.75 + 5.55 4 61.5
Erect 10.4 +3.79 5 61.0
Flexed 9.0 + 2.00 3 54•3

Table 3 Studen t ’s t Test of F rac tu re  g—Levels Between the Spinal Modes

Sample
Modes t PSize

Extended and Erect 9 2.36 0.05
Extended and Flexed 7 2 .56  0.05
Erect and Flexed 8 0.58 > 0.05

Table 4 Paired t Tes t of Stra in Data

Vertebra
AT 11 AT 12 ALl AL2 AL4 AL4

Levei n t P n t P n t P n t P n t P n t P

4.5 5 1.63 0.18 7 2.29 0.06 5 3.63 0.02 7 8.03 >.01 5 2.88 0.04 5 3.87 0.02
7.5 3 4.48 0.05 3 6.49 0.02
9.0 3 5.86 0.03 3 19.22 >.01 3 6.97 0.04 3 5.74 0.03 3 3.08 0.09 

- - - 
. 

--- _~~~~~~~~~~~~~ 
_

I~~ 
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V. THE EFFECT OF ABDOMINAL PRESSURE

The ability of the abdominal cavi ty to act as a t 1 i l  rd lo ad oath ‘ -as

investigated. Its role as a load—hearing nrc-asur ized (‘vi hider durin g

weight—lifting has been documented by Morris et al (16).

Three male cadavers were subjected to +fl a c c e l e r a t i o n  in a s e a  t ed
z

position. A detailed description of the methodology has been pi’~ - n by

Prasad et al ( 17) .  An in terver tebra l  load cell (IVLC) ~;as posit ioned in a

slot ted lumbar ve r tebra l  body a t  e ither  1-2 or 13.  I t  mea sures  the load

carried by the body and its line of action. A rubber balloon cont ;ui n hui ~

a miniature press ure transducer was placed in the e vi s c e r a t e d  abdominal

cavity . The input pulse was trcpezoidal  fr  st- -ap e and the peab a c c e ler a t i o n

ranged from 4 to 9 g. Its duration was about 200 ms . Tiie effect of abdomin-

al pressure on spinal load distribution was studied b-v makine runs wi t h and

without pre—pressurization of the balloon. The initial static pressures

varied from 6.9 to 20.7 kPa. During the runs , seat acceicrathin , seat—pan

load, intervertebral load and abdominal pressure were measured.

To de termine the face t fo rc e~~~~~, the vertical forces acting on the

torso at the IVLC level were equated to the inertial force (IF):

RB + RF + FB — RM - - W = I F  (1)

where RB is the measured intervertebral force and the inertial force was

taken to be proportional to the seat—pan load. I t  was reduced by the ratio

of the body weight above the IVLC (W), to the total body weight. The

abdominal force (FB), was computed as the product of the abdominal pressure

— and the abdominal cross—sectional area at the level of the IVLC. The

a 
abdom inal wall reaction (RN), ~-aas, assumed to be pronortlonal to tlco abdominal

force. The proportionality flo-tor was ai lowc a ! to var”  f rom 0. 1 5  to  0.50

without affecting the facet force apprec ahly. A value of 0 • t g ave reasonable

_____  - -. -
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e’~t i m at e s  of flN which ~‘ere len s  t~ian 200 N.  The facet force computed from

iThuation I is p lo t t ed  in Figure 1 a aleng with the intervertebral load. They

are for a 9 g run with and without pre—pressalrizarion of 13.8 pKa . The

facets initially shared in supporting tlae inertial load. However , as the

ioad and torso rotated forward , they unloaded and went into tension . The

effect of the abdominal load path was to reduce the amount of facet unload-

ing by deve loping a moment against forward rotation. The intervertebral 
a

force was also reduced by this t h u d  load pat!;. The results were similar

in the runs made on the other two cadavers .

Although abdominal pressure altered the load distribution across the

Spine , the basic dynamic response described by Prasad et al (17) was not

changed. An abdominal pressure of 13.8 pKa (104 mm of Hg) is difficult to

genera te  In 200 ms but an acceleration level of 9 g is less than half of

tha t neces sary for pilot ejection . Thus~ the effect of abdominal pressure

is only of significance at low g level s, and cannot affect the loads

sustained by the spine during ejection . The computation of facet force

did not account for the balance of angular momentum due to the lack of

a. gular acceleration data for the head and torso. An estimate of RN was

made to eliminate the second unknown in Equation 1.

VI. MUSCULAR t~ESP ONSE TO +G ACCELERATION
z

1. Response of the Living System

The biodynamic response of the living spine to 
~~~ 

impact acceleration

has been studied experimentally by many investigators . They have used a

variety of test subjects , including human volunteers , cadavers, and animals ,

ranging from brown hears to rhesus monkeys. Early work by Ceerts (18), Love—

lace et al (19), and Stapp (20, 21) was carried out with human volunteers to

establish human tolerance limits- to acceleration .
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An ima l  s tun ies  were carr ied out by Beed ing  and Cook (22) , who used

swine and hears , and by Stapp ( 2 3 ) ,  who t~-sted  swine and chimpanzees .

The principal aim ‘-‘as to e s t a b l i s h  injury o~-at terns above the tolerance

limits and the animals were all anesthetized. Recently , Kazarian et al (24,

25) , reported the biodynamic response of the rhesus monkey and discussed

spinal f r a c t u r e  p at t e rn s  sustained during high amplitude short duration

~~~ 
impact .  The study was extended by Kazarian (26)  to include data re la t—

lug to chimpanzees and baboons .

In this s tudy ,  cadave ric responses of the spine have been carefully

documented. To complete the experimental phase , it was necessary to in-

ves tiga te spInal muscular response to +C impact acceleration . In part-

icular , the time delay of muscle activation and the form of muscle force—

tine curve are reported . Electromyographic signals from canine musculature

were acquired during low level aeceleration.* -Sp inal elec tromyographic

activity was anticipated as a result of stretching of spinal muscles , thus

bringing about muscular contraction .

2. Development of Instrumentation

The experiments were carried out in the same vertical accelerator.

The sled ‘aas modi f ied  to accommodate a dog, which was held in a “ seated”

posit ion by a combination of belt restraints and padded side boards . A

specially designed seat back contained a window through which electro—

myographic leads could be connected to the preamplifiers . Trailing cable

conveyed the signals to a data n cording station located on the fourth

floor.

* The experiments reported in this paper were conducted in accordance with
the “Cuide for the Care and Use of Laboratory Animals ,” DUEW Publications No.
(NIH) 74—23 , Revised 1972.
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One at the ma b r  di ficti I t le i ; iii a e t a  a aJ j lag I to  I ;a ’ - I a - a -  (-1 c a l _ a l i t / c a l ’  I a t d  a i

signals from an impact sled i s  he ova l  lab 1 1 1  ty  ( af  i -dtca k i i  i~~ t ; a i i  t o t t — b u t t  r a t

amplifier s . They ar .  r e q u i t a l t O  Inc ’ t’ ; i -:a- ti a , -  i-iI’ - ic , - c l -  a riolac - r a t  it. a , ~ l a o

to the transmission n i  t i a t ’  ‘ i c - c t  r omy og ra a - l t i c  a i g n : a l n  t ~ i I  I t i - ’ l ‘fl a of r a i  I--

i ng cab les .  Su ch  :ump l i f i a - r s  vt f ’r p  H f f l c u c i t  t o  o u t - t i n  ,-omm er -i al iv and a

sot c - f  eig ht  was - I c - - i - t a - i and  I ab r i c - t a - d  in t i c -  i t i h o i r i t  c v .  A c  niccawn i i i

Fl gu n- 15 , t hey  — -a r i  p ;ta k aged w i  t h i n  s l ug - , I. ’ e t i c -  , wha I cli c at- Id a 111011111- - - I

on t i c . -  sled . Fli t ’ - . ’  w a - r e  d i  f fererit i - a I amp I I f t  - wi a a v ar  I l b  - c  I i i  I

a) t o  a b o u t  11 , 000 . - i n ! l i t ’  o u tp u t  w a -  [LIT a r i d  by ca -co nd ar d o r  i~ t ive c i i i

pass f i l t e r s  w i t h  both lca~ pass and high pass p r o v i s i o n s .  ‘Fi t  a ra p I i I i  or

cut  o f f  f r equenc ie s  above 600 lI z , and below 2 ’) ( )  l i - i , -~ In c a- I t a -  fr c qt ic ’ tic- -

content  of canine elect  r ait - - a g r u p h I c  s ign als r ange f ro i ; c  3fl0 t o  400 liz.

f i l t e r s  and the  d i f f e r a ’n t i a l  anip i I float ion used ci i racin ata - d m a t  I t i e ’  I t c a j l t - .

The latter feature al ’-aa p e r m i t  t a d  f r e ’dnni  of  cht o  h-c in t i a ’  p i ca i i i - ’  of t i l e

e l i - c — t i  i t t ’s to record u n i v  a l~~’ d i f f e r e n ce  i n  ‘ a t  c u t  i;il i - - i  i- c - i-u t I hem. Tin-

t e u l c t ( ’ l . C y  f o r  t h e  arnp l i  f i t — i— t -  I —a- -out- s a t  c r - i t t - c ,  ava - ;  c’ c c r ! a -d by ‘ l i t  t u g  a

I M Ii resi stor across l i t - i n p u t .  The ant) ! i I i  r i  were  ch ecked  o u t  by

acqu i r ing  e lec t romvographlc  d a t a  f r o m  dogs w a lk i n g  on a t r e a d m i l l . The

wire electrodes were inserted i n  leg muscle  groups known t o  h e  - u - I  ly e

during walking. The e l e c t ro l a -  m a t e r i a l  and i n s e r t i o n  t e a - h i t  i ge-s wc’ra’

simil ar to those developed ! by B a s m a j i an  ( 2 7 ) .  Ry v i s u t ; i l l v  ( ‘a ) ! r i - l o t  i n ~’,

t he  one Li lograph ri-co rds with t u e gait i t  t i.’ - ag , i t  wan  poss i t , it’ tic

d i s t i nguish the e l i e  t romyographi c si g r i l l  In 1 ra t ’- no I a. . i n  a - a n  a a

