
ABSTRACT 

RESPONSE O F  AN ARTIFICIAL THORAX SYSTEM TO IMPACT 

Harvey C .  Shew and Werner Gol dsmith 
Department of  Mecha n i cal  Eng i neeri ng 

Uni vers i ty of Cal i forni a ,  Berkel ey 94720 , USA 

Human thorac i c  model s  constructed of art i fi c i al material s were su bjected to 
b l unt impact by mea n s  of  an automobi l e  steer i ng wheel stri k i ng the repl i cas  
at various vel oci ti e s .  Two systems , correspondi ng to  condit ions at  mi d-systo
l e  and end-diasto l e ,  respect i ve l y ,  were tested ; these cons i sted of the ri b 
cage , the vertebral col umn , two l u ngs , muscl e s ,  the d i aphragm , a vascul ar net
work permi tti ng bl ood fl ow and an added head form with  nec k muscul ature . The 
experime ntal resu l ts i nd i cate that the burs t i ng of the heart due to impact i s  
more l i ke l y  to occur dur i ng d i asto l e  than systo l e .  Ves sel strai ns were most 
s i gn i ficant i n  the aorta a nd the superior and i nferior  venae cavae . 

INTRODUCTION 

An estimated 35-40% o f  al l tra ffi c fatal i t i e s  are e i ther caused or compl i cat
ed by thorac ic  i njuries  ( 1 )  that become l i fe-threate n i ng when breath i ng i s  se
riou s l y  impai red as  the resu l t  of broken ri bs ( fl a i l  ehe s t )  or  a r i b  fragment 
p i erces an organ or major vessel . Death can al so resu l t  from bl unt trauma by 
rupture o f  the heart or  one o f  i t s  major bl ood vessel s ( 2 ) , bel i eved to be due 
to exce s s i ve hydrodynamic  pres sure and/or excess ive stra i n  ( 2-4 ) . Common l oc
ations  of vascul ar rupture were found at the i nsert i o n  of the i n ferior vena 
cava i nto the ri ght atr i um ,  and on the aorta e i ther just bel ow the i nsertion  
Qf  the l i gamentum arteriosum or  just  above the aort i c  val ve ; the l atter was 
expl a i ned as  bei ng due to to the l ower strength of the aorta i n  thi s i sthmus . 
Age a ppears to be an important factor i n  assessi ng i njury tol erance due to the 
progre s s i ve weakeni ng and reduct ion of extens i o n  of these t i s sues ( 5 ) • 

. Previous work i n  thoracic  trauma i ncl udes cl i ni cal or autopsy studi e s ,  analy
t i cal  or mathemati cal model l i ng ,  use o f  l i ve or dead animal s i n  real or s i mu
l ated accidents ( 3 ,  6 ) , use of human vol unteers i n  l ow-l evel , non- i njurious 
tests ( 7 )  and empl oyme nt o f  cadavers or ATD ' s  in repl i cated accidents ; the 
l atter experi ence pro bl ems o f  reproduc i b i l i ty and b iofidel i ty ,  respecti ve l y  
( 7-9 ) . Constructi o n  of  sui tabl e dummies  h a s  thus far concentrated o n  the sy
stem l evel and i s  capabl e of  mass producti on at a reasona bl e cos t .  The pres
ent structure , on the other hand , was created on the bas i s  of an optimal bio
fi del i ty of  i ts i nd i v i dual components as wel l as  of  i ts global behav ior wh i ch 
i s  feasi bl e  on ly  for co nstruction  o f  a s i ngl e or  an extremel y  l i mi ted number 
of repl i cas . The system represents an improvement o f  an earl i er model ( 1 0 )  
wh i ch was a l so su bjected to a di fferent l oadi ng mode . Development and i nstru
mentation  of the current uni t a l so uti l i zed the techni ques empl oyed i n  the 
compo s i t i o n  of a repl i ca of a human head/neck/upper torso structure ( 1 1 ) . 

