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I n  order to ensure the protecti on o f  veh i c l e  occupants during occurrence 
of frontal  and s ide impact col l i s i on s ,  several requi rements mus t  be satisfied . 
. I t  i s  necessary to know the human tol erance l imits , i . e .  the physical  para-
meter ( s )  that are most rel i ably correl ated wi th the i njuries  susta i ned , and 
a l so to know the v a l ue of  th i s  parameter (or these parameters ) corresponding 
to an acceptab l e  i nj ury severi ty which wi l l  be con s idered as  the cri t i ca l  l im i t  
for human tol erance . 
. Ind�pendently from the matter of  human tol erance , i n  order to design  pro-
tective apparatus and to assess i ts effectiveness ,  i t  i s  necessary to have a 
test i mpact dummy whose dynami c  behav i or i s  suffic ient ly  s i mi l ar to that of 
the human i nd i v i dua l . Th i s  dummy shou l d  make it pos s i b l e  to ver i fy conform i ty 
wi th the protect ion cr iteri a ,  i . e .  the f i nd i ngs of the measurements performed 
on th i s  dummy shou l d  remai n  bel ow the previous ly  determined tol erance l im i t s .  
. The authors of thi s report had i n  v i ew to comp i l e  a summary of the mecha
n i cal  and b i ornechan i ca l  data perta i n i ng to the human thorax col l ected from unem 
ba l med , i nstrument-equi pped cadavers during occurrence of frontal impact ( for 
three�po int  seat bel t  wearers ) and during occurrence of s i de impacts ( for free 
fa 1 1 s  onto unprepared s urfaces or  surfaces covered with  s hock-absorbent mate
r i a l , or duri ng  reconsti tutions  and s i mu l at i ons  of rea l  wor l d  acc idents ) .  

METHODOLOGY -

The test subjects were the unemba l med cadavers of i nd i v i d ua l s whose deaths 
had occurred fewer than four days previ ous to the onset of the test ses s i o n .  
They were meanwh i l e  conserved i n  a co l d  room (approximate ly  2 °c )  and were re
moved several hours pri or to test i n g . 
1 .  Test cond i t i ons  - By and l arge , the v i ol ence of  the frontal a nd  s i de im
pacts was chosen so as  to be as representati ve as  pos s i b l e  of the severest 
rea l  wor l d  accidents aga i nst  wh i ch veh i c l e  occupants are to be protected . 

Case of s i de i mpacts : S i de impacts can be grouped i nto two cate9ories , as 
fol l ows � 

free fal l s  : The human cadavers were rel eased to fal l s ideways from vari ous 
hei ghts ( from between 0 , 5  and 3 meters ) onto fl a t ,  ri g i d  s urfaces that were 
e i ther unprepared or  had been covered w i th s hock-absorbent mater ia l s .  
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They were made to fa l l  upon their ri ght or l eft s i des so as to poi n t  up pos
s i b l e  abdomina l  i njuries  ( l i ver ,  spl een , etc . . .  ) .  

S imu l at ions  or reconst itut ions of  real �worl d acc i dents � The human subjects 
were seated at the level of the 1 mpacted zone of the vehicle that had been 
struck l ateral ly .  Pri or to col l i s i on , the strik ing  ven i c les  had vel oci t ies of 
from 45 to 73 k i l ometers per hour , depend i ng on the tests . 

Parts of the f indings  from these s undry tests have been wri tten up i n  pu� 
bl i s hed reports (1 to 4 ) . In  th i s  paper ,  we are presenting a summary of these 
f i nd i ngs . 

Case of  frontal impacts : Fronta l -i mpact tests were performed i n  passenger 
compartments placed on sleds ( s l ed tests ) .  For these tests , the s l ed ' s  pul se  
of decel eration as a function of  t ime was s imul ated by brak ing  tubes i n s ta l 
l ed on the s l ed ' s  forward part . Impact vel oc i ties  ranged from 50 to 65 ki l o
meters per hour depend i ng on the tests , and s l ed stoppi ng-d i s tances were bet 
ween 600mm and 900mm . 

The body-retenti on devi ce for these tests was a three-po i n t  seat-bel t f i t
ted wi th  a bel t retractor-bl ocker . 