l i i i -  necessary a !  
~~~~ 

a n t i ;  - cc i i r -d i f i c a t l o ns ti c - u - a’ a;; ~ I a- t a  i t ’ -; [ u-i l ?.c ’ I

Signal—to—noise r a t i - - .

~ .- a’d1v electrodes in- .- r ta- a l  t i t  fl sha l low an~ l -  l i t  a -  a !~~~ mu nc h- v. ’uaa

f o u n d  to I.e a qt  — i l - I c  i i  t i i  l i t  t a f l .  ‘the tr eed !.- ti -au a lt ; - - a l t  IP I -  I ,
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ret-i ; p r i o r  t i c  i u -4 , ’ t — t l o n t c  n a - i - u i I d . c -p er  p t ’ o a - t r n t  i c i u c , ;a uu a l ;c c- i  a c - c c i a l c - c c ’ c i - - —

tial groove wi- ;  m ;R-ltined i ot a the ita nc lic ’ t a l  t ‘ a n a - c - l I t -  a c t  l i i  I t  i - o c t l a l

.~~ -n a’il r&- l y ti e d in p l c c ’e 1-’ ~ scutu re .

‘Fhic ’  un i po l  :I u i ’ l e c t r a c c b ’  Wa !4 ; - ; e Ia - i -ted far tifl- [ v c l ; a n h I c ‘ v t c . - a - l ’ c - i a - ;  .~~~

It v It a  37 pin long and had it tapi r - al ~ t ; a 1ti l et -;’- c- ’ a ’ i ’  I - - ; ! , c c i , a , a f t i a

axial insulated n ic ~I ; c-l— c!,rnme allo y i-: 1 c - c -  - ; ;~~~, I a! tf ~t- t i p .  i c c - fl en!’

pared w i th a sim i m r  b ip o la r cI a - -t ra d e, t h e i i i i c , j l i ;  w i - r e  iii nor- i-t v id -it t I-

cal wave form when isometric con t r a c t i o n s  c i i  — a hu m r i n c  [ l a - v a r  i- - a r t - i r,-cdinl is

muscle were r,a ’i -ab -d . h owever , dual icconopai a r ‘ i t - r i  r i c h i - a  gave a I gum I n

t h a t  were f o u r  t ira-- ;aa atrong ;aa tho na - f ro r  ~i h i n d er e]e Ct c~o -la .

An e x c e l len t  c i - i n i d i n g  ;aad gr o u n d i ng  sy s t e m  w c t ;  r - - [ c l l  c - a d  l i i  n c i n i r i c i z a ’

r u a L a a a -  in t u e m i n u t e  e l e c t r o n iv a i ’r a p h c i c  s h p u u ; c l s .  P a i l ,  a ’ i a ’ i t ra - ,b- i l I a c a h i a - h c i —

ed by the needi - - c c r c j t u l ; t  and a shielded c - nix Lii c ; l , h ’ wa~; t c ’ ’c-d f u r  a c a C h i

need le .  Pc’coind loops wa-re c- cr c~fu t Iv avo [ a l t - I - t r a r  ear-Ic a -l w -tone] t h c a ’  wi

;i ctlve lead cah ie c h i c - i d a , l i i i -  bo dy r t ’ i a r a ’ f l  ( a ’ t~ o l i n c i , l a il a l t i c - d i c c- i t a - i c r

rent  paawe r suppi ’ ’  ground w ar e  c a n e - a  i’d I n  p~~ra I U-! tic t i t a -  a l  ‘ c t  l ac ; i ’io -—

g r a p h i c  pr a - ;cu ’i p li f i  or re f e r o n e c a  ground . TI1 I a groun’I u / - a - ;  c ar  r lea ’ a I -  r a i p l a

the t r a i l i n g  c a b le  shield to the common instr ,tua-c t ; i t i a u  ~cround at I

P i t a  r ecord ing  s t a t i o n .  Al l  ground -md s h ie l d s  were  up on c ’ t i i c ’ d  , - i u c c I  ‘ - a c . ’

c a r r i e d  to a common ground s i n k .

Th i s  impac t  acce I.’ c- ;a I I on e x p e r i m e n t  l a i d  an add I t  onia L no -i Sa nro [ i a-ri ,

which was t raced to the wh ip p in 1 -, o f  t i t a -  a ’ l. - c ’t rode l i -a d a , a - - g a . - ,  i a l l v  i i

a t  n ick a r i g i d  s u r f a - - a’ _ ‘ m i  i ; !  1 eve l.s r i ca iglilv eq ur iv ala -u ct t i  t hunt’ c ci t !a,’

elec t romyogram w e r -  p roduced .  To m i n i m i z e  t t i f ;  n o l - ; a - , i-i ev a ’r a l  t a ’ .- - c c l

m l n i a t c c r . -  coax ia l  cab 1 ti  W d u a -  t c - s t a i d . I t w;ca ai c - t a- r rntne d t h a t  t yp a ’ T g ~.1fl(,~~/1u

proc luc:e d the least  noise  d u r i ng  the  run . I t  was ; t l a a a  es’~a - , .  ‘:1 i i  t~~c : c t  e a t -h

* M a n u f a c t u r e d  by l’ ec ; a  Co rpar ;t t  I ac uc , Whit .- P I c  in s , Nt -n-- Y o r l  I 0603.
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cai-’le be securaalv tied down to  a l l  surf ice~; that i t  could h i t .

3 . E l e c t r o d e  S i t e t  and l x p e r im en t a l  Puns

The muscle grc)uI)a chosen f o r  e l e ct r o m v o gr ap l c i c  s t u dy  were known

to  be active duriac’, flt~xioui and extension movements of the sp int - . Th e

fol l owing groups ~iere ron i t o r ed:

I . !r.’ator ~ a ;  f la t-
a. llioc ’,stalis (lumbar)
b . Lon;issiintc.s ( lumbar , thoracic , ;and ce— viral )
c.  : i n a li s  ( t h t a a r a i i c , cervical)

2 . ~i u l t i f u du s  ( lumbar , thoracic)
3 . S em i cr i i n a l i s  ( c e r v i c a l )

Approxinatelv 24 check—out  runs wc ’re made to . tes t  various components of the

exper imen ta l  system and to develop techniques for acquiring dynamic electrnr-,c--

praphic signals. The on—board preamplifiers were sub-jected to runs at 5 g to

verify their structural integrity and to ensure that no spurious signals were gen-

erated as a result of the shock lo;~ding. There were also several runs desig-

nated to eliminate ground loops and other sources of noise. Four runs were then

made with the entire electromyograph y sys tem on board , but the electrodes were

not inserted into any muscle; they were kept about 1 cm apart in air. The noise

level was found to be low and there were no spurious signals.

A total of 36 runs at 3 and 4 g were made with two addi tional canine

sublects to acquire electromyographic data. They were male beagles weigh-

ing approxima tely 10 kg each. The experimental procedure consis ted of

setting up the instrumentation to record up to eight channels for electro—

mvography ,  the sled acceleration , and the seat—pan axial load and sagittal

bending mcarer,t. Lateral supports were provided in addition to a cross chest

belt , and upper torso Y—yoke restraint , and a lap belt.

Upon completion of a series of runs , the dog was given 0.5 ml of

Acepromazine and postrun x—’-,ay films were taken to verify needle electrode

positions . The animal was also given 1 ml of Floricilin intramuscularly



I
a f t e r  the electrodes and sutures were remover ’ .

Fi gure 16 shows typical e lec t rom ’-o~- r - i p h i r d a ta  f r o m  the ncu lt i fudars

i t i n ho r un , . ‘!‘he input  accela- rat icin pulse It ; s c c l c c - u - i c , c p c  a - I a - a l  t o sh ,cs  - i - c -  c i a l ; v

In muscle ac t i va t i on .  The p lot also shows ti:! pr ior  to t h y  run t lcere

was very little electromyographic activity .

4. Data Analysis and the Intergrated EMC.

The analog data were dig itized at a rate of 2000 c— c m p l e s  per second per

coannel , using a PDP—8E minicomputer. The data i-n rc- pre filta-~rc ’ — a t a 1000 tT~

level to avoid “aliasing” or the generation of false loi-.- frcanuc:Icc comPonents.

hiannan et al (28) and Viftasalo and Komi (29) have renorte l sar!nhin~ ra tes  r a f

1000 and 1600 per second , respec tively. The d i g i t i z e d  da t a  a - o r e  r e c o r d e d  ‘on

magnetic tape by an industry—compatible digital recorder so that they could he

processed by an IBM 360/67 computer .

“Intergrated ” el ectromyo graphv has Hng been recognized as a measure of

muscle force. The proportionality factor has been difficult to estahlis’t except

for special cases of isometric contraction or isotonic contraction at a constant

velocity . To obtain this force , the e1ectror’- - ,~ i- ;ac-hic signal is rectified ~nd a

curve smoothing procedure is applied to the rectified data. Tn t h is study the

rec t i f ica t ion  was per formed by means of a roo t—mean sci uare (P ’a c - )  analysis , based

on the frequency content of the signal. For an analog a l t e r n a t i ng  s igna l , i t s

P’hS value is given by ,

E= {(l/T) ~ T 
e
2
dt~~

i

where i - = P ~~S
e—Instantaneous value
T=Time period of the wave form windoi ,

The equivalent dig ital form is

N 2F~~ j ( l / N )  e d tj  -

1=1 ~
where N—number of point-t in the window .
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~v u - c l  ri~ - ,  wi nal,cw a i ~ a- of 5 (rb - ) , ti n- ‘M~; c i a ,, I v ;;  i a c _ c a .  - a - c-cl ;ct  i , - ; c - I

b u r t  ii of t I c e  i c . - r f  c a d  a a a a 100 t b ~ w,t- f c- I ac r u - c , a i u t c c t Pc- c i j ~ a ~ t I z I tin c - a  a c’ c-~; i )

2000 per a i- c t - I . 1 )tt l . a a , - - a r c  - t i c i u c [ I  it i -r i - - i by  I - c - i- ’! l ’ ‘ - , i . t  a - ‘  , -~ I t ’ ,

t l i a r ’  c ; c ’ ; R  ‘ ‘c t — c c i i ’ f r c r i c c a _ ; ; c  a~ j~ l 2(1 I i ’ . 1; ! ’;  c - n - a ; r c - j f - a t  I cc- n’t t : cc r ; al

I r a - a , c c c ’ u c V r ) f  14 t a  J) JJ~ f c , r  p i a v a i u I c c 4 ’ J c ~ t I r c ’ a a c c  I t ’  - u - : ’ - ]  a - - , ; !  1 rc - ’;e r ’ ,c- -i .

t n  I nca I p lc a l a  li t ret—cut iN- i I a a f l  1 ‘ c ’  I t O’ c c i  1 a I :  c l i  t ’ , I t - a I [ i i i  a’r —

F ’ f : ’ c i u ,  17 and 114 a r t —  c -x; c s j ha - s of  c - l i ’ c : t  c a a , ; - . ’( a I - c a , l a t , ; a  - i i  Iv - h i r b ’ zt ’ c ’ [ca rt.-

t i c  r i - i n - Ic of tl~~’ n I i c c -  n a , c ’ ; c - h a ’  -; i I c - i ;  h u m  I ti c  a -a l In I l a -  I ‘ ‘ c c  c- - i n  L i i -  a t t i c  h a - u t a.

In pa ’ucc ’r :c I , t t i c -  ri was a nan c a t  I - i c  t a t  a t~ i a c t  r c a , a v a ; ’ t  a p bc i c c a  i v i  t v c u r  I I

al ter the a a cc - , i - t of ~t , - c e1 a - r , tti ccn . Tbti,; m i t  b ;il. h a i r - i t  r i ; ’ ;  c c - a c a l  i v  t i , .

a t n i , W — i - ~; t  and r - s u t 1  ted In t h i a- c Ii’v c - 1opr a t~~ t cii ; t  i a - a l  c i c - , - t  a t c u t a v c i - ’ r ; a ; I -  i c — a t ] ’ ’

d e r i v e d  f o r t - i ’ . A sa c ’ ; !  — t i t ied a ]  - c t  rucn-,c ’ c’ap h cic sl h iH; a l ; cc i c i I a c , a a a a ’ ’ ; t  [ f l I l d a t

fo c i -  I s  s lt uwn  in  b ” i p c c r e  18; t h a n - n -  w a - r e  r :at 1 , c - r  u n c o m n i o t u  ;ind- a n n a - a c t - 1  a d -  I.-

assoc I ; a t  , - c I  w i t h  p r e r u n  muscle  t o n i - . - -

I n  terms of r a l : at l v e  r t : t g n i t c u c l e t ; , t i , .  i i  i o ,  a ’ - ; a  ‘ c i In; ~~~~~~ c a i n ’ ’ ,  lu n ch thr-

hi g h est  pe ;tk  v a l cr -  , a t I c o t l c  3 p and r) g .  t a l l  a 5 1 I a t . a me ;cn a c - - a l  ‘ - ‘ - - d c c , - - ’

f c > r  ho t  Ia dogs a t  two p leve l - ;  . (in [ t i c ’  er  r ;a ‘ ‘ a -  , t a d ’ ,c -: c t 1’.’, c a - a  t e a : ;  h I ;‘ ac - a

a t  5 p t i t a n  a t  3 g.

Tab le  S l’eak Va.lut-t; ca l l ’ J a - r t r o m y o g r a p l i i c - ; a l i v t ) a - r i v c - d  i a r a -c-

“ iu— , c l e  Pel .a tj v e Pa ’ ;tk  V t  l i i i ’  + . I ) . ( my )
(‘.r oup  1 p tim - ; (N)  5 p f u n ’ ;  (~l) A l l  R u n s  ( p u )  

—

Semispin. cap . 4 + 2.0 (0) 6 + 4 . 5  (9)  5 + 3. 6 (17)
Spinalls cerv . 8 4- 9 .0  (14) 12 ± 14.2. (15) 10 ± 12.0 (29)
Sp i n a l i s  l i i i. 6 -c- 4.4 (1’.) 1? 4- 10.1 (15) ~ ~ 8.2 ( : 0 )

Long. c,erv. B ± 9.8 (9) 7 ÷ 7.0 (14) ~ 8 . c- ( 7 3 )
Long. thor. II (1) I (1) 7 + Pc , t ’  ( 2 )
Long . h u m.  4 4 3.4 (2 0 )  i~ ) -i- 11.3 (17) 7 ~ 8. 4 (‘37)
it i l i t  t t co r .  5 4  /,.R ( 1 )  6 + 4.5 ( t h ) ‘a 4 . 1’ ( 113 )

4 - h i l t .  h im. 4 i 7.1 (12) 6 4.0 ( I S )  5 + 3~ /, (27)
11 lor-iiat . lu~n. 20 t 1” . 3 (2) 1 ‘~ 4 5.1 (3) 17 + l i .(c (5)

- ~~~~
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5. Muscle Response I)elay

The propr ioce pti ve respons e of muscles has been studied by many in-

vestigators . Neural delay time in the human arm muscle was found to be

60 to 80 ms by Hammond (30). This delay includes the time required to

stretch the muscle spindles that form ttm u comp letion of the reflex arc .