MODEL DEVELOPMENT 

The o bjective of the constru ction of the model i ncl uded the repl i cation of the 
most important mechani cal properti e s  of the thorac i c  organs i nvol ved i n  i nju
ries , i . e .  the heart , i ts va scul ature and  t h e  l u n g s , to i n s t a l l t h em in  real i -
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st ic  repl i cas o f  the human thorax , to subj ect the structure to steeri ng-wheel 
impacts agai nst the ehest and to measure a nd record resul tant pressures a nd 
deformations . Two units were constructed represent i ng cardi o-vascul ar cond i 
tions a t  mi d-systo l e  and end-di asto l e  whose soft-ti ssue components , co ns i s t i ng 
of cl oths , s imul ated the properti es of the i r  prototype� i n  two orthogonal d i r
ections . Use o f  two arti fi c i a l  heart val ves and connection o f  the hearts to 
fl u id  systems s imul at ing the i nput impedances of the aorta and ·pul monary. arte
r ies  and the i r  i nstal l ation  i n  a more real ist ic  thoraci c model consti tuted a 
substant i al improvement i n  repl i cation over the earl i er system ( 10 ) .  The car
d i ac muscl e mass was a l so more close l y  represented by addi tion of suffi ci ent 
quant i t i e s  o f  wate r .  Material  sel ection was primar i l y  based on the quasi -sta
tic data o f  ( 5 )  with the assumpt ion that rate-dependence wou l d  not be a s i g n i 
ficant factor ( 1 2 ) .  

Simul ation o f  the impedance o f  the major vessel s ,  nece s sary to produce correct 
bl ood fl ow due to the i mpact , was accompl i shed by a para l l el capacito r  and 
fl ow resi stor ( 1 3 ) . I nvers ion  o f  model and s tri ker moti o n  was desi gned to re
duce spurious s i gnal s superposed on pres sure and e l ongation records that resu l 
ted from vi brat ions o f  the transmi s s i o n  l i nes . Li terature data a nd the hypo� 
the s i s  that the heart can be represented as a thin-wal led  s pheri cal  vessel pro
duced the l oad-deformation curves shown i n  Fi g .  1 for systol i c  and di astol i c  
cond i tions . The i r  s i mi l ar ity prompted the use o f  the same material  for the sy
stol i c  and diasto l i c  heart , with the wal l  o f  the former somewhat sma l l er and 
hence experi enci ng hi gher pressures at l ower contai ned fl u i d  vol ume s .  

l t  was a l so assumed that ( a )  the heart cyc l e  i s  suffi c ient l y  s l ow so that 
it coul d  be model l ed as a statt e ,  non-pump i ng system for the present l oad i n g ,  
( b )  the myocardi um cou l d  be represented as  a fi ber-rei nforced compos i te with 
properti es i ntermedi ate between that of the fi be r  denot i ng that o f  the muscl e 
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i n  the pri nci pal d i rection a nd that of the myocardi um i n  the transverse di rec
ti o n ,  thus avo f d f ng the actual cardi ac fi ber ori enta t i o n ,  ( c )  the i ntersti t i al 
vol umes of  the thorax cou l d  be model l ed as vo i ds , ( d )  the dynamic response o f  
the 6 0  l b  system coul d  b e  o bta i ned from a model compri s i ng the thorax , an ad
ded head form attached superiorl y to Tl with supporti ng neck and back muscu l a 
ture a nd an added mas s ,  ( e )  the per i card i um coul d  b e  negl ected for the purpose 
of the present study, and ( f) an add it i onal 200 g of water added to that nor
mal l y  contai ned in the heart chambers wou l d  represent the actual total heart 
mass s i nce the cl oth chambers accounted for onl y a total of 50g mas s .  

The model thorax was bui l t  around a conunerc ia l  pol yester plastic  skel eton o f  a 
5 ft 2 i n  mal e with 5 nun stri ps o f  rubber-embedded fa bri c ( 1 1 )  represent i ng 
the sternal cart i l age . Repl i cated vertebral d i sks were cut from 9 mm thi ck 
sheets o f  s i l i cone rubbe r  with  Dow-Corni ng RTV 732 . adhes i ve appl i ed to al l fa
c i ng surface s .  Fai l ure o f  th is  cement i n  the systol i c  model l im ited tests on 
that system to a max imum i mpact speed of 1 . 2  m/s . L i gamentous materi al  was 
attached to the anterior surfaces and spi nous processes of the vertebral col 
umn and to the ri ght and l e ft vertebral arches to s i mul ate the effect o f  the 
l ong itudi nal l i gaments , the l i gamenta fl ava and the supraspi nal l i game nt s .  
Sat i s factory corre l at ion  o f  the system with cadaver data was o btai ned u pon  
conduct o f  load-angul ar defl ection tests . Upon attachment o f  ri bs wi th l i ga 
mentous material , the de fl ection o f  the u n i t  was aga i n  val i dated photographi 
cal l y  upon appl i cation o f  wei ghts . S i l i cone-embedded fabri c s imul ati ng the 
i ntracostal muscles  were attached with rubber adhes i ve .  After i nstal l at i o n  . 
o f  two l ungs , sternal de fl ections from stat i c  l oads o f  20 and 50 l b  were noted 
to fa l l  withi n the range of val ues for a rel axed subject ( 2 ,  12 ) .  