The cadavers were pos i ti oned i n  the r ight-front passenger seat or  i n  the 
dri ver ' s  seat .  For certa i n  tests , the seat-back was a l tered to accommodate the 
f i l m-shoot ing  apparatus for record i ng thoraci c  def l ection over t ime . The fi l ms 
s hot add i t i onal l y  enab l ed rel i ab le  eva l uation of the thorax ' s  rel at ive pos i 
ti on i n  rel ation  t o  the shou l der webbing ( ehest strap ) ,  necessary for ca lcu l a
tion of the force appl ied perpendicu l arly to the thorax . These data were used 
for the dynamic characte ri zat i on of the human thorax for th i s  type of reten
ti  on .  

2 .  Preharat i on of subjects - Preparation of subjects was appreci ably the same 
for bot frontal and s 1de impacts , a nd i t  can be s ummari zed as  fo l l ows : 

Case of s i de�impacts : The human s ubj ects were equi pped w i th a r i g i d  metal 
rod that passed through the thorax a l ong  the med ian  transverse p l ane between 
the fourth and fifth r fbs . Thi s rod , wh ich  was secured to the i rn pacted part 
of the thorax , was fi tted with gu ide marks des i gned to enab l e  fi l m recordi n g  
of  the defl ect i on of  tne impacted thorax and hal f-thorax over time.  for ad� 
d i t i onal  deta i l s ,  see reports ( 1 )  - ( 2 ) . 

for tests i nvo 1 ving  s imu l at i on or reconst i tut ion of rea l -worl d accidents , 
o n ly  the mater i a l  on whol e-thorax defl ect i on i s  ava i l abl e .  

Case of frontal - impacts : The i ntrathorac i c  rod , wh ich  enabl ed f i l m  recor
d i n� of the thorax over time , traversed the thorax a l ong  the subject ' s  med i an 
sagi ttal p l ane . Its front t i p  was under the bel t ,  i n  contact w ith the sternum.  
Its rear tip protruded some 20 to 30 centimeters beyond the subject ' s  bac k ,  
between the 4th and 7th dorsal vertebrae , depend ing  on the anthropometry of 
the cadaver u sed . For add i ti onal deta i l s  concern i ng thi s procedure , see re
port ( 5 ) . 

3 .  Anthropometrie measurements - After every test the subjects were x�rayed , 
and then autops 1 ed. Rib fragments were col l ected for the purpose of improved 
i nterpretation of fi ndings , and a l so i n  order to f ix  the l evel of the phys i ca l  
parameters correspond i ng to the tol erance l imits  o f  l i vi n g  i nd i v i dua l s  by 
means of a skel eton characterization of the test subjects compared w i th that 
of l i v i n g  i nd iv idua l s  exposed to accident r i s ks . 

The methods empl oyed have a l ready been descri bed i n  reports ( 6 ) - ( 7 ) . The l a
test deve l opments wi l l  be submi tted at the next STAPP Car Crash Conference ( 8 ) . 
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4 .  Acce l eration measurements - Al l the subdects were equi pped wi th i n struments 
i . e .  with a tri-axial acceleration transducer attached at the l evel of the 4th 
and 7th dorsal vertebrae .  In add i t i on , whenever pos s i b l e , we equ i pped the sub
jects i n  accordance with  the so-ca l l ed 12 accel eration method . Th i s  method was 
deve l o ped i n  the Un i ted States by the Uni vers i ty of Mi chi gan , and i t  has been 
descri bed i n  several papers ( 9 ) , to wh ich  the reader may refer for further 
detai l s .  

Th i s  method may be summar i zed as  fol l ows : The thoraxes of the human cada
vers were equi pped i n  the fol l owing manner : 

W i th a tri -ax i a l  accel eration transducer attached at T l  and T12 . 
. W f th four u n i d i rect i onal accel erat ion  transducers attached to the upper 
and l ower parts of the s ternum and the outermost parts of the 8th l eft and 
r ight  ri bs . The sen s i t i ve parts of these transducers were l ongi tudi nal  i n  re� 
l at i on to the s ubjects . 
. W ith  two u n i d i rectfonal accel erat ion transducers attached to the outermost 
parts of the med i um arcs of the 4th l eft anf ri ght r i bs . The sen s i t i ve part of 
these transducers was transversal  in rel at i on to the human subjects . 