Soechating et al (31) i ;cvi- also found a delay time of 90 to 140 ms in the

human arm , and Foust et al (32) found reflcx times for human neck muscles

to be between 54 and 92 ms from the onset of head acceleration . For whole

bod y +G~ acceleration in the dog, muscular response delay is defined

as the time from onset of sied acceleration to the initial burst of elec—

troumyographic activity. Table 6 shows the average delay time for each

of the muscles monitored. The delay is shorter than those

Table 6 Average Electromyographic Signal Onset Delay

Muscle Delay Time + S. D. (mm) 
—

Group 3 g Runs (N) 5 g Runs (N) All Runs (N)

Semispin. cap . 25 + 5.7 (7) 28 ± 12.9 (9) 26 + 10.2 (16)
Spinalis cerv. 21 ± 6.8 (12) 27 ± 11.3 (14) 24 + 9.9 (26)
Spinalis thor. 32 + 8.8 (13) 28 + 9.2 (14) 30 ± 9.1 (27)
Long. cerv. 26 + 4 . 2  (7) 36 + 10.6 (11) 32 ± 9.7 (18)
Long . thor .  ——— - 

(0) 22 (1) 22 ( 1)
Long. lum. 36 ± 22.3 (18) 25 ± 8.8 (17) 31 ± 17.8 (35)
‘-a ult. thor. 37 ± 11.7 (11) 27 + 12.1 (8) 32 ± 12.5 (19)
Mutt . him. 58 + 29.4 (6) 37 + 12.3 (11) 44 + 21.7 (17)
Iliocost. lum. 28 

— 
(1) 44 + 4 1 . 5  (3) 40 ± 34.9 (4)

of human muscles. The difference is also attril—utahle to the close prox—

imitv of the spinal musculature to the cord , so that the reflex is shorter .

The large variation in delay times in a given muscle groun can be

due to several f ac to r s .  Basmajian (27)  found tha t  conduc t ion  velocities varied

widel y from time to time in any individual. Furthermore , ‘y efferents from

• the central nervous system provide a variable mechanical bias to the

spindles and can alter their sensitivity to stretch. Finally , the spinal

— — _ ‘ A,. i~~ - - - ,~~ -~~
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‘ - t m .  -, , l t o ; m r t  i c : ’ m l , , m ’ I . ; C c - I  - , !i r c V i c c ; :- ; 05 - d c - I S  ~ r~ - a n ;c d e q u a [ c -  in t ’’c-

~~~~~~ ~~~~~~~~~~~ of - ‘i a ’ J  r,-snor cu. 11 c- utc c a t ’ ’ i ) - c l i ’ ’ c - n s i , a n a l  a h a r ’ c c - t ~~

1 C I ~~ c ’ , - ; a h ’~ cii t ’ t - ’, t i i ) c ~ ’ ’ - ; f : ,  t c i r - , u l i c  ed t - t  i ; a c ’ c’ r c c - ’ r , a f a- - t i c e  tI - - t a  l oad

‘‘ .; L I; ,, - —- a i ; c c i t a c c ’ - ‘ ‘t  c’’’a-t idt ad i i i  ai ’av  of t I :’ axial-jun m a t h e m a t i c a l  mode l s .

~eet ~‘-‘c’ I a  t c ,  p r -~ - , c ’ac ,- a r t - ; a l  I st i r  0 a)~ ‘a 1 :0th ’]  s i f l c J l  ,l t i f lg  d l ” ; ; a m i r

a’ - i t s , - ‘ ‘ci a :I e t f i  i c c  c a - ’ ; c a ’ ;, -d a)  that of an fl’:; c- t  s a i n t  a c-ste d in vj v c ; .

.a qc i ch • 4  s’ ‘ ‘ c c l , ’ cons ider  t i me h a tn r a l  s p i n _ - a  I c u r v a t u r e s  and t i m e  e f f c - c t s

t i c  ‘ I c i I a c r  ;tr ,c’ ~-c~ - ; !a~~c I i  c u t i , c I  I L - a c 1 l I lg  Oi i  ‘‘ i- sn inu - . 1 c-ail and ned - r-o—

t t c a  - at  a t’ j rmul ,m t, a c l  ;c ~c - ;  t n i ’  - ‘ t ” e i - t s  on tlc I- -rat ’ ’ ~~ ; c f  ‘, , i se n t a  i n  t i e

or ~ ‘ - i n e  can ‘ c ’ s t c c d i c - ’s ‘ c r  oif— ax ia ; j~~n ; aC t s  i n  t h e  n i l —

: Ial i - l ; c a ;  . 1’’ ’~ L h , ’c i t  a r c - - I c - r a t i o n  p ul se  C ilIa Pc am; ;t r ’ a i t r ; c r ’ ’  f u n c t i o n

‘ t t. me i l c u ;  t a-  n y s t r a  i tt  t a l c , 1  SU o p o r t  sy stems have c - c - c t  i nc luded  to n r o n e r —

lv simulate a seated vi h i  cle o c c u p a n t  - in v i t a - ’ of the fac t  t h a t  the  ex p e r i —

- a t  ‘ - c’at ;;  f o r  val i  c ’’t t ion of t h e  model earl- ol’-tai ned f rom cadaver i  c runs

‘. I t~ the  - j  t ;i- in the erect and h’-’nnu’extai ”I,’d mode , th e model incorp ora tes

t i -  ;d~il I I
,, ’- t i ’  s~ nu l  at ~ hot P spinal con li ~‘ur ~.t f an s .

- A st ;tump t i - c u lt;

‘ ‘a ‘ (a  i ( c ’  - i n~ a s s um ut  ions t a r . -  made in the ocathema t i cal develortrient:

I .  “ h a -  ~-. v e r t  a l a t c i  ‘,cai i es , t h a t  l c n a , 1  and t h e pelvis are r igid bodies

a ; , ’ c ; - , t r a ~~ , - t~ ‘ - c , ’ia ’ in  t ic’ t ” i ’ h — a , a r ’ i ,t t a l  l a n a

2 .  , , a ! i r i  1’j ci !,o~~c c has three  d egr e e s - nt  - I r a u dom  in the mid—sag ittal

p 1 . ; ’ a . - - - t - : ’ - L r i c c : - l a t i o n a l  c lc c ~ One t’ c ’ t - c t ~~at ’i c 1  -

‘3. ‘ ‘ i n i n t e r v e r t e b r a l  d isks ’ c r p  cnassless and d e f o r m a t i o n  of the

I a t  • -~ n l , ; c ’ *,* at t I i  c i ]  ak s .  -

/ 1.  ‘ I - - - t i t c i - ,  - i t ’ . - r. ’ l i!. ’i c - - I I-v , t  - : “ u t t  a u -  a~~ s p r i n t ’ s - m d  ,t ;a r , ’aa ’r a—- itt ’ ,’

‘ h a t -n a , r au  ; m x i . i l  t o t  a ‘‘;~ One a pr  l u  : ‘ ;ic, d d c t ’ a ; ’ c - r  fa r  s i - c r  f o r e , -!; ,

t i c a c !  :cni )t Ict -r san h a t -  and c l c - ’ t o ’ r  a r r angem ent  f o r  u c - a t  a l l  fl~ ’ t o r q c c e ; due to r e—

- :-~~~._..! ~~~
- _ - 

- -



I~~ t i ~~- c ’  .w~- c c I _ - t r  I ’ c c a t  l a u d  , c ’ t - - ;c , - i ;  iii a ,  c u t  v . ’r I  i - I - r u  l a o a I l , - .

5. T I c ,  f ; a ’ a - t s  ; c t c c l  l o t  u s c ’  ; c c  c ’ ‘ a t  c i a ’ t ;  , ‘ c a f l f l c - a  t i  I ’  t - -  a ’- c l  i l  r ; c b

a c h ’  icy ;‘ , ‘, a’;s  l i o n  n I c ’  1 . 1  i ’ ” 4  .

6 . I :c c it  r I p I a l I - c c 4 ’ .’ I * - ; : a l i l t - c l  t , , ‘ - - a I I ’ - : i c - c ’  r-  - i - c  I c - ’ - a

~~pj ~
, i , l- t- _ ’ P i c l ,  i i—; , - . - c ’ . -  t I  ri d — I t t i n . - ! ; I d a - c - m  I’’ t I ; c  a , - t , t , ’ t  l i i , ,  c i i  t I c - i’iPIfla .

7. ‘ i .  t — i p ic l c c c i i i ’ ’ ’ 1 a -  : a r r ; i u c t ’ c ’ c ’ ‘ c a  t; l l ’a cu ] : a t c -  I - c ’  - i n ; c l * ‘ ‘ c ;a ’ ‘ - t - - ’-

i ;  c ’ ] one I ‘ c - - l a n a , a I I ]  t~ -

‘3 . I ‘ c c c , , !  l a t n i —, o f  ‘‘ c a t  I c c u ’

h_ - f
~ ’ a c u , ’  l~ ~; ‘~~a , ’ . - c ’ ;  t ’ c -  r o t ; f i : - i u r a t i c ’ , ;  ( I f  ! - : ‘ ‘ - u r r a - : ,; i ve n a i l  I I :  a ’ - a

;c v -  t,cicI. ’ri~om;c’ na I : c t  I ’j a- t r : ’ i t s l , i t  i c ’ u  ;t rtcl c a t  ; a t  ; - i ,  ‘ 1 c c  I a -  - i c - ” cc a tc; a ! c- ’ , ’ a ’ ’ a ’ . —
di sk. rn t i C u n c l e f o r n c a - . l  ~ I , a t c ’ , it la - a - , . ‘ . - t ,  : , a - : , l ! - , i - c I  t ’ i a l  I ‘ a ’  : c x i t :  c c ~

~~ si.- is co i rc c’ dc-nt t i  L h m  t lie ax I,; of t P. - var t a - I - c - ta , t ‘ ;‘ ‘ ; , I i I ’ i t ’ ~f I I ‘ u

l t : , n . - m l i ; a t e l v  i a . - l o ~-, i t .  lI ce p o s i t i o n  i i ,  t I - c -  n i c I ~ - ;a t’ i t t a l  I c l ; ’ c ’ a -  c , 1  ! ‘ ; , ‘

‘f time ith rigid link i s  a i c - t , - r c - c i n , - a l  c ’,, t t a . ’  t l u r n a  - - a - , , ’  i ’ t a I I ’ ~.- ’ l  c - o c , r i ! i c , c r  , - a ,

u~ , w 1 , . as shown in  t a n  i i  gc cr e .

l I c e  r e a c t ion  forces  and mon a-nt- (Ia’v,’1 c c , t ,  c i  c c l  t i : ,  i t  1 r I t , I , a ‘- n -H

c l u . -  U’ c i c - i a i r t ’ ; ; , t  I n n  c i  t t -  I t -  and I ‘ c c ’  j 4 1 - i l - : i ’ :  te c h I - - c -  l ; t r  m a o

s l ; a i t - ’n  in I- i p c c r i -  ? ‘I _ ‘ l h t a -  (~~ a ,  ~ c -,; i~~ t i c . ’  r : ’l  ‘ ‘  H ’ -  a t ’ p t u l _ : c ’  a ’ i c — ’ : t u t t , a ~~~ ; -

t i j , ’  lc- c c ,-t h s c’t t , ‘-h , AN!’ A
1

t- shown in  Fi~ - u c m a 1’ ’ ar ‘ d M a - - I  ‘ ‘ ( ‘ d c l a c ’ It (” t ’ ;i ’

rc ’at a cr i u ct ’ - , a l , ’ a c - ; l !  - - , ax i “ -I t~ ll (~ 
,; 4 a c - ; a r f o r c c - a  < a l t  t ’ ~‘c - y t  c r i  - c c l - ’  ,~ n

t i o n  b r a i n a t  t i . -  art i i ’ t m l a r  f , a c ’ a - t ’ : . ‘r i.1 - a - i - c ’ ,, ’ r a t S  - c t , , ! r , ‘ , - ‘ , , ‘ a r°  (-~~ ‘- ‘ - ‘ c

by the fol lowing .‘qcm: a t Ions :

T7Y J “V 
~~~