The earl i er techn i que for construct i ng the heart and bl ood vessel s ( 10 )  was 
modi fied to accomodate bl ood fl ow and adjusted for the a ppropri ate i n i ti a l  
pressures . Load-stra i n  properties  o f  the myocardi um were best s imul ated by a 
l ycra-spandex l eotard covered with a 0 . 001 i n  l ayer o f  i ron-on decal mater i a l . 
Five l ayers of thi s compo s i te were used for the l eft ventri cl es ( LV )  and the 
i nterventri cu lar  septa , two l ayers for the ri ght ventr i c l e s  ( RV ) , and one l ay
er each for the ri ght and l e ft atri a ( RA ,  LA) . Fi g .  2 portrays the compar i son 
o f  the l oad-el ongation character ist ics for the aorta both in the l ongi tudi nal 
and the transverse d i recti o n  for the model and prototype ( 5 )  under di astol i c  
co ndi tions , which have al ready been shown to be s i mi l ar to that of systol e .  

Bal l oons o f  negl i g i bl e  sti ffness were empl aced i n  the fabr i c  chambers to ren
der them impermeabl e .  Prior to the i r  i nsertion , pressure transmission  tubes 
were i nstal l ed in the bal l oons to measure chamber pressure . Art i fi cia l  heart 
val ves ( Shi l ey ,  I nc . )  were bonded i ns i de the aort i c  and pul monary val ve ri ngs 
of the d i astol i c  model wi th rubber adhesive to al l ow for bl ood fl ow when ope
ned by pressure di fferent i al s .  Such a process was further simul ated i n  ·the 
d i astol i c  system by co nnecti ng the bal l oon l i ners for the atr ia  and ventric
l es with  25 . 7  mm di ameter s i l i con-primer treated l atex rubber segments bonded 
to the l i ners . I n  the systol i c  heart,  val ve model l i ng permi tted free blood 
fl ow from the ventr i c l e s  i nto the aorta and pul monary trunk by such bondi ng ,  
but th� atr ia  were seal ed to the i r  correspond i ng ventr i c l es to prevent com
mun i cati o n ,  as opposed to the case for the di astol i c  model . 

The great bl ood vessel s were co nstructed of various l eotards that di spl ayed 
s imi l a r  l oad-strai n propert i es i n  the l ongi tudi nal and transverse di recti o ns 
rel ative to l i terature val ues ( 5 )  upon appropri ate fi ber al i gnment ; addi tio-
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F i g .  3 Load-Deformati o n  Comparisons for ( a ) Pul monary Artery ( b ) Pul mo nary 

Ve i n  

nal compari sons are portrayed i n  Fi g .  3 .  Twel ve vessel s were co nstructed for 
each model : the aorta (AO ) ; the brachi ocephal i c  artery ; the l e ft convnon caro
t id  and l eft subc l av ian  arteries ; the i nferior  and superior venae cavae ; the 
ri ght and l e ft pul monary arteri es ( PA ) i nc l ud i ng the i r  trunk , and the r ight 
and l e ft superior and i n ferior pul monary ve i ns ,  al l prestretched at l east the 
equ i val ent of 17% phys i o l ogical  stra i n .  The true prestra ins  of some vessel s 
di ffered because they were mos t  appropriate ly  model ed by cl oths wi·th o ffset 
l oad-stra i n  curves . Other construction  deta i l s  are presented i n  ( 1 2 ) . 