A l together , for these tests , 18 accel erat ions  were measured on the peri phe
ry of the thorax . 

Tfie procedure used for these measurements  was i n  conformi ty with  the requ i 
rements of  norm SAE J 2 1 1b  for the T4 and T7  measurements , and as defi ned by 
report ( 9 )  for the other transducers . 

TOLERANCE L IM�TS OF THE HUMAN THORAX -
Previous  reports ( 1  to 4 )  have s hown that the max imum (or  the val ue ap

p l  ied dur ing 3ms ) of  the accel erat i on measured at T4 was by i t se l f  i nsuffi c i -
ent  to ful l y  account for the severity of  thorac i c  i nj ur ies . . 

It  may be that an  analys i s  of the fu l l  set of data yiel ded by the i n stru
mentation described above ( 18 accel erat ions  measured on the peri phery of the 
thorax ) wi l l  make f t  pos s i bl e ,  by tak ing  i nto account the subjects ' s kel eton 
qual i'ty and the i r  pfiys i ca l  s i ze characteri s t i c s , to estab l i sh a predi ctive 
functfon for thorac f c  fnjurfes , wfi i cfi , i t  shou l d  be recal l ed ,  a re essenttal ly 
ri'b fractures . 

For our i mmed i a te purposes , for both s i de and frontal impacts , we s ha l l en� 
deayour to corre l ate the occurrence of i njuries  with tfiose physi cal parameters 
tfiat are most frequently used to define the tol erance l im its  of the human 
tflbrax.  

· ' s-ke letM · qual i ty öf · test · subjects - Th i s  po int  is  fundamental , and  it  may 
be summarized as  follows : 

Knowledge of  tne rel at i've " res i stance" of  the subjects ' s ke l etons enab les  
a more ftne1y  deta t l ed i n terpretation of the f ind i.ngs , To th i s  end , i'ntact 
parts of r i �s a re col l ected after eyery test and are charactert zed öy means of 
mechanical  fl exion and shearing tests , as wel l as by morphometrical data ( rtb 
sectton and ·m t nera1 izat ion ) .  These metnods haye been wrttten up t n  seyeral re-.:-
ports (6 , � C7 ' �  they enab l e  us to e l im iaate from the anal ys i's those subjects 
whose 5one res t s tance i s  abnorma 1 1y wea k ,  a fact that wou l d  tend to s l ant  the 
i n terpretat ion  of f i nd i ngs . Tfie l atest rnetllod of eva l uati'on of tfle i nfl uence 
of i ntertnd iy idua 1 yari ations ut i l tzes factor ia l  analys i s  ( 8 )  . .  Th i s  method 
enaol ed defi. n ttton of a B . C . f .  ( Bane Condi' t ion  Factor) pararneter that i s  re
presentati�e of tfie sRel eton qual i ty of each i n d i v idual  s ubject , l t  was pos s i 
ol e  to make compari scrns wit fi tfie data for rea l worl d acci'dent y i ct ims , s t nce 
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rib  fragments were col l ected from i ndi v i dual s who had met sudden deaths wi thout 
the occurrence of any a l teratton in the i r  s kel eton qual i ties . Compari sans bet
ween the data from the r i bs of  the test subjects and the data concern i n g  the 
acc ident r i s k  exposed popu l ation  then made i t  poss i bl e  to concl ude as to the 
s i gn i fi cance of the i njur ies that occurred during the tests . 

I n  add i t i on , knowl edge of  th i s  rel at i onsh ip  between the skel eton qual i ty 
of  the test subjects and that of  l ive indi v i dua l s  enab l es def i n i t i on of  the 
l evel of the pnys i cal parameter ( s )  corresponding to the thorac i c  tol erance l i 
m i ts of the acc ident ri s k  exposed human i nd iv idua l s .  