‘ 1 
- 

~~~~~~~~~ ~ C
1

AC
1 

(2 )

‘17 ” . 
~~~~~~~~~ 

(BC
1 

-- ~~
(‘

(j j
) + ~ItC~ 

(1)

i~~ — ~~~~~ ~ (~ P )  - (0 
- - 1 

- 1, ) ]  ~~ - c 
ti I ~~~~~~~~~~~

— -  - ~~~~~~~~~~~~~~~~~~~
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I. — ~ ~ ! I t i t .  t—5- i t t  t ‘ I c ’  c t-t i :t 1 — p r i

‘i’ st I I I a nn :  - a I I 
~~ ‘ , ;

~ ‘-c ~ ~ l’ I’ i

c I :t p a t ;  j u n -  i’l a - ’ i t t  1 t ,~ a - ’

4 . ‘ I a u n t ) j  f t  i n  - ; I i n ; i  r I a n , -  i ng

! t t i f ’ n c ’:S i i ~ c ’ s ! ’ ’ ’  ‘4’ , ‘ r a : c , c - ’ t c i r  I -

= d;cc~t, ~u c , ’ of r e a l  ‘r i  ut — t - - r , a  c c -  mr  I , ~

And a te  - l m ’t - - ’ c : r i , , t  ‘‘ °‘ I t u t a t , -  a! a O t c i c i c i  i l - v  i n  t ’ t - - ca , - ’~ ’ pr c - ’ - - : 1 4 :  , i t

t ~ , t in 4 ( ) deno t C!; c~ 
t a r c  - :; t a t  i o t a  ‘- ‘ i t  - ri-ny ’- - ’ - ‘ u ’  

- OP • ~
‘ ‘ ‘‘ I 

Th ’c’ - , T6”t - , anal t h a n  r o rnen t  I~. - a rc -  d c c  i ~~~~~~~ 
,y c - - ’ : c c d ’ -  ~ - -  I a c ’  —ac er ’ -

I [ i~~l

I on time n i , I,t - i d e  of e i c ’ c , c t i a ’ n s  (2)—(1a) t a  i ’i- j

Tb , - a r t i c c u l a r  f ’  r c ~ l i - c ’ ,- -- 1 - -a -n u ’ , a i d l c - l l c ’  t I ,’ t.’ ’ t ,  ‘ ‘ c r 1 01 ‘t , a ‘ ‘c-  l i m i t  r -

r c a t : a t j o t m  and t ’ c~ ’ a t ’’O: i. a j t j m a t  ! , c ~ l I c i i n ~’, c i  ( c a n ’  v- r i  . - I - r , - ; c a ~~, - ’ a ’

a - I l a c e n t  ‘ t a n .  The I c  nc - c -  r , ’ : i t t  i c ’ s ’  r i - l i t  i’; , i - n  at , i c ’i  1 ce t  , ‘p a - ’ ‘ - a  c I t t ‘a ’ ,-

t l u ~ i — I  ver  t i - i ‘r r c t -  l u  t c erect mode i t ;  I Vc  U I - ’’

T5 1 ~~(h 1 h
1
sin 

~~~~~~~~ 
-- — ( I ~~ — o~~))

,, d c~~ re 1 = c c’ ~~l -c t — ince ‘‘ ~ t • air t I c iii a r 1~ - ‘ ‘ r’-” - - a -‘ ‘ ‘‘  ‘ c ‘

v a a r t c ’ l - m ’  c i  l , o,l ’ ;mn ’ ’ n!:l . t~~, c  ‘;t if i ,, ’-a a of c - - r a i t - ’ ’. r -  - I  a’”  ~~~~-“  -

I I c ,~.~ ‘‘ , a t ~~t I  - I c - i n .

Tn t l c e  c ’ ,-tti-re :-:tc’ncle al , c i c k ’  , due ! c - t a, iom’ - -~- ’ ’ ( :I m : c u t t ’ c -  i n  ‘ a t  Va I

0 t T c € ’  sp i n e , i t is assuunecl that t h a t -  f ; i - : c  ts m v - - Pa t c a p e r t  o c c t  si r, - t o : . -

the l,’mn ciu t a act -is a n o t l , c ’r  h e ;ar c  pan ;m l t c - I  t o  V a  , h i s l - . T’ cc” cc t - , i~~~ i - -

a’; sho~m In  r i t ’ ; c r n  1° ‘ c ’ ~ c ’’i -as t t ’e Il r-a ’ - c I r a  of  ‘a x ]  - ‘ d; - I nr ’: c 
~ c ’~

i l c i r ;  i n ; ’ ” . ; t i t a i  t I i~ ‘ ‘ ‘I ’  c t - l i ’  v , ” l c a t t p c l  I ;  p i v ~ n ‘ ‘t

T 51 YI’I.
1 

- (A
1

A 21 
— - ) 

a - )

Th c ’  a rc ,- na ’’ I s t i ’ t c ’  r i  c c l  i t , ’’ t’no t ion at t ‘ c f c c - - I - ’ ‘ - a  i ’  - I ;,
~ -

-

t h c  i — I  y a m  t e l - r  a In g i Von l v

FX I = ~Klt
1 

. (A , 1
c 

i i  ~~~ f l , ; ) ~ 1’

Dt ta  a d~~ ~~~ r 1 R O D  111 4’  ‘ ~- l I It  - ‘ ‘I ‘ r t t c ’n h a  r ‘ c c  * - t ‘ - - •~ 
- ‘ a
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I~~’ de l  [ t _ - a~ t h e point a af anali cat i  on of the farc- - ’ a a i n a -  f or c e .  However , in the

r n ’ .’ I . it  I , ’~~ h e a ’u c  t a t  ,s a iue l t ‘ c ; c t this for’ -a ’ act s  n e rn en d i c u l a r  to the  lonp i  t u d —

i c t a i  j~ i j t -  c - F  t b ’  v, - r~ ehral ‘t idy  ;ut a Jao[ ’ct (; ‘ . 4- .\C1 / 2) below tIme ci-’ntt ’r of the

“- ‘rtt ~ r c I  l codv , m i t ’ : r - i  ~Y’l . Thcc ’ r a ’ ;~~’t ‘ i-in of t d a i a  iarcc ’ ~cu; the ve r t eb ra  i”rn ed i a t—

- - l a i w  i ct s  a t  -i ; i i ,n I  once ’4 . above the cer La -n of t I e  i-- I ve r tebra . Th i s  as—
i-- i

s i - - - :  t r em i s  i u t  t i f  I i - ~ ‘ ~‘ec ;uu ;;e t -L in n e r  i or an t  i cul ar  f _ - t e e  tt ;  are shor te r  than  the

d. c  :cm ~~ t h e  i n f e r i o r  a~~t j cu ’ta r lae --t s .  At ; s’ o’~i; in Pi~ cire 20 the  forces

a t i t a ’ it!’ v ’ n t a t t ;ra n ar a l l e l  to u. and w.—axis tart -

= ( ‘ ‘ c - ” + ~_ -“2 — F” l )  c o s O .  — (T6Y . + T52 — T 5 l)  s in O .mci  i 1 1 (~)
— - i l  cos {e~ - ‘  (~~ 0~~ ti

0
~~~~