Lungs were cast from Dow-Corn i ng 3- 6548 RTV S i l i con Foam i n  previous ly-devel o
ped mol ds , tri mmed to fi t the thorac i c  cavi ty o f  the s kel etons and attached to 
the i nner ri b cage surface with rubber adhe s i ve .  S i nce the mechani cal i nfl u 
ence o f  the per i cardi um duri ng i mpact i s  m i n i mal , o n l y  i t s  support functi o n  
was model l ed .  The repl i ca ,  a s heet of l atex ru bber gent ly  wrapped around the 
heart and greater bl ood vessel s ,  was bonded to the sternum with rubber cement . 
L i terature val ues o f  s kel etal muscl e cross-sectional areas t 1 4 J  were combi ned 
with  stress-stra i n  data ( 5 )  for muscl e paral l el to the di rection o f  the muscl e 
fi bers to determine the l oad-stra i n  curves for the i ntercostal muscl e s  and the 
di aphragm. 

I NSTRUMENTATI ON AND DATA ANALYS I S  

S i x  ·pressure transducers were used i n  th i s  study , cons i st i ng of 2 0  m l  syr i nges 
connected at one end to 0 . 0 30 i n  I . D .  medi cal  grade s i l ast i c  tubi ng of 2 ft 
l e ngth and termi nated at the oppo s i te end by 0 . 2  mm thi ck steel d iaphragms o f  
1 . 75 i n  d i ameter . Sem i-conductor stra i n  gages w i t h  a gage factor o f  112  were 
cemented to the central di aphragm region  to prov ide pressure measurement . 
Twel ve commerc i al e l ongation  gages consi sti ng of mercury-fi l l ed d i stens i bl e  
tubes were mounted on soft t i s sue repl i cas by ru bber adhes ive with at l east 
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10% prestra i n  when the vessel s were stretched to the i r  correct phys iolo gical 
l engths a nd u sed to ascerta i n  stra i n  hi stori es . A pi ezores i stive accel erome
ter ( 72 64- 200 Endevco ) with  a frequency range from 0 to 1000 Hz was attached 
to the str i ke r ,  consi dered to be r i gi d ,  whose output mul t i pl ied by the mass 
o f  the str i k i ng cart provided the force h i story appl i ed to the target .  E i gh
teen s i gnal s were moni tored w ith  a DEC LSl-1 1/12  mi crocomputer by means of 2 
analog-to-d ig ital  converters . The boards have a resol ution  of 1 2  bits  i n  the 
d i fferentia l  mode and 10 b i ts i n  the pseudo-di fferential  mode due · to i ncreased 
no i s e .  

Su&uunwy 
Thon• 

( a )  

( b )  

1111,...,,or: s.„.1111 wi..1 

-

Fi g .  4 Impact Confi guration : ( a )  S l ed Arrangement ( b ) Stri k ing Condi tions 

The stri ker system, shown in  Fi gs . 4 and 5 ,  consi sted o f  a steering col umn from 
a 1970 FlO Datsun stati o n  wagon supported by a 46 x 46 x 2 cm s led mounted on 
a 2 . 5  m l ong track { 10) . A rope pas s i ng over a pul l ey system accel erated the 
s l ed when wei ghts attached to the other end were dropped from a 2 . 6  m tower ; 
coasti ng o f  the s l ed occurred after the wei ght h i t  the ground unt i l  impact o f  
the stee r i ng wheel wi th the thorac i c  model occurred . I n  v i ew of the reversal 
of the motion  rel ati ve to an actual acci dent , the mass of s l ed and steer ing 
co l umn were adj usted to a val ue o f  25 . 7  kg ,  the approximate mass o f  head and 
upper trunk of a Sft 2 i n  tal l mal e ;  th i s  preserved the momentum of the col l i 
s i o n .  · The model thO raxes were both mounted by fi xi ng the i r  Tl vertebrae to 
brass cups oriented at 2QP to the hori zontal . A 1 0 . 5  l b  rubber-covered head
form ( Va l jea n ,  Detro i t ,  M I )  served to repl i cate the i nertial  effects of the 
head . lt was bol ted to a brass pl ate that was screwed to Tl and fabrics  s i mi 
l ar to those used previous ly  ( 1 1 )  were superfi c i al l y  attached to headform and 
thorax i n  an attempt to repl i cate muscl e effects . Thi rty- fi ve pounds of l ead 
shot were then attached to the s i des and rear of the thorax to bri ng i ts mass 
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F i g .  5 Photograph of the Thoraci c Impact Confi guration 

to an approximate val ue o f  22 . 7  kg  to provi de for correct model l i ng o f  the i n
ert i a  of the structure . After fi x i ng the model on i ts stand , the heaform was 
bo l ted in pl ace and its  supporti ng muscu l ature was adj usted unti l the head re
mai ned in the vert i cal  pos i t i o n .  