THORACI C  TOLERANCE L IMITS IN S I DE IMPACTS -
We shal l deal , s uccess i ve l y ,  wi th the fol l owi n g  : wi th the BLUR parameter 

defined by Robbtns ( 9 ) , whi ch i s  c a l cu l ated from the transverse accel eration 
measured on the 4th r ib  l ocated on the impacted s ide ;  wi th the "AVERAGE POWER" 
parameter used by Morgan ( 10 ) , whi c h  is cal cul ated from the transverse acce l e 
rat i on measured o n  t he 4th dorsal vertebra ; and w i th the rel at i ve defl ection 
of the i mpacted who l e  and ha l f  thorax , used by Tarriere and Wal fi sch ( 1  to 3 ) . 

The BLUR parameter - The BLUR i s  ca l cu l ated wi th the formu l a  defi ned : i n  
reference : ( 9 ) .  

The f i ndi ngs are shown i n  F i gure 1 ,  i n  wh i ch  wi l l  be  seen that there i s  no  
s i mp l e  corre l at ion between BLUR and  thoracic  i njuries , and that for a g i ven 
BLUR va l ue ,  a subject can be u n i njured or can have i ncurred extreme ly  severe 
i nj ur ies  depend i n� on h i s  skel eton qual i ty ,  even under c l osely s imi l ar cond i 
t i ons  o f  impact: , ( Thi s  was the case i n  tests 191 , 194 a nd 195 ; tests 192 and 193 ; and test� 196 , 197 and 198 . ) 
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FIG : _1_ NUMBER OF RIB FRACTURES VERSUS THE BLUR. 



In  addi t ion , i t  wi l l  be seen ( F i gure 2 )  that BLUR enjoys a rather h igh  cor� 
re l at i on with the impact ve l oc i ty of the s i de panel aga i ns t  the thorax ( r=0 ,69 
- N = 10 ) .  This is not surpr i s i ng if we refer to i ts defi n i t i on .  

BLUR hence emerges more as an i n d i cator of the variation i n  vel oc i ty of 
the surface that impacts tne thorax than as  an ind i cator of i mpact v i o l ence 
for the thorax . 

These findi�gs were obta i ned on the bas i s  of ten tests w i th human subjects , 
i n c l ud ing  two free fal l s  agatnst  paddings  and e ight  s i rnu l ati ons of real worl d 
acci'dents . 
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FIG : _2_ BLUR VERSUS 1'HE IMPACT SPEED OF THE 'WALL AGA!NST nlE 1lfORAX • 

"AVERAGE POWER11parameter 
formula : 

- Thi s parameter i s  cal cu l ated here by the fo l l owing· 

A 
T 

jT ?[( l:) ,_. [t 't(.u) . d�] ·  � �  
0 0 

If  we anal yze F i gure 3 ,  showing  the number of r ib  fractures as a function 
of AVERAGE POWER,  we can get the sarne fi nd i ngs  as w i th the BLUR ,  i , e , that there 
i s  no s impl e correl ation  between "AVERAGE POWER" and the thorac tc  i njuri es sus
tai ned ,even if  we con s i der separately  those subjects that have c l osely s i m i l ar 
skel eton qua l i t ies . !t  can a l s o  be noted that for a g i ven "AVERAGE POWER11 ,the 
human subjects i n cur a g reater number of i njuries i n  d i rect ratio to the poo� 
rer qual tty of thei r  bone cond t t i ons . 

fn fact , i f  we group tne tests performed under g i ven  sets of cond i t i on s  
(Pi gure 3 � , i t  emerges that , l i ke 11BL UR1 at a l esser l evel , "AYERAGE POWER" i s  mo
re an i nd 1ca tor of test cond i t tons than an i nd i cator of thorax impact v i o l ence . 

Thts finding  was y ie l ded on the bas i s  of 19  tests tnvol v i ng  free fal l s ,per
formed under the cond i ti ons descri bed i n  the method�l ogy section , 
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FIG : _.)_ NUMBER OF RlB FRACTURES VERSUS nm AVERAGE POWER 

The l ast  two parameters analyzed were the defl ecti on of  the ..,......;-..-��---'-��-..J.,�.........,--....-��� rax and the defl ection of the impacted hal t orax . s compare w1t e prece-
crtrig ones , these parameters have the advantage of cons idering the thorax as a 
who l e  rather than the accel erati on (or  a function of the accel eration )measured 
at one poi nt (on  a r i b  or vertebra ) .  