1
) } + T7Y 1 sin {0

~ 
—

‘v , ( T6Y , + T52 — T5 1) cosfl . + (T6 y . + P Y2 — F Y i )  s i n0 .
- T7~~. cos f~~. — ( 0 ~~ . — 

~~~~~ 
-- T7 T~ sin — — 

(9)
- Oi~~l

Tti ’ ~i rn’ LI ,- sum ,l f  c— ion aent s about  LIc e c ente r  of gravi  tv .

- = T7Y . :os ~ fl . — 1) . }e. + Pa. — T6Y .e .  — T( ’I .c1 . — T7Y . sin
Oi Oi~~1 i i+l  1 1 1 1 1

(e~~ — 0 01 1
) d

1 
-- T7Y

1 
cos fO f ) .  — c~~ . 1 }d . — T7x 1 sin ( in )

— 0 i-~. 1 ~~e. — + (T51 — T52) (e. + h
1

) -- F”2.d. — ~‘T 1 ( d.  + AC . / 2)

ha-ri - - are auxiliary forces and moments wh ich -iire to he added  to these

e(’ ’l ; t ions “hep ever ani aiica h lc ,i . Such loads jr -t e l  ui-h e the shoulder  s t r ap  fo rce ,

I a n  b e l t  ‘ cor ce , s ea t -hack  reaction , chin—chest contact forces , and r e a ct i n

from t i e  hvp erextension bloci : . *

F i n a l ly , the  equa t ions  of motion can be written as

= m ~~X -4- u . — e O .
2

cos0 — e G  ginO } (1 1)
ti l  1 1 1 i I I I I

- = mi~ + a t .  + e . g . cos 0. — e.O 
2 

s in O  ) (12)
U~ 1, 1 1 1 ‘ 1 ~ I

= r o . (13)
1, 1 C i,

- ‘t t a i c -  tat , is t h e  cast ;  supported by L it ’ - ith body and 1’<,, i i ;  t h e polar momen t

u t  i ; c c ’ r I  ía a l - t aiL t h e center of grt ;vi ty.

‘ q u i t  i ons ( 1 1 )  - (1 ‘t )  a re  non1 i i m c ’ a r . - ; c ’ u i d c n c h  o rde r  d i fi. ’r a - u ;t i i i  e q t m c a t l o n t i .

* I t e t i ~~ 1n cT t ’ ,c c i c , - : i  h i , ’ , - . ’ i a i r c ’ a - : ;  - i r a - u n sen t - e d  by l’ r , c a a i i  (33).

_ _  ~~~~~~-- — --- --- - --- -- —- -‘ - ---- --- - -- a
_ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -~~
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For each body t I t a ’ c - i ’ - c r c .’ t’ -r ’ - - - n i c c h l  e q u a t i c i c - ca , “ arc ’ - -. - t ’ :e - i_ -m i n _ - m i - - c ’  - a t

equa t ions  t a  h-ac solved si a ”’ cl t ;c_ - ac-oti ’ :lv i n ’ - = i - , ? e  i s  ‘/ e~ ~~~~~~ ~~~~~ ;c  1 ’ i e v  -
~

by using ~~~~~~~~~~~~~ ‘‘ re’t i c t r - c -  ( ‘ ‘ ‘l ’ r - ’ r t a i r  c~~~ c ’ I 1, i , i TI _ c ,  m c ’ ,’a ’ 1 c ’’~~ , !  ~~~- c c ~~ 
-

Y ire - ‘ ; r a t t  nt’armnetcr- : cc) rn ( ’a  ‘ t i - l i c u p  La t ’ e a i , ’i ’ - , a ’ e p i - ’;’ n a;’ j - a  t ‘ 

‘mn-I , cjrc ct ions. -

4. Choice of P;cra to- ‘ - n a .

C-eonmetrv 0 ” thi - “-p i n t ’ . TI ce mo ;lel ma ’ -’, ud n , - - f _ - h .’- i~ i ~1 Cd - c - P - 7 1I’ i t~’ ‘a ” ‘- ‘ ‘(

cen te r  of each, ‘.‘ c - t - t e ’ - r - m I !cr ’cdv , LI .- l e r , : - ~~N , Vi ’’ a n a c i n  t h c  l c ’ ’~ f t - a r ’’ c a _ - , c l  i’c ’~~

of the  v r teb ra  makes ‘- ‘i t i m  t h e  ve r t~ cal , t a  d i s t a n c e  of ‘ ‘i- n r t ~ c - - c I t -ar  1-’ l r - ? ’ S

f r om the  cen t e r  0 F the  v er t H  ra I ‘‘Oclv  t i n  I r~~c ; ’  t l c j c i ’ ! I a ’O s C~F V a r  ‘ I !  a’1 . ~~ ~~~~, ‘ “ at

- - : i t h m  c’,ac 1’ v er r , ’~~r ai  body . 0’hc~~~-,e “ , ‘coal mr e ” :c - n t ’ ’: ‘-: “ r - -  “‘t i e ,~~~t t I c  V :“ I , p l  “ ca ’

X— r ~a ’,’- ~ t -d ’en  1-e~ ere .“ach run , ~ith Va ’ c a c l m - o r  p ] ;c c e , I  i i  D i , o  ‘c c ’r ’ l ’ -- r ’ ; t , o ;  -

“ass and ‘o n e nt  i f  In :-’r t i a  c c l  t a r t -  ~~i p[d T in t . “t a. ,  a’i cadel r equ i res the

d~~”rrihution of the ~~~~~~~~~ 0 r t i e  ‘-‘h o l e  h oc t ’, - to t i e ’  t - i c ’- 4 3  t ’ 0 l - p _  1,j ,  ; i r a , l

~‘ici~~tront ( 34) have e , s t i m ’ a t n - : t ( I  -~ p_ -a ss  c l i s t r f b u t j e u ’m co ~~~~~~~~~~~~~~~~~~ c;, ; t i v - - n i

t r tmu t l - - t :  . The mass di st r ’[hu t ion  used in iii - noda l  is  cnn~ ’ c o t  - a t  - ‘ i t”  t t i ( : i r

data. The three different cadavers u - - t ed  t are  “ci nitc -d 1-’,’ i- ’~ r a - the t - _ - - : n c ’r i  

After t 1 ii- experir’;erts , the t — ’r s o  i- -as  Cut at tic” level oF 1,3 ; u u - !  V a ’ ‘‘‘( 1

halves were weighed again to give t h e  t o t a l  ;o :mn s above 3. T l tr - : - - ‘ ,,rt i , - a ’

segments were~ made c i 1 i :c lit-ncr torscc—- -thae F]  r a t  ‘ O c ; s i tt  r~p cc ” 1 1 ‘a

V a  s e co n d  f rom T9 t a t  (‘7 , ~ nd V ‘ t 1t i r d  r ro~-, (‘7 
~~~~ t i m , - ’ ‘ end , T! mr  t ’ i ” — i ’  ‘a~ 

‘-‘crc ‘,;t; it’la ’- I -igain , t d t a - i i -  ‘‘c’nt :er-’ of’ ,‘ravit’ ’ - -etc - ‘ - ta r” t o t a l ‘ ; ‘ ; i i i a ~ -a I c ’

plat~ a r’-’ ‘,- ih ich c u t i l i z e s  t: t i i c c  load cells at cj;;,~ c l t ’ t t c n C  5 1 a c  ( a n t ’  -1r: - ’-t

A trifi Jar penduml um ‘~‘r m n  used t’ , ‘ cie term i t ;~’ the ‘ciI ;’ ,r - !! t ai ~ I cot ’  ni i i  o~

these sec’ments . Based on Lice fo rego ing  n- ’ c n c m, ’ c’d d;t t;a Va~~ rn _-i sa’ -t a d “ a t ’  I f

of inertia at Pa - various vertebral 1 a’valo ‘~ere eat m m !  - - “~ C- c - i n c  0~ V - -

~-anac was , i , - ; c o ’ m r v - d  10  he distr il ’nt ’’al to V t - ’  f i r ’ - !  f ’ i’e t l c ~~r t c ] c - ‘,- - - r t . - ’ - r - - a - .

r “~~~~ ‘ - ‘ “ - - 
~~~
. -‘- -~~~~~~~~~~~ ‘~~~‘ 

_ - - --_ —_-‘* ,, ___ _ _ ___ 
- —

- 

~~AcXmJ~Q1 P~~~ ~~ ____
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i ’ e- - ; [c - cl ( ‘ , ‘m I a ’ t . a n t , ,a .  T i c ’ , r c p i d  h im ’ i n  t i - i ~- m o d e l  is ra sm-coci ,-t te, d

- i Ji ,-c~ r , ’i I ; i i 1 ’ ~~t c ’,-, l I i a c - i -  - ;p r it cc, c i a  a t t t t c - t s  a m -  f tai’ t - ts na - c it a ir mn; - , ft:’ ‘ t i r i n g

a ’ c i c ; , i  , ‘ mt i ’- ; .  - a - m a c -n , t i  t ‘ a t - c l  a - I  131 si n i n p  c L c a n s t - l t ’ t s  a re  required f a a ,  th ai - -

- , - a t , jl  • T1,c :c ; ra ’t ft - a l  l v .  c i i  130 c o n s t a nt s  can lie d i f f ’i- - r c - t m t  and in an i d e a l

i t u _ - a t - a n , V a a ’ v  ‘ c c v i -  t, a , I c -  e :pi - ’nirm aii t-,l iv deter- i n t l for each snt-c irm en .

- i- i’ l I t t l e  c ’ : cLa  ‘ a c r  ‘cvi  alali in in t ime i i  ter-i t uire , and in Lice case of t t ~~~

:-m r i I cu m r  f r i  t s  , i- c a t l -  i n ’  i 5 t ’c ’~;a i  I able . ~Ki  ng and \P c I r a n  (35) t l n v t -  m e a s u r e d

1 0  n t  i d r ,, ss in ct’cr,nra’s sian of’ the l untha ar arid the 1 i t t - c r t i a ora c~~c v a ’ r t a t r ae .

rH I ‘ ( 3 ,1 t ; ~~’ “ma , t a t s u r e d  t a, - ;a ; ’ al stj f f n e n s  of di  ‘ ; I ’ s  f r - c r  1.4 to “8 ;t cca 1

os f e c u n d v_ -al oes rang ing f r o m  70(11’) lb/in - In t I c .  - limi t ’ cr l ea- on La 1 ~ flP-) lb/in.

t
~~-i ‘ a c c r a i  ic nC -i - i nn . to th a t ’ :’ is avail t i ’ l c ’ or the ‘ c ! ’ t c , ’ r  t l’moracir lc- \el .

: 1  c a l f  ~~1so ~ ives the r o t a t i o n a l  s t i f f n es s  of the cl i si’ s f r o m  7(10 i t - a — l b / t a d

t’ c t  2” c ’ ) ~ i n - - f t/ t a d . Pov-ever. Llcet ;a u- ’c- It-murem entc , c- - i- r i- nmade ‘r i t h a  no p r e l o a d

~:c a l at  y en ’. - anca l l  ch - f ie c t i o n s .  M a c s i  1 t o log i cal  materia l . s  ‘assess a s i g —

t ; - c t i d ; a l 1 i a - t . l - - d i - - F i  c -:rtion characteristic , that is , t I c  s t i f f n e s s  increases  t i  i i ,

c i t : r a ,  , ; ; r m , ’  loads. ‘ c - t i r e , t b t e  Foregoing v a l u e s  fo r  r o t a t i o n a l  s t i  f r neas  of

t ’
- - ‘li-d at an~~ear tc)  he much too locc a ; acid in the lumbar region , a rot ational

.ti ffnc- a ;t of fYlCl ’t I n — i  l a / r a d  was as s u m e d .  In the t ’ , c ’ r - ’ a ci c  region , the rib)

‘~ a) ’C i u r t u a r t s  more r i g i d i ty  to the  sp ine , and a ro t- it ional  s t i f f n e s s  o f

1~~ltO() i n — l b / t a d  era , -; ,-a sa , m n e a i .  in timct c e r v i c a l  r cp i on , a r o t a t i o n al  s t i f f n e s s

of 24P~ i n - - I b / r a d  v - t an use ’ 1 icased on the  v a l u e s  given by \‘cc ]can (37). Typical

- ‘ ‘ c a a ’; t , in t . ’ ‘ a ~~t - t i  ir t ’’e add ;cr - r i c an  in ‘[‘ab le 7.

______________________________________________ _________ _________________— — — - — — — - -  —- - —
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5. “ ‘e t “ a l

a i;i ’,”’la’ ’ ui ” t O . ’  m i - t i -  ~ t l t c , ” :a , i  c . i - ’ I : c v - - r s  1, - a r c  c _ - i~~ r i e I  - ‘ ‘ i t: L a c

-.‘ , i I j~~t rj~~,’~ t h i N-a - ‘ c c ’ c i a’-- i  i n  - I  a I ’ : c’ca ’1~a a c t  e a -  c c u - - 1  c c t t ~~ c ’ t ’ I , ’ l,  c _ - c t  n-inn’ ‘ c c  i , ‘ -  ,

cca n ch i t i a - - t - t  u t  t , f lt u , - ft.. , ‘~~ t , i ’n  ,- ‘ d i a l  c c i 1 ’ i a ’ i t ’ a r t t — e ‘-c c -  (~i~~-c~ _ ‘-
~~~ - c ~~- ~~~~~~~~~~~~

i u’m n cc i is t a l a n  I li-a l t a t  t I c  ‘ c ,  1v)~ ‘ ‘ c l  i c  t _- cr ’  to ,,  - - I ‘ ‘ c ” O I i ii ‘— - - “ - - c ’~’ c ‘ 1’ - ’~

. 1. 1 t u a t - - a-a . ‘ h - -a i t  a ’ r ‘j / or I ’j t t c ’ t t c t  - c t ; , t ’ i t  ~~‘-: :  ,‘ 1,’ ‘ - - “cca ,-l : ; ca r, ’ ‘

‘i ’ ,e I’ - ; , 1orm ~ [ i a , c c , b a c r , t _ -  f a i r  , ‘ a - t i ’  ‘r l a c i t  c-u - I ’  t I n u n  - c r ’ - ’ i c ” - , ’ 1 . , - 1 ’  c - c — c o - h - i ,

TIe par .,tcp t ’-r ‘use- ’ rot— ‘- a l ’  ~~ T a  n i , n V’~ i - - u n ’  i t  i’ ,, ’ fn r r c ’  - - - t  ‘‘‘ ‘ -  u-



- - a c  t a t  V , . i -  .1 - c- c L -  - . 5-n i i  t i - r v ~~c ’ L - ’ r : a !  i - c i a ’  i c c , , - ’ ‘ c I (j ’ ’ ha ’) was

- ‘ c- . - ; - ’ f c c  a , d - a ’ -- i a i c ) ‘ , — - - a ; - ; )  t . c i c  :‘- . a u u  I t I ’ .  1 i c t  a t f  a c t  ‘ a - i ,  c c l  ‘ c i t ;  ~a i’a’ c - .