RESULTS AND D I SCUSSION  

Impact severity was  i ncreased by the succe s s i ve appl i cation  o f  we i ghts of 3 ,  7 ,  
10 ,  15 , 20 and 50 l bs ,  but the structural i nteg r i ty of the di asto l i c  model was 
d i s rupted by the 50 l b  we i ght and that of the systol i c  model was destroyed bey
ond the l evel of the 7 l b  we i ght , l i m i t i ng data acqu i s i t i o n .  Fi gures 6 and 7 
portray the pressure resul ts for the di astol i c  model i nvol v i ng 3 runs at the 
max imum speed of 2 . 1  m/s ( 20 l b  we i ght dro p )  and a compari son of the resu lts  at 
several speed s ,  res pective ly .  S i mi l ar resul ts for the systol i c  structure sub
jected to a speed of 1 . 2  m/s are presented i n  Fi g .  8 ,  and Fi g .  9 compares the 
press ure response of the two structures at an i mpact vel oci ty of 1 . 2  m/s . 

Pressure i ncrea ses i n  the heart , pu l monary artery and aorta beg i n  at 50 - 100 
ms after s tart o f  the record and peak around 400 ms for di astol e and around 200 
ms for systo l e .  These ri ses are caused by the compres s i o n  of the sternum i nto 
the heart . The su bsequent drop i n  pressure i s  due to the rebound of the Ster
num to its  normal pos i t i o n .  For both model s ,  the response o f  the l e ft atr i um 
was maxi mal , fol l owed by the l e ft ventr i c l e  for d i asto l e  and the aorta for sy
stol e .  For di astol e ,  t h i s  resul t was probably exaggerated because the model 
did not have functional  atrioventri cul ar valves and at l east  partly due to the 
di ffi cu l ties  i n  repl i cati ng the true shape of the heart wh i ch has a compl ex  and 
asymmetric shape . I n  actual i ty,  the r i se i n  ventr icu lar  pressure due to i mpact 
wou l d  be expected to close the val ves , avo i d i ng the r i se in atrial  pressure . 
Si nce the model heart wal l s  are much thi nner than the prototype , they exhi b i t  a 

.much l ower fl exural r i g i d i ty .  Hence the model ventri c les  were more spheri cal 
than real i st i c .  Th is  di fference in shape i s  thought to have prevented the i n
ti mate contact of the ventricl es with the sternum that wou l d  actua l l y  occur ,  
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resul t i ng i n  somewhat l ower pressure responses rel ative to the atr i a  than ex
pected . 

Fi gure 7 exh i bi ts a twi n-peaked response of several components of the model , �he first be i ng o f  constant magni tude and the second growi ng with i ncrea s i ng 
1 mpaGt l evel s .  Th i s  can be expl a i ned i n  terms of the action o f  the functi onal 
aort i c  val ve . A fter an i ni t i a l  pul se of suffi cient magn i tude to overcome the 
65 mm Hg d i fferenti al  aort i c  pressure , the val ve opens to rel i eve the system . 
The pressure r i se i n  the aorta occurs at the time o f  these first pul se peaks . 
After the val ve opens , the LV , the LA �nd the aorta responses are s i mi l ar ,  ex
cept that the magni tude for the aorta 1 s  s l i ghtl y dimi ni shed by fl u i d  res i s 
tance and capacitance o f  the uni t .  Thi s same twi n-peaked behav ior woul d al so 
be expected for the r ight  s i de of the heart , but coul d not be veri fi ed because 
a nother sol eno i d  val ve was not ava i l a bl e to mai nta i n  the 15  mm Hg . di fferential  
pressure between the RV  and the pul monary trunk . 