F i gure 4 i ndi cates , on i ts absc i s sa , the rel at ive defl ection of the whol e  
thorax ( i n  percentage ) and , o n  i ts ord i nate , the number of rib fractures ; this 
Figure shows that there i s  a fai r ly h igh  corre l ation between these two parame
ters (R = 0 ,82 - N = 24) , Th i s  f ind ing  i s  based on the data from 24 tests per-

. formed w i th human subjects under widely d i fferi ng  cond i t i ons  of impact : 1 5  
free fal l s  and n i ne rea l wor l d  acci dent s imul ati ons and reconstruct i ons . 

I t  emerges from th i s  f ind i n g  that the rel ati ve deflection of the whol e tho
rax i s  a rel i ab le  i nd i cator of the grav i ty of thoracic  i njur ies , whatever the 
test condi tions  and whatever the bone characteri stics  or anthropometrica l  fea
tures of the test subjects . 

l t  then becomes poss i bl e  to define the to l erance l im i ts of  the human tho
rax by ana lyz i ng more specifi cal ly  those subjects whose skel eton qual i ty was 
c l osely s imi l a r  to that of the l i ve i nd i v idua l s .  A va lue  of  approximately 30 
percent of the width of the who l e  thorax can be consi dered for the human tol e
rance l im i t ,  if  we cons i der that seven r ib  fractures correspond to  the maximum 
severi ty of the 1 1safe 11 i njuries  that can be susta i ned by the human subject .  
( t h i s  number of fractures consti tutes the threshol d  beyond wh ich  there i s  the 
r i s k  of occurrence of fl a i l  ehest ( A . l . S .  = 4) ( 16 ) . 
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NUMBER OF RIB FRA C1\JRES 
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FIG : _ 4 _  Nlr.-IBER OF RIB FRACTI.JRES VERSUS THE RELATIVE DEFLECTION 

OF THE WHOLE nJORAX 

Remarks : _ We c hose to present the findi ngs here by u s 1ng the number of r ib  
fractures as an i nd i cator of thorac i c  i nj ury severi ty .  Identica l  conc l u s i on s  
were reached by cons i dering  the number of  fractured r i bs or  the thorac i c  A I S . 

Analys i s  of Fi gure 4 a l so s hows that i t  i s  poss i bl e  to cJas s i fy the sub
jects i nto two groups accord i ng to the i r  skel eton qua l i ty ,  and that for a g i 
ven i njury severHy , the thorax o f  a subject whose bone res i s tance i s  repre
sentati ve of that of the accident-r i s k-exposed- i nd iv idua l s can defl ect 20% to 
25% n1ore tflan that of a subject havi ng  " poor" bone res i stance . 

The l a st parameter u sed was the rel ative defl ection of the impacted hal f 
thorax . The findi ngs a re s hown i n  F i �ure 5, where , on the absc1 ssa , we have 
the rel at ive defl ection of  the impacted ha l f  thorax and , on the ordi nate , the 
number of r ib  fractures . 

It  wi l l  be seen that,  as prev ious l y ,  there i s  a strong correl ation between 
this  parameter and the severi ty of thoraci c  i njury ( r=0 , 84-N= l 5 ) , whatever the 
test cond i tions and whatever the skel eton qual i ty and anthropometri ca l  charac
ter i st i c s  of the test subj ects . 

Proceed i ng as above , i t  i s  pos s i b l e  to fi x the l evel of th is  parameter cor
respond ing  to the human tol erance l im it  by more s pec i f i ca l l y  analyz i n g  the fin
d i ngs  acqu i red w ith those subjects whose bone characteri st ics  showed that they 
had s kel etal res i stances representat ive of those of the acci dent r i s k  exposed 
l i ve i nd i v i dual s .  