- , ‘;~: a ,  u ’ ,,- . I a a C- d a t a  t . d ‘ , ‘r i d  t i n  ‘,n a - - t a - c ;  - ccl m c c c  ‘ a - , - ’ - a - c ’ ,’ a ’  - 
- ‘  - - - t t  c l i -  c I

‘ u t  h - a  ti I t a ,’ ‘ r :c  a l  “ I  o l  (Si’ ) - “ c c c ’ev i - - u ’ , I t  ; 1 c a i c c l c l  c i a  i a o i n t  ‘ 1  ou t  t h a t

- ‘ n, I ’ .~’~~ ‘ ‘ t a - c  j u t : ; )  r c a - ” - ’ ’ 1 i c c  t O, ’ ’ ’ ’  , L ; i ’ ; 1 i 5 1 ; t ’ c - u ) l  c c ) ’ I t , ’  n o l a  of I ’ m. - ; , , t  jr ’a t ’ a r

I i c  c - ‘ - i t - a l  i l  i- - c c c ’ : ;  1’ e r  i - - c  -, ~a I r i t a  1 ;~~ r c i c  I c c  F ,  - ‘ - . I- ’a ‘- , ‘ l  I c , t c c 1 s ’ ’, ’ a ’  r c  - i a l c  I - a  u t , - - 1

l u s t  a -a;”. ’ ’H l Inc ‘he [ a c [ ; c !  ‘ .~ c i c c , ’ h i _ - a-I c i t  [ I t -  1 v a - I  c a f  V - c -  I ‘ I , ’ , T t - ’., ’ :c-;

a ’  r ‘ - ~~
‘ ,, - u - - - - :  i c - a - ‘I I - , ‘ , c c - t a ’  cc r a t  a ‘ - a t  - i ’ ; ’  - 1 a n a a i  a aid a h i - r ; c i  ) o c~~

- - 
- a c  n - t a-  i a ’ ’ c t  :a ’ , nv c -  ‘ c ’ -  ‘ ‘ ‘ I C  I ’ ’  I ‘ ac  I a - i , ; )  1 - c t - b y  c c , -  i~ ’1 ,I - “ Ic e d i  f t  a - r i  i i ’ ’ ’ ’

- a -;’ . a l a t a  a ’ f l ’h ’ t a -  , a ; ti ’, auc cl t I e  h a t  c r  ‘ c i -r tc ’ ’ - r ; a I 1 , , - ’c i i  T a  tt ae in n i  t l c c ; i d ,

- - - 
- 

i’’ , ct’: cc :; I - a ‘ 1 - - I  m t - c ‘ ‘ c a i a l ’ c - u ’  c m - - c , ’!’ cc - , - of I i 1 ;u i i  I r a - c  t ’  r -  - ‘, I dc— cl

t ail ‘c ’ - ’, l ’ i ’ ;at i”- ev ic , - ’ .ca’ ‘i f  cc l.~, i t I , c ’a c l . 5 - -.; - , I , c a ’ - ’ tc  j~~ I - i - - t a r . -  12

i . ’ , -t  l e c ; c a h  “ c , r ’ , ’ c -  i s  c :cirra n H  by V i t a l  c c )  f l i t ’  p o s t e r i o r  s t r a i n  c ’ O a ’ a ’ , 1fl

- i S )  c c c ’  t h c t ’  i ‘a ; ; t tan  I c t  t I i i -  rc a, -i c i c’h - i  r, h c a i c r c e  in  s i i ’ , r od ’ i” ’ cr  -! -

c . m c l t m v c - r - -’ - - ’ ’  ‘ a ’  m ; c c 1 -~~n, : t e c ’ I, 1,, ‘ t 1  c r  ac- -c t —i n - - l ead I t ’  a n a t y - f i l a 1

c c c ’ , ’i  - r I  ‘ a n u l  t ;c , ’ ;  u t  ~ , 8 , n O d  1 ( 1  “ , in Vic i ’r- -ct t a u t 3  Ic- ”,’-rc;- - f c ’ a ; d c - ’ l  mo de

‘I, - - r o t a - ( c i  ca;j~ at t atas ccp ; roac -a _ - at c-i ’, 2 5 1  i’, / ;e c .  F i t- c a r e - :  2 1 — 2 ’ - sh ow c o m p a r i —

a - a r  e - a ( ’ t d i i  I i  I ‘ are.! c :t d ;cv en t ;  t a t  d i  f f - n c - r a t  i~ l e v e l s  and sp i n a l  c cc i ’—

I a 1t1 I U S t I A c c c ; i b d t t r i  ‘;a u i of I a a a t l a  that ,’ i l i - - n / o c t  l - n ; a i  ,l o ;acl t ica d I ‘ , ‘
- I ;- - c t

1 a ‘ a ” I :a - a ‘ ,- i’ 711 5 co -c ) ’  i ra  i i i  ‘H g u a I i -  21 . ‘ t a ,  i s  run  wa s t’ ’, ; c - i c -  t a t  I I) c a

i t c t - c - t a .  F ’ c c ’ - : c c  l a o - I  c c  r i  ‘;,i , ’ , a ’ , c a ’ . - cI a t  a ’ , . -  ie~,c I of t 2.-i , 1 1c ’c t c -

I f ’ a inal(1’ a i i t  s I pu o ’ th e I .‘,cc- I I o t i c !  t a t ;  - a r e s ca i  t c c i  I I  - ecra- , m t c  Ic I Lv of

~ I c e a ’ ;‘u ,- f _ a i r ’ ; , ’  ‘- :1 I t : t a - p a n t I,, I c t r a m p .  In ‘ - a t t . h a  thie m c d l  a c t  ‘ c a t  and

Ic exp e r i  m , c - r a t a i  ti t t a  tI i i - -  sc’c)r: I b r u  c - r va , ,- r t c - I -  c ;. 1 In rd peak coincides with

- ‘ c -  a ; a , a,~ i a ’ ,i ct ,-,,;; i o~ i i i  I I , . -  ( icc - I I-’ i ,  n r~’ 22 a t c c a ’ - u ’ ; .- i  a u rn  i i i  the  i cv t c.- rc -x tencled

‘‘‘ I c I n :  i r m a ’  t u ~~ n c r” - a .a,I.cve r tic - I t I c - ’  sa i - a . - ’, i c ’ -’ - a l j ~~ a ’  I ,  a ai ’ a r l ’ . ’ a I

‘ ‘ - , a t ’ c , i r i ; ; i ’ ; r  f - t i-’ : , 1 i  1 )-I r i u u t - n  t i r e  t ’I v . ’r ’. ~~ 1 u t - ; t t a !  ( a ~~
) .
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ra ’ - II , - I c c c i ’  ii; jfltere ’crta/h ’rnt I h a n i a l  t a c t i c c i t i - - ’b b - v t an  i n c r a ’ . c , - :c I i  c - -p i n t’ “S ) ‘~~;

at f t 1, ‘‘ , a ’ c - t ~~ ‘ - b i t c h  t I l t! not  y~ ‘ ‘i t O t’-rjsioui - ,-r urnI ’;’. ’ ‘a t ;  P c ’ u i ~ ’ c ’ . ‘‘

pra ’ ’cl ic t a— 0 t h i s ’ -’ c~ ; , a 1 c o an a m a , t o f f  , , c _ : t in c - x p i n c ’ c  i f  jar ” for a c~ a I r

C i~i-O5P  j u t  fra r t uare t’  I ’-t ’c’ E r ’ - - - ‘ ‘ ) - ,~d by [“ i_ - ct - a - I  i t  (4 a I f  1 ’; ‘ - - t , - , - ’~ i ’ ,’~’~

to note t h a t  there  was an i r i c an - t i ’ ; , ’  of only 110 ‘-I in t a p  n ”-;c t ‘ i t  t ’ , - r  t a ” I r - _