Overal l the d i asto l i c  pres sure response was more repeatabl e and o f  greater mag
n i tude than that o f  systol e ,  as expected and shown i n  Fi g .  9 .  The greater i n
e rt i a  of d i asto l e  compared to systol e  renders the heart l ess mobi l e  i n  the for
mer state . Thus , the systol i c  heart can more eas i l y  avo i d  be ing  compres sed  by 
the d i spl aced sternum than that for di astol e ,  suggesting t hat l ow impact l ev• 
el s woul d  tend to a ffect the heart more in i ts former state , as was observed . 
Al so , the greater freedom of motion  provided for thi s state o f  the heart due 
to its  smal l er s i ze prov i des more mechani sms to d i ss i pate the i mpact energy , 
expl a i ni ng the greater vari abi l i ty i n  i ts respo nses to theore t i cal l y  simi l ar 
impact condi tions . Fi nal l y , the added mo bi l i ty o f  the heart i n  systol e rel a
tive to d i asto l e  causes the former to reach i ts maxi mum compression , and thus 
its maximum pressure earl ier  than i n  the l atter state , produci ng the ear1 i e r  
occurrence o f  the systol i c  peak pressure . 

The strai n response o f  the heart chambers , aorta and pul monary artery i s  shown 
for three runs at an impact s peed of 2 . 1  m/s i nvol v i ng the di asto1 ic model i n  
F i g .  1 0  and a compari son for the response o f  th i s  system to various impact ve
l oc i t i e s  i s  presented i n  Fi g .  1 1 . S imi l ar i nformation  i s  prov i ded in F i g .  1 2  
a t  an impact speed o f  1 . 2  m/s for the systol e  and F i g .  1 3  prov i des the respon
se  comparison at the same vel o c i ty for the d i astol i c  and systo l i c  model s .  Vas
cul ar  di astol i c  model stra i ns generated at various vel ocities are shown in Fi g .  
1 4 ,  and a compari son o f  these stra i ns for the two model s at a n  impact speed o f  
1 . 2  m/s i s  presented i n  F i g .  15 . 

Card i ac stra i ns are bel i eved to be caused by l ocal bend i ng and elongations and 
are pro babl y h i gh l y  l ocation-sensi tive . Pro bl ems i n  the control of pl acement 
of the el ongation  gages resul ted i n  some di spar i t i e s  of the strai n resul ts . 
These str� i ns are due to moti o n  caused by impact o f  body segments on ei ther end 
o f  the parti cul ar  b lood vessel . For the model aortas , strai ns were due to 
heart motion and the extension  o f  the enti re thorax wi th respect to the fi xed 
end of the descendi ng aort a .  Stra ins  i n  the venae cavae were caused by heart 
di spl acement and , for the superior vena cava , extension  of the head s i nce i t  
was attached to the bottom o f  the headform mount ing  pl ate , wh i l e ,  for i ts i nfe
rior  counterpart , t h i s  occurred by extens ion  of the entire thorax , s i nce the 
i nferior vessel was fi xed simi l ar to that of the descend i ng aorta . Al though 
fl exion  of head and thorax i s  actual l y  seen in actual steeri ng-wheel col l i s i 
ons , the present ki nemat ic  reversal produced a n  extens ional response . Stra i ns 
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i n  the pu lmo nary arteries and ve i n s  were caused by heart and/or l ung motion . 
The brachi ocephal i c ,  l eft convnon and l e ft subc l av i an arteries  were stretched 
due to the di spl acement o f  the aortic  arch from wh i c h  these vessel s ori gi nate . 

Best repeatab i l i ty o f  the stra i ns al so occurred at the l owest impact l evel s  
for both model s ,  with  the d i astol i c  un it  more repeatabl e than the systo l i c  
system . The l argest stra i ns o bserved i n  both model s were i n  the aorta and 
the vena cavae , cons i ste nt w i th other experiments ( 2 ) . The aorta exhi b its  
a twi n-peaked response at l ow impact l evel s ,  wh i l e  at hi gher l evel s  there i s  
but a s i ng l e  pea k .  Thi s  d i screpancy i s  proba b ly  rel ated to the motion  of the 
ent i re thorax . When the ehest i s  hyperextended due to the col l i s ion the aor
ta i s  stretched . The presence and absence of the twi n-peaked behavi�r i s  pre
sumed to be caused by the rel at ive timi ng o f  heart and who l e  thorax mot i o n .  
The most  notabl e stra i n  d i fference i n  the two model s i s  the response o f  the 
venae cavae and l e ft common carotid  artery , Fi g .  1 5 .  The superior vena cava 
was strai ned more than the i n ferior  vessel i n  the di astol i c  model , whi l e  the 
converse was the case for the systol i c  system. These di fferences are attr i bu
ted to a poor di s k  bond between vertebrae Tll a nd Tl2 that permitted the neck 
to hyperextend (as was a l so the case wi th bond fa i l ure at  Tl/T2 ) .  As t he su
perior vena cava was attached to the pl ate on whi ch t he headform was mounted , 
t h i s  head motion  was thought to stretch th i s  vessel more than i s  real i st i c .  