I t  then emerges (Fi gure 5 )  t hat a rel ative defl ection of the impacted h a l f  
thorax c l ose to 35% can be  consi dered as  the cri t i ca l  l i mit for the human tho
rax to l erance . 
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NUMBER OF RIB FRACTURES SIDE IMPACTS 
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FIG : _5_ NUMBER OF RIB FRACTURES VERSUS nIB RELATIVE DEFLECTION OF nIB 
HALF IMPACTED THORAX 

Th i s  i s  a h i gh ly  s i gn i fi cant  f ind ing  for cons i derat i on , s i nce the impacted 
hal f  thorax i s  the most  exten s i ve ly  deformed part of the thorax , the seat of 
the greatest number of r ib  fractures . In addi t i on , i t  i s  the part of the tho
rax that i s  in contact w i th the veh i c l e ' s  s i de panel , whose dynami c behavior 
( notaoly the ascend i ng part of the force/defl ection characteri s t i c )  must con
sequent ly  be g i ven first  con s i derat ion  for the protection , or the s imu l ation , 
of the numan tnorax . 

MECHAN ICAL CHARACTERISTICS OF THE HUMAN THORAX I N  S IDE- IMPACT COLL I S IONS � 

Independent ly  from tne matter of the human tol erance l im i t � i t  i s  neces
sary to character ize the dynami c  behayior  of the human thorax i n  order to ha
ve sati s factory spec i fi cat ions for the des i gn i ng  of the dummy ' s  thorax . To 
th i s  end , i n  the performance of the free fal l s  descri bed above , we endeavou
red to define the 1 1 force11 character i st i c s  on the bas i s  of the rel at i ve defl ec
t1on of tn� tmpacted hal f  thorax , The curves obtai ned are shown in Fi gure 6 , 
where the force appl ied to the thorax i s  normal i zed as i f  the subjects had a l l  
wei gned 7 S'ki l ograms . Thi s transformat i on stems from the con s i deration of  
tne s i ze analys i s  ( 1 1 ) . 

figure 6 sh·ows tfIBt the ascend i ng parts of the curves d i spl ay but s l i ght  
scatter and  that they are hence not  i nfl uenced by test cond i t i on s  or  by the 
suojects ' sRel eton q ua l i ties ( for a g i ven impact v i ol ence , tne l esser the sub
ject ' s  res i stance , tne greater h i s  defl ect ion , tne resu l t  being an i ncrease i n  
tne number of r ib  fractures , )  

These con s i derations enabl ed def in i t i on of  a corri dor of 1 1 normal i zed force 
/rel ative defl ection 11 of the impacted ha l f  thorax ( F i gure 6 ) . S i nce then , t h i s  
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zone �ns been used for the purpose of  defi n i ng spec i f i cati ons for the APROD 
dunwny · x ( 1 2 , 13 , 14 ) , w ith which a protection criterion was defi ned that makes 
d i rect use of the findings  prev ious ly acqui red perta i n i ng to human to lerance 
l im i ts ,  i . e .  maximum rel ative defl ect i on of the hal f  thorax = 35 percent of 
i ts hal f  width . Th is  datum , measured on the outs ide of the thorax , was transpo 

- sed to the APROD dumrny for the purpose of  def in ing  a protection criteri on . 
Th i s  protect ion cr iterion i s  based on the measurement of the i nternal de

p l acement of  the dummy ' s  p i ston . Experimental ly ,  we found that it i s  l i n ked 1 
to externa l  defl ection  by the fo l l owing  equation ; 

· 

I nternal defl ect ion (mm) = external def lect i on (mm) - 10 mm 
XXX 

This  f i xes the l evel of this  criterion at  the va l u� of 42 . 5mm�( 5 2 . 5mm .:.1omm ) . 
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O
/

O 

40 5 0 
FIG: _6_ FORCE/DEFLECTION CHARACTERISTICS OF THE HALF IMPACTED THORAX .  

>< Norma l i zed force ( 7 5kg s ubj ect ) = Measured forcex ( f rn b' t� \mass o e su  Jec j : 
)<. X  Dummy des i gned as part of the work performed under contracu with the Euro

pean Econom i c  Commun i ty and the French government (v i a  the i ntermed iary of 
the Transportati on Res�arch I nst itute ) . Its l atest devel opment has proven 
h i gh ly  satisfactory from the stand po i nt of the s imu l at ion of the dynami c  
behavior  of the human thorax during occurrence of s i de impact . 