1 - u _ c a :! when t 1 tc ’  p leve l c-c-i s increased  i n c - cr- ; 8—10 
~~~

. Tt t.’~ chanpe ‘a m ’ :  l i S a ’, ‘‘ “ a - ’  
a

cc s i r - : : 1 t m r  increase from I-—S g. T I C  model  Prer’ id ,- - ’ ti c - l i t ’ ; ”,’ i - c f  3~~!, -‘

t,5~- first case -,nd 1 1 21 ‘1 V_ cr t i ae  second . -

5- 6 r, run ‘-n ‘,a,1;e’c’r 7~~~a() i s  shoa,n in F j t ’ t t m c - 2 1 . Ti; j~ t i s :. n ’ a - - ,a r b a a ’a r c

of a run ‘ado in ti- i ’ c- - r - - a I, t a O ( I , ,- . Ap ain , there ‘: : iu  tln l t ” ti-l hip of t h i - - -

,\ r ;,.n~~rextaa~,Ie l rrm n at ~ F nra C : c d a v c ’a- 2 4 1 3  La s’ai ’ - , - ’n i n  i ’ ’i p a r . ’  71. . , t l  —

though time ‘-‘oak values of ti -ce in t e r v e r t e b ra l  loads ran  cod , t ~ nb a ’  u - -c

of the ;r , a ; ,t e l  c-’an;,t a m t t s  r c t ;u i t c ’ 0  in a ‘lyt -: t e m - t  r,’ i , th a , i ’ t ’ ,, ’- r  a c a ~~~~;y~~
’
~ “ r’,’-y a’- ’nc- ’,-

than t. ; ;i t  of Via ’ c a d a v e r .  ‘- ‘hip 1 acetc bare ly went m t _ - a t a ’ ’c- - i on  I a ’ ’ ’ - :r  ~; r n

end of t i , , -  pu lse  and t i c , ’  model c;ti s a b l e  to nr e d lc t  I ‘ a i s .

• b. ‘! ‘;ct a s s ~~- ”n ‘ n d  Conclusions

,‘\ ; ‘ ; a t i ; ( ’mn a t c d ’ .c l  model ot ’ V i i -  s p i r ; a ’ bias been i- o r ” - ’ - ;  - ‘ a” . ’ l o t  -d n m a b . ’ c c ’ , - j I ’ 5

resn o r c ’ne I a i r , in ,-’cc t a c c e l c - r t c t t c ’ r ’  ~n t h e t-; c p i t t _ - c l p l a uta ’ . ‘ I ‘ ‘a ’ ’ ‘ -c el l ‘ n c  - c - t a ‘1

by c o m o ar in g  its pr .  i 1 i c t l a ’ - a :a  ~r i t !  e~~c i c ’ r~~:’i c ’ , a t : 1 l ~I ~t , t t  an y’ ‘1 f r ; ” -  l~ r i m ’ s

on 3 c.id,c ’,’i’rs ‘- -h Id . - -5 a ’ ’ s r ih j c- c ’ t” ” 10 3 1 , ’ a , ’ a ’ l :  of L-i ccc  cd t - r I h’ c ’ .
z

question of what ‘t i n t t i t u t e c ;  p r c a ; - c r  v ; c l i d ; a t  i a - u ’  a f  ‘c node l_ c- -an r ’ - ’ t  ‘a- ’ - r b  I -

,‘n-; uerc- -t . ikc - ’e~ ’c r , so,:,.- ba sic ~~r a c a t ’ i c i  n t u i c - a  ‘-,erc p i - t i a l ’ ! j c 1ip ’I IC - V - ‘j
~ 

‘-‘i i -

j : ! , , t i c i m a  p r o a - e t l i a r e ’ . [ i , m ~ ’ i - I I ’ , ’ a ’  cc -ler a tic ’r’ le’, o l ’, ‘ c rc ’ r c i : - a  i ’ c’- l v  l u ’ ’  - , ‘ a ,l

the  di 1 a n.- r ;cc: s ‘-ten ’- ‘ ; , a c , t i  1 , i t  ‘ a - ’ ,’ dec ided  t ha t  t ’’ - ”r e \,~~t 5  t a ’  1’P Ofl t V ‘cc’ ,

set a I constants for each c ; a c , I , c ’ i ’ - r t a r  a l l  (a rites ‘‘c a r l _ - m t  Inn titic’ c ’tc’ n - a d a  a,’ - -  rs

was perm itted since it Is ‘- ‘•‘-ll V - a ; , , ’a i t h a t  I c i i c ’ c t ’ i c a l  I u f f c ’ i c - c i n . . - ~’ arc crii ~~t

i n n ’ .’ . l!owever , t i ’  va lc i ec of i-ce ~onc’ ar’ I n  “ i tc t ; t rot dpvj i t ’ ’  t cc . -  i- m r

- - - - - ~:~~~~~~~~~~~~c- 
-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~
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I r a ’ , -  ‘ ‘ c c : , t ’ ‘ ac ’ - I 1 :- ti c , ’, ’ I I i- I i  t c .- r f l t t c r e .  a r r  a ’x at - ap I c , V a . -  m ; t i  f I  n ’ - ’ - :s 0 C t 1’~~-

- i - u  i i ; ’ ’  c a-n rc -sent i c ’ ’  t h a c -  lcai -’ c- r t h o r _ - c c  I c  t ; a - i n t -  n a s u u c c e d  valuc~ of  8000 t o  1 0000

t l ) / j f l .  f ’ : r  I i ,  3 cadav er t a . ‘b’ l s cac ’  f a i r  t b , , l ’ c m ’ - I ’ ; a c ’ sp ine remained t a t  800(1 l b / i n .

a f a c t , I h ,  t n t ’ s -  i i c a - t i m  t r c i I  r o t _ - c L i o c t _ - c I  d ; t c - , I ,  j u m p  c o e ’ f f i  a l  i ’m : t s  a - c e - r i -  ala,, ucs c °d

‘ ‘ a ’  :c I I  c _ - c c I : a v o ’ r : , _  li-c ;c ’y c a - c _ - c - , rio :te c ’i, ’ i c: t tat I . - c ’ c t ’ t ‘c_ - t a ‘‘-tide to opt imize

c :canm- j ltaa _ - t -‘c t ic i t  t i c t  e - x p u r i u T c c n t _ - i l  c l _ - c t _ - u .  l b - i - r i ’  w a t t  tin ,‘xtrenc (- ruauci tv

- I  d a t _ - a ci; , ‘ t it t a t  t ~ic  a t  i I f ’ , ’ ’ t , t -_ -  o f ’ t u t u  f c a a : i ’ t a and t h a i - ’ p o s t e r i o r  s t r c u c t  m i r e s

c c i  t ‘ c c -  cac u N- ’ - ,  a I - -  c c i u ’,cprnecb - 41 though ”  t l i t -  c ; c ,  a d a  I provi des for t 1 c c- selection

c a t
’ ch i t Ierent spring rates for the facets in comnr€’csion and tension , t he  same

‘-‘alue ‘- - ‘is ut ’ced ri-c a fir st approximation . It can he arp,ued that in tension

t t I ,’ ~c , j f l t  capsule and a l l  posterior ligaments arcc in action , whereaF: in

a itn pr e -ssl on , there is onl y bony d e f o r r r c ;a t i o n .  The mode l was q u i te  s t ab l e

in  terms o~ its ai ,i1 it~’ to accept a c,-b t le rramc gc of values for the constants.

l a o nccu ’cer I c _ - c ] ,  computation can usua l Iv be c a r r i e d  out to the end of a rca--

e- j ui~au t  flu l~ e ( 201  I ms) w i  t h a o u t  any i t , . , t c~, , i ca ’ - -n a i r  t h e  r e s u l t s  are

a t unes t r,dentl cal vi tic different time sta,-n s

“l c e significance of the. ,i~-citi ai curv;mtune (at the snine was !‘rotcplt t out

-v thl u; model , ci :-; evidenced by the difference in response bcc-t c-a’e n t h e erect

,- a n d  I cy t i er e x t en d e d  anod es. The ability of time model to pred ict the cbaange

i- c: -si en ( c i  the facet force is even r-tonI’ important since the unique feature

~c { a de cal load p a t l a Is the 0ev eleraent in a full understanding of t i - a

:, echanisun of fracture due to +C accelera t b ( c I : . The anterior aspect of the

‘i r t  e l - c a l  I c i c - l y  i t  s a c h i e c L e r l  I a ’ an extremely I c !  c ’ ! i  compressive l o a e c 1 when the

f a r t - t a  unload and  ~-o Into tea~stc a. Time experimental basis of this phenomenon

• act ; been ful lv documented by l’rasad et at (3i~) ,  and timis model Is proposed

ca  ci pandidate for an ualtu rv paodel t, c c  replace t h e  nrc -sent  o n e — d e g r e e — o f—

I ri-ed na _ c c a c :r ’  cxc i ta t ion model w l i i c la  uses Vie  c iu a c e p t  of dynamic  overshoot

_ _ _ _  

_ _
H 

-
, . -- .

- - __, _
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, a - t  cc ri - a - c t _ - c ’ -  o f  : a , : , i ,  I c c , . , !  on I I ce t t p ~~~ t ’ - . 1, c ‘cc: t • ‘ a c - a  - .‘ ~c - ’~~~ ~~,, - ‘ - n -

‘i iP ,j  c ’ a ’ ’, ’— ’r ’ - - l c , ” a i n  V ’ - c u d , , ’’ ’ - c c l ot ’  - : l r n r : i u — , - a l  t ! c c c - ;  f ; i r . ‘! - l u - -ri p c - i ’ Vi i’

i f l t , ’u ’ .’ c ’ r t c ’ h r _ - a l lead Is i u i a , c c c r i ,-i I a I v  la ’ ;- ,u r I - a _ - a n ~~~~~~~~~~~~~~~~ m I  “ ‘-r a c ’ r : ~ i n - c ” c ’ i - a  - -

- i(’ a ‘ t ’ c , a l , , 
— ‘I ~ i _ - c t I ‘‘ — r I - c - - c - ’ ti! I - ,‘~ a~ : : c a a -  r c r - , - a  I i ’ , , a - ,  - - ,  - - , ‘ a - - I i  - - ‘ 

,
~1ccc- t ’ Lit , r i r i  t I ~~ ‘ ‘ ‘ c 1~~c- ‘ t r t ~ i t ;  ri r et _ - mal t r e d  ‘c ,  a ‘ - , ‘ a c  i t  : a - ~

i t i t t i l  t r d n a l ,’r .  I t  i s  ui t ’t  ‘ ‘ a” a m - - - c c l  a of cc , l v f l a ” a a C a a ‘‘ r ’ ;b accct ’

\ T ’ i  I - ‘TC lItd~IS’ 
‘ii ’  lLT I~flY A,’!]) ~~~~~~ - ‘I ’ lL  ( ‘T l0 T ~

On t h e  ‘ a - :  i —i  c i t  - - , ~ ‘ b _ - a r  a - ‘]‘a ! _ - cir ’ c -J , i i s  mciii - ,’ p n s -a i  1- 1 t ‘c :‘,- :s e rat ,  - m- -

rc ,- --earch r e su l t s  can sn ~n,cl i n i u r ’ -  -a -i d r a r o n a n c  _ - cn f r i a r ”  - , - r ’ - -~’’ ‘ - - - a t i - - a t

I t c h y c ’x a ’L ; ’i ” c - _ -  V a n  common ],’: a -i t~ - t a ’ i ’ Y C ( l _ - a n t . ’- r i c ’ r ‘- -ocV ’ r- r-a.c-t~~r , - c a - t ’ , t ’ i t i’s’ -t  - -

~ iI o t,s - : ‘ : i ’~~flc” c- - ; e r t - , ‘—a, - — ’ ’  a -- r e — — c .  “ r , ’’ , ’ Vc u s  u,! ‘ -‘a ‘ ‘ - c i , - - - ‘m d i i ’ -  ( t a  cc

tab ’ jtd ,i-- _- 1 t h ea f- act Ib m _ - a ’ c!’,cr :in ’~ o- ,’l~~ , l a a ~ ’ c - a ! , : a ! n r l  ( c c  
- 

i r a - l  ‘ ‘ t, ’ i  ‘ - c , t h c ’ ‘‘ ‘‘V.-

is subjected t - ’ b o t h  o x i r i l  a c - r - p r e s s i o n  ,‘nd t e i ’ - I c t ~ - ‘V” “s ‘ r m c ; I n ’ ’  c ¶ l c d  S

tire c I a _ - c ’ N ’  t t - c ’  ec c e n t ri c i ’ v of V -  a n - I t ;  ‘e ’ ’~,- , ’ a  I ‘ ‘ - c- a : c ne  t i - i , !

ar e  enhance ] 1”: the f o r -  - r~ r o ’  t c’n of th e  I c c - i , !  a m a : l  t , - ’ c -sc . - - : ‘ t ’; ‘ “ : a c - - - i t

work h’- Fr- ’t ng a t  al ( 4 ) shea- i c - c .) t h a t  f r :  ctu !rc ’ t~~~a~~ i s c on ] , ’ F-p r , i - ~~, u ,
~~~ 

-

nif ican r ]-’ “m a ’  plac ir ac~ a 5 . 7  cm t h i c l  ~~a,’~ a n r a ’,’ t t a  n s i on ‘aL-cl -- i i f l pc’a ’ i t ’ , 1 , 1 n;~

t I e se_ -r i hack. ‘c’l,a cr ;r ’’ , i a ; t r’a i’d t ! ,a  sp i n e /a :  t a b  t a ’ r  ad 1” -’ t t a b a t ’ . c t

t I a r a -  -_ -‘;a - c In ,suf ”’Ici ”-; -t ’ r o v e r — a - - n t  t o  ,lecreas - a I t ’ :  a c - e n a c t  r i ’ i t - a l  t h e  N -c ’ - a p t . ’ .

ha ;; ,’ e - I - 
- us~u a 1 1 f lf  c e ~ ’- i--nt c -an t r ae sp ine  • c- ’’ ’ r ’ c i , .  l a- c , - ‘ - ‘— -‘ i - c c - ” ’ ,  a - - 1 ova I

of  f r , , c t c c r c ’  u— a~a r - a i s  f r a ’-r - 10 t i  i ll a , am t t b  ‘ ‘ ! .- : - - - a - , c  ‘a a - ‘ri c ’ - - ’- t ~~’ ci -

‘-‘c i ; .  ‘ ‘ ~~ , c ’u ’ c l i v  - j ’~ni t l a m a r  at  a l t -  ‘ ‘5 perN .nt cc” ’ i a 1 a c t  1 -  - ~~~~~

t ’ ;c ,- ’ - ’ i s  t I u ’ , t  t I , ~ ~, i a i ’t - . , ‘ c t  : 4 ; ;  ‘ - - l i e n  l I m i t ,  r - c - ’ c ’ I . ’  t 1 ’ - l o t _ - c a t  m i - - a t  - c

t ’ a , - f r  m l , - d - ;r an )- 4-C a , - c ’ .- I a  i— - ct , ],- t ; . In t ’~~- .-r- - - ’t ~: r ’ , I p p t ‘“ c S i . -  - a

t c ’nc! t a  u nl a ’,-ad tu t u  e t a  In’ t- ‘ c -ra -d ,c’ : , c _ - i c a s i u c r  t t io ’  v a - c t  &—r,a ’ c a,! La - r i  t ‘‘ sut’I -

:- :‘- re ccari’a — o-ss!’’, - lo’a -~ ~~i , ar c t h e  I - : a l  aT a j~~ , ~~~~~~~ ‘‘1’ ’b~~ n cr,- rn -
~~

‘ - -
~~ ~~

‘ -
~~ ‘- i - — —

‘cci - ! i - o r - n c an ’ t - r c a  max i :’i_ -cl ~ a - u - - t a r ’ ’ f l ,-sio p _ 
~i -  ‘ , - c ’,’: - ‘c ~~~~ c a , ; ’;’-

5



1, ’

V- c’ - refc -r .,; tlae !‘a u , ; u i  t of ecc e n t r i c  c c a c t l u r e t s a i o n  c o u p l e d  w i t ? ;  the u n l o a d —

c c  l i i ’  1 ta c e . t c’ . Ira t h a ”  i c ’ l ’c ’ a’ , - : :  I e,’c,[c-cI i _ - ide t i c t ’  f _ - a c , ’ ts r e l i eve  t h e  Vi- r t e —

- c - i l - ‘ c ,  ‘I , ’-; i - ,F : , a ’ : ’-e o f  I ’ - , - ,u- :‘;pr ~st v e  i c  -i , rand t , ’ i a t i t , ‘- -a s possi’a le to

I i -  t r ;t ( ’ i t i r c  L: ’vel i i ’ ’  a t ;ch  a couisi du:r .aI-le , _ - _ - c c -~-, in .