Accel eration h i stories  cons i sted o f  a pl ethora o f  spi kes so that not too much 
s i gni fi cance can be attached to the peak force val ues . Impact vel oci t i es ran
ged from 0 . 75 to 2 . 7  m/s for the diasto l i c  u n i t s ,  corres pondi ng to 34-450 J 
o f  energy , and 0 . 7 1  - 1 . 2 4  m/s for the systo l i c  uni t ,  represent i ng 3 1-95 J o f  
energy . The accel erat ion  records were fou nd to be reasonabl y repeatab l e .  

A l east  s quare regres s i o n  o f  the data for the 3 and 2 0  l b  wei ghts i n  the dia
stol i c  and  for 3 and 7 l b  wei ghts for the systo l i c  model was performed with 
peak pressures and stra i ns as dependent and impact ve locity and energy as the 
i ndepe ndent vari abl e .  Al though poor , a better fi t o f  the resu l ts was o btai n
ed by cons i deri ng peak responses to be l i near functi o ns of impact energy . The 
best fit ( l ower subcl avi a n  artery stra i n )  had a correl ation coeffi cient o f  
0 . 85 6 ,  whi l e  the worst was for the ri ght atr i um stra i n  w i t h  a val ue of 0 . 720 ; 
the typical  coeffi c i ent was 0 . 75 .  These data were then extrapol ated to esti 
mate impact energies  at wh i c h  fatal i njuries wou l d  be sustai ned . Fa i l ure es
timates for burst i ng pres sures · on the data o f  ( 1 5 ,  1 6 )  that reported 
a l e ft ventri c l e  bursti ng between la and 1-3/4 atm .  The pressure fa i l ures 
were assumed to occur at 1 . 5  atm for the l e ft ventri c l e ,  3/4 atm for the r i ght 
ventr i c l e  and 0 . 3  atm for the atr i a ;  no data were avai l a bl e for the aorta . 
Vessel strai n  fa i l ure was set at  70% ( 5 ) ; the resu lts  are shown i n  Tabl e 1.  
Al though the data were acqui red at impact l evel s much l ower than the fatal i n
jury threshol d ,  the i r  extrapo l at ion  provi des  at l east estimates of fatal im
pact vel oc i t i e s  that are consi stent with the 15-20 mph fatal steeri ng-wheel 
dri ver impact speeds suggested from previous cadaver testi ng { 17 ) .  Howeve r ,  
the i mpact durations found here are at substant i a l  variance from those repor
ted there , amounti ng to 60-100 ms and 30-40 ms for the two cases , respect i ve
l y .  Th i s  i s  attri buted to ( aJ the l ower dynami c sti ffness o f  the model s rel 
ati ve to cadavers , a nd ( b) the d i fference i n  testing conditi ons . The most 
s i gni ficant di fferences i n  res po nse i nvol ved the impact pressure durat ion , 
a bout 200- 600 ms i n  the present . study and only 30-60 ms i n  ( 1 7 ) . Th i s  var
i ance i s  primar i l y  due to the l ower fl exural r i g i d i t i e s  of the art i fi cal  as 
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TABLE 1 .  Extrapol ated Est imates of Impact Vel oci ties at whi ch Fa i l ure Occurs 

D IASTOLE 

Part LV RV LA RA AO Sup .  VC I n f .  vc 
Predi cted 
Fa i l ure 2 1  24 9 1 3  1 2  1 3  25  
Speed , m/s 