xxx 52 . 5  mm corresponds to 35 percent of the ha l f  width of the APROD dumrny ' s  
thorax . 
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TOLERANCE OF  THE HUMAN THORAX RESTRAINED BY A THREE-POINT SEAT BELT I N  FRONTAL 
I p 

The b ib l i ographica l  data perta in ing  to the impaet tol eranee of  the human 
thorax have frequently been yie l ded through tests i nvol v i ng impaets of a d i s k  
against  the sternum. But , as  reported by Fayon ( 5 )  further t o  the stat i e  tes
t i ng of vol unteer s ubjeets , thorae ie  behavi or d1 ffers depend ing on whether 
the forees are exerted on the thorax wi th a d i s k or whether they are exerted 
with  a seat bel t .  

More recent pub l i eat ions  are based on invest i gat ions i nvo lv ing  effort mea
sured at shoul der l evel ( 5 , 1 5 ) . A synthes i s  of these i nvest i gat ions  was pre
sented by Eppi nger ( 1 1 )  at t he s i xth E . S . V .  eonferenee ; in t h i s  s tudy ,  the 
efforts had been norma l i zed as if a l l  the subjeets weighed 75 ki l ograms . A 
eertai n  eorrel at ion emerged between thorae ie  i njury severity and normal i zed 
effort measured in  the strap at s houl der l evel . For a g i ven effort appl i ed 
perpendi cul arly to the thorax , the effort measured i n  the stra p  can vary to 
an extremely  wide degree depend ing  on the pos i t i on of the ehest strap aneho
r ing poi nts . One of the reasons that aeeounted for the h i gh  eorrel at ion bet
ween i njur ies and the normal i zed effort measured at the shoul der was the l ar
ge proporti on of tests that had been performed i n  t he same experimental eonfi � 
guration (seat and pos i ti on of bel t  anehori ng points ( 1 5 )) . W i t h  a v iew to a s s i 
gn i ng  a more general range of  s i gni fi eanee to  the find i �gs , attenti on i n  the 
fol l owing  report wi l l  Be devoted to the resu l t i ng effort appl i ed perpendieu
l arly to the thorax , obta i ned from analys i s  by means of  f i l ms of the thorax ' s  
rel at ive pos i ti ons  wi th regard to the seat-bel t .  

We sha l l  a l so endeavour to establ i s h  a correl at ion between thoraeie  injury 
sever i ty and the phys i ca l  parameters emerg ing from the 18 accel erati ons measu
red on the periphery of the thorax , as wel l as the rel at ive anteroposteri or 
defl ecti on obtai ned v ia  the experimental setup deseri bed i n  the ehapter on 
methodol ogy . 

osterior defl eetion - Max imum defl eet i on was rel iably mea
sure i n  our es s w ose 1n  i ngs are s hown in F igure 7 ,  

Beeause of  the i r  smal l number ,  these tests do not make i t  pos s i b l e  to de
fi ne a re l at i onsh ip  between rel at ive thoraeie defl eetion and the severi ty of 
the i njur ies sustai ned . However ,  F i gure 7 s uggests that a rel at ive defl ecti on 
of e l ose to 30 pereent of i ts th iekness s hou l d  be a pproximately that of the 
tol eranee of a bel t-restrained human thorax in frontal eol l i s i on . (Any i njury 
that does not eause oeeurenee of  f l a i l  ehest i s  eons i dered as 1 1safe 1 1 ) .  

Norma l i zed effort - The analys i s  i nvolved 29 s ubjeets . I f ,  l i ke Eppi nger 
( 11 ) ,  we consider the norma l i zed  effort measured i n  the ehest strap at the 
shoul der l evel , the eorrel ation eoeffi e fent that l i nks thi s parameter to the 
number of r ib  fraetures i s  0 . 68 .  

Th i s  eorrel at ion is  irnproved if  we use the maximum normal i zed resu l t ing  
effort a pp l ied perpendi eularly to  the thorax and the number of r ib  fraetures ; 
r = 0 . 73 for the same subjects . F i gure 8 i l l ustrates thi s f inding . 