T : a u ta~,- a l m - l  o u t  - ‘a t  c _ - c c ’  1 t , used tea  t aa ’ i ’ c ;  c t the i’ c’rcc ’s and raoments sect;—

tim ed !‘,v i’s-u’; vertc ,:I’ r- ’ at ‘ ca , : t : ic ’m- ; t rc i :t ot’ L i ’ , - - . T h e  in t e rv er t ’ c ’i’ r rc l _-ar-:~ :a1

ccc  I a,’ n e tt e d  as ii l a , c n c t ’ton of distance ahovi-t time seat pan in Figure 25

a 1”) g na n . “he cur -es ‘; r e plotted for in st a n t s  of t l i e  at which the

f~~ a’ st  :- m - ’c c l  sc ’cond p ’o !- ’s ccc cur  rand ~or both the  erect  and hyp e r ex t e n d ed  mode .

‘o t e  t i c _ - m t  t i e ’ - intervertebral l i - t a d  is  less in t t te h y p e r e x t e n d e d  case tH an

c _ - : t~ l ar  t u e e rec t  mode.  Also  t , e -  b r - e r  t horac ic  spine s u s ta i n s  a p ro—

‘-, ‘r L’jcncmil’: l ii  p her  b o a , ;  an_ - i  is t i c er e fo r i -  tr a nc e s u s c ep t i b l e  t o  f r a c t u r e .  T i - ese

“ i c r ; _ - a  j : : ; r c l , t t t u  the  cadaver  runs carried out on t l , € -  vertical acceler ata-r , _ - a r , c I

t t ( ’on tj ’ :e c a dav e r s  - - ‘er ,  i-v i sc er at e d  fo r  th e  i n s ta l l a t i o n  of s t r a i n  t ar - i / s

and t ; 0  i n t e r” c ’ r t a i  rn load cell - tu e iner tial load on the l tan ’— _ -ir spit ;~- was

-a ip,i nial . hv cas t of the  mass distrihection d a t, .  provided by J.iu r an d IV cistrom

(3’~). i t ‘- ‘as found that the- lumbar sp ine sus t a l t - e d  a slightly hi glaer load

cat c — t b  t I m e  fir st and second petc Ha .

1’ t h a t  ]‘-nari- ’ a f t  a c t  cire b , a _ - a d  f o r  v e r t e h r _ - c e  i s  l”nc ’a- ’n . this model c _ - i r a  be used

- a s  c u :  i n  i c r ”  r r e c i c ’  ‘ ‘r .  ~‘;e f r ;u’ture  ic-a Is can he - - h a t t e d  as a F-and on ‘V t~,c rp 25 ,

- ; c. ,i injur y is I ih:elv if the I ‘cc i- t-_- c e ’cta  I c aed  la y m v  i t ,, a ra exceeds t fracture

le’;el as a c, n;a,,-nv.’t t lye estimat.’, tb-ce static ’ Ir _ - m i-ture loads riven by ‘u f f  (7)

c~c ar i  at uis. - c as a l i m i t , ‘iend in ~’ t ici ’ acc] u l  - i a ion i a  I d~’ntuu’ci c data.

— - 
- - t t (  I H i-

U ‘ - 
~
‘ i - - a t  ‘ I - a  Ni r i t o ’  rSc’ a ravel ‘1 able N format ; 1 ‘ate a comprehen sive n.,’’-’ ’,au: ism

I i n  j n  r - ’  t , c a V-c a ‘-i i ra t ’ . A aairi t hencat ic3 l  pa - 1 i- i i a _ - a s  he e uc  develop ed and val, I —

I t  can be used t o  fura t e n  i i i ’ t c t ’cd. - r - _ - t  an c I l u ic ’  a t  t ha i s r-echanisn’ and

_ _ _  _ _ _ _ _ _ _ _ _ _ _ _
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(a

‘ 0 u ) : -  c l _ - c t  j r’ i eir” ct :a result a - b  r i c a  ric E ri m”.’ i n r a i c t  ‘ a u l ; ~ -~ Sj nce  th at

- i , -a ’l ’_ - cnis ’ia 15 rio t c i t , -  c t t  -: ,j c c c p l c  a c a n p r a ’ s_ - s i  vc - i _ - m i I _ - c r ’ , i t  ‘o a t-i foecrm d tic _ - at

- U- - -  t ( ‘ 0 i’ ’ - : 1 ’ ” ,; , - - “ -  .-t a’ri I i v  cc i c a l  i _ - tb] a ’  i n  ,-,  I I I _ - -  r ’- ;c I r- ’ ra “ _ - t i :  -

i ‘ - - ~ - - - - , ‘‘ , , ‘ a  - -x:  ‘ I I ca ~ I c i i — r i c a - I  - H - i ‘ , r u  ‘c- ‘
~~~‘ Ii :- a ’ a , ‘ 1, - ’’ -

-v  a a , a : , : ; i , ? , - r ’ _ - c I , b c -  ‘ ,:ar” , a c . ‘ c i ,; ,‘;‘ i - ;t e n c : c~ ,“ - ‘  c l c c . a I  I , t , a , l  c c _ - a ’  - - _ - i l o a i - ’  t i ,

S c : - ‘  , c i c c a ’ - - ‘ ‘ ‘ c c ’ ’ ’ - p~ r t -  ~~‘ r , ,  i u ,0~ ,,,, - - - , , ~ I , - - ,, t  1 ,,~ ,-~ ia,i ~’ tb ci -  1~1 (- “I  ‘: , r a nc h

‘a-r i ~~t ’ , - c  i c c ’ at ’ c ’ t c r : t u _ - ’c ’ c , I c , ~ ;, - c - a - i t d n c i c a - , i ’ t m t - d  ,\-c ta r , - : - a c c l t ’ , ;c ,lo~’i r;a i cx-

‘ h a t  ‘on a an ‘~~~ c ’i’ .- .’u ’c ‘ c c i ’ a ? 0 -  c,c a , - a t a ’ c a l , ’-’ c ,h sc ” v c ’  ;u’ter’or ‘- ‘c-’L~’- I r _ - catu cre s .

? t , ~ a ? , c t  - a _ - acc cc t red ‘ roc t -  a : _ - a u : i r ae e ’ T n L - r i n i e n t c a  u-,ere incorporrited j c t t  a a

i o d ’;’ t : c , - : i c, ‘ - s c - I c - i  c~~~ .)ae - ;p m a ,  t - ’t ’ ’i, eh ‘-‘a;; ‘ ? e v r I i : r ’ c : ’ I  u c ode r  av ,n t h c - r ~tl~’ Cc ’:ctraact

‘ c . ~~‘ ;h1-
’c -7 ’i— C--iflI ’~. i’ rei ,ini me _ -icv ra- a _ - c c l l:, of ti als ~ a, - del ‘a rt ’ g iven by

cc - c r c  i I ug (40)  . r t ccc t, pu t ,  was ’ ’ ’ ;, c i i  d;i ed a;y a I nc; t hu m a n  - ‘ c a  I uu a t a - c r

- - a t a  - c c c p u j r e d  ,~ I : ,_ -~~ ,,- and  ‘ I l c o c ’ , :a ( 4 1 ) .

c- c - c u d  I s  id  t ,j t ;  r e - a t a r a l i  , ) r c , - r , a ; ’ , , : ; m t c  1 ,‘ t i t - c ~ - y  t L- II’iv r’ to j a - a~~~a a ’ a --

t ’ a ,  da t :  I l I t ’. ( c i  a ~CC I i c , ,  teats. ‘x i ’, Li ng - ‘ a t a t s a c i i  alt - ;o h a -  c -cod i l i e d  to

i c c I U ’ ? —  s p a  t a c i t  I ’ .c- i --c- r e ; , c  e :c t ;  I Ofl at ,  p a r t  a , l ~ tic - ’- j ’ - a ’ L i o n  ceq~ c a - c i a - a .  Pm ,’a. ’ .s&-nt

L a :c ’ t ’ni , I , c aa a ’ i ’  c ap_ - i t _- I c -  c a f  e f f e c t  iu a,a , 1 ,v aie r c ’x t a n t _ - i o n  i n  a short period ,‘a f

t f a ’r _- prior to ejection .

‘ c a t c i r e  researc t c should 1-n -I ’ ca ’-cted t ow_ - ara b ; t t a c ,’ ‘ie ’ .’c l o i a n t en t  of ci su r—

a i~ ,)~‘, i t  c S~~’ I c C ,’ ‘- n - i d :  n ( t : - ;t t eS s ( ’t - t  human—lik e r c - a p c a c t : ; e s  to 4 f l  cac:c ,elerat I c t - c - a .

i u a e c ’u c t f c  , i , - ,t a c , ,‘,‘)i ’ c ; c I ~ i ’ t  i o n  t a r , ’  r a t ,  I r ed “- - Ia  l i i i - c o r r i do r s  of spinal

‘is ~ L a ,  ax i _ - c l c r  r -  - :_ -slofl a:; wa 1 1 tiS f l e x  i c c ; ,  au ri  , n t  ,“ r l a  i d a n  u !j 1h

- i t  t.-chn i — c tDc:; in ;cc c: .: I a a” t -c try wi LI. hi-’ r a - a j  u r i d to ’ achieve this enui

cc c a _ -  a’ of t a l c : t , i-cicrrogd tes a lc .’,ct wi tia iciru t Imemn a ti cal ncntlels cons t i t  t c t  ect an

i ‘i c -ca I a j ~~’ ” c a c a : l i  to  the -  d e c a i g r a  ,af  s a f e  eject ion ,ai-ats a ’ I the future

-.-~~~~ - -
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~ load p a t h  v ia  the  articular facets was demonstrated quant it_ - ctively and the role

of abdominal  pressure as a t h i r d  load p a t h  w;is f o u n d  t o  be f eas ib l e  but  not
effective at high g—levels encountered duricc g ejection.

The e f f e c t  of muscular response was at  c c c l  i c c i  u s i n g  unanesthetized >dogs whici
were’ su b j e c t e d  to low _ - a c c e l . , - r _ - c t  ion l eve l s  a c t  3 to  5g. E lec t romyography  (EMG)
was cased to  de te rmine  i c e u r o n c i a s c u l a r  de lay and t h e  shape of the EMG derived
muscle force—time curve .

A two—dimensional mathematical model of the spine was developed and~~’ali—
dated against cadaveric data ,~ cq~4,~red under this study. cThe model was able to
s i m u l a t e  spinal response reasonabl y well and p red ic ted  that  the ver tebra l  bodie c
ica t ime lower thoracic region sustained the highest load during ~FG ‘acceleration .

‘rhere is now a be t t e r  u n d e r s t a n d i n g  o~~’ the mechanism of spinal in ju ry -w-hic
is not one of simple compressive failure. The ability of the facets to act as
a load hearing structure of the spine has important imp lications in the mech-
anism of ver tebral  body f r a c t u r e .  The restraint system can be used to change
the proportion of load carried by the vertebral bodies and thus increase the
g—level for fracture.
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