SYSTOLE 

Part LV RV LA RA AO Sup . vc I n f .  VC 
Predi cted 
Fa i l ure 
Speed , m/s 2 1  2 5  1 1  1 2  9 2 3  1 4  

compared to the rea l heart wal l s .  Al though the model s exhi b i ted very real i s
t ic  l oad-stra i n  propert ies , the stress-stra i n  properti e s  o f  the constituent 
cl oths were about 3� times as sti ff as that of card i ac muscl e .  Hence the 
heart wal l s  were made considera bl y thi nner i n  order to repl i cate the chamber 
l oad-stra i n  propert i e s .  Howeve r ,  the wal l  r ig id i ties  cou l d  not be accuratel y  
s i mul ated at the same time with the materi a l s ava i l a bl e .  For exampl e ,  the 
model l eft ventr i c l e  wal l s  were a bout 3 . 2  mm th ick  compared to t he 11 mm of an 
actual LV wal l , so that the real heart wal l has approximate l y  twe l ve t ime s  the 
fl exural r i g i d i ty of the model hearts . Hence , the model s wou l d  be expected to 
deform s i gni fi cantly more and for a l anger duration  than that o f  the actual 
heart , wh i ch appears to be the case . However , th i s  model l i ng defi ci ency 
shou l d  not s i gni fi cantl y affect the strai n response of the aorta and venae 
cavae . I njury mechani sms for th i s  type o f  l oading are suggested i n  ( 18 ) . 

Overal l ,  the stra i n  and pressure responses to steeri ng wheel i mpact on the tho
rax were s i gni ficantl y l ower than those found i n  i nd i rect impact l oading to 
this  reg ion  ( 1 0 )  where stra i ns o f  15 percent i n  the i nferior  vena cava and 
pressure ri ses of 120  mm Hg i n  the LV were observed resul t i ng from impact ener
gies of about 36 J .  Al though no d i rect compari son can be effected due to the 
d i fference in l oadi ng , much of the di fference i s  due to ( a )  the far greater 
mass of the present thorax which provides for a much l ower impact vel ocity at 
an equiva lent impact energy, ( b )  the greater number of avai l a bl e energy d i s s i 
pation mechani sms of the current model , and ( c )  the greater constra i nt of the 
system descri bed here and correspo ndi ng i ncreased damp i ng resulti ng from the 
presence o f  model l u ngs . The greater compl exi ty of the current model and cor
respondence of some of the responses o bserved here compared to the data from 
cadaver tests i nd i cate that i t  more cl osel y repl i cates a n  actual traumati c  
event o f  t h i s  nature . 

CONCLUS IONS 

The overal l strai n responses of the two model s constructed and tested appear 
to be qual i tative l y  and quantitativel y co nsi stent with the l i terature , whi l e  
the pressure responses are only qual i tatively anal ogous . Based on the resul ts 
of the experiments , the fol l owing concl usi ons have been drawn : 

( a )  The pressure response of the di asto l i c  heart i s  greater than that o f  sy
stol e ,  wh i l e  the vascu l ar stra i ns appear to be comparabl e .  The di astol i c  pres-
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sure r i se s  suggest that bursti ng i s  more l i ke l y  i n  t h i s  state than i n  systo l e .  
( b )  As expected , the aort i c  stra i n s  were the l argest . The i n ferior and su

perior venae cavae al so di spl ayed s i gni fi cant deformations i n  response to im
pact . 

( c )  Because the heart i s  smal l er and more mobi l e  i n  systol e  than i n  di ast
ol e ,  i t s  press ure and stra i n  respo nses are more vari a bl e  than those of di ast
ol e .  

( d )  The i ncorporation o f  a n  arti fi c i al aort i c  val ve i n  the di astol i c  model 
was found to a ffect the qual i tat ive impact behav ior o f  the system . 

( e )  The constitutive model l i ng approach empl oyed i n  thi s study i s  promi s
i ng .  Many of the construction techni ques used in thi s i nvestigation cou l d  
have appl i cation  i n  the empl oyment o f  arti fi cial  organs , most notabl y those 
i n  the cardi ovascul ar system , to commerci al  anthropomorphi c  dummies . 

( f) Fl exural r ig id it ies  o f  the heart wal l s ,  as wel l  as thei r l oad-stra i n  
properti e s , must be correct l y  s i mul ated i f  accurate pres sure responses to im
pact are to be o btai ned . 
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