I n  t h i s  F i gure ,  i t  w i l l be seen t hat a l l  the subjeets l ocated farthest 
from the regression l i ne ,  in the d i reeti on of greater i njury severi ty for a 
g i ven thorax appl ied effort , are subjeets whose s kel eton qual i ties were not 
representat i ve of those q� i nd i v i dua l s  exposed to aeei dent r i s k  ( exeess ive 
fragi l i ty ) . 
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In  the l i ght of these f i ndings , therefore , i t  woul d appear that the max i 
mum norma l i zed resu l ti ng effort i s  a rel i ab le  i nd icator o f  thorac i c  i njury se
ver ity .  In consequence , it is pos s i b l e  to eval uate the max imum l evel of th i s  
human thorax tol erance parameter by analyz ing  more part i cul arly the fi ndings 
for subjects who d i sp l ayed s kel eton qual i t ies cl osely s imi l ar to those of the 
l i ve i n d i v i dua l s  ( F i gure 9 , r = 0 . 94 , - N = 9) . 

lt i s  then seen that a normal i zed resu lt i ng  effort of approx imately 850 
daN percept i bly  corresponds to the human thorax to l erance of a man wei g h i ng 75 
k i l ograms restra ined during fronta l impact by a three�po i nt seat bel t ,  
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20 

1 5  

1 
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0 

Subjects w i th a hone c ond i t i on near t o  populat i on 
exposed to accident risk 
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258 
• 

NORMALIZED RESULTANT FORCE 

100 1200 

FIG : _ 9_ NUMBER OF RIB FRACTIJRES VERSUS nrE NOR"iALIZED RESULTANT FORCE 
F�TAL COLLISIONS : .3 POm T  SEA T BELT WEA.RERS . 

The maximum severity of i njur ies cons i dered as safe for human subjects 
was such that the associ ated A . I . S .  was strictly l ower than 4 ;  seven to ei ght 
rib fractures consti tute the thresho l d  beyond whi ch there i s  the r i s k  of  oc
currence of fl a i l  ehes t .  

Accel erations - Analys i s  performed under accel erat i on cond it ions i nvol ved 
18 tests , for which we used the 1 2  accel erat ion method descri bed by Robbi n s ( 9 ) . 
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The parameters used were as fol l ows : 
- Parameter B 

- Parameter Q 

- Parameter QQ 

( V I090 

Logari thm of an  i ntegral taken over a speci fied number 
of the maximum poi nts of an acce l erati on s i gnal . 
The maximum val ue of the fi rst i ntegral of the accel era
t ion trace ( ve loc ity-l i ke ) . 
The maximum val ue of the second i ntegral of the accel era
tion trace . 
The t ime i n terval between 10% and 90% of Q . )  



- Parameter RQTi Q d i v i ded by V I090 . 
As i n  the case of  s i de- impact col l i s i on ,  we a l so used express i ons  homoge

neous wi th a power : 
. Average power defined by the fo l l owing equat i on : 

A V P-\ ::=  T;T" J1l '{). ( t) � c:A /(. (.u.) . cLu. J • J t 
Tj. 

PO 
Peak  power , wh i ch i s  the maximum of the PO functi �n ,  above . 
Average power defi ned by the equation AVP2 �fßg� 
Q i s  i n  meter per second 
V 1090 i s  i n  second . 

Th i s  express i on was used by Morgan ( 10 )  at the eighth E . S . V .  conference . 
For a l l parameters defi ned above , and for a l l  the poss i bl e  accel erations , 

i t  emerged that only the various express i ons of mechan i ca l  power , c a l cu l ated 
on the bas i s  of the res u l t ing  accel erations measured for the 12th dorsal ver
tebra , were suff ic iently wel l -correl ated w i th the i nj uries observed . Th i s  was 
notably the case for the parameter AVP2 = 0 , 5  �2 , shown i n  Fi gure 1 0 .  
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Th i s  correl ation i s  improved i f  we only con s i der the subjects whose bone 
cond i t i ons were representative of those of l i v i ng persons exposed to acci dent 
ri sks ( F i gure 1 1 ) . 2 

F igure 1 1  :: uggests  that an "Average Power"  of c l os e ( 30 . 10 watts/kg )  
shou l d  be  approximately that of  the  tol erance of a bel t restra i ned human 
thorax i n  frontal col l i s i on .  

Only the data from the so• ca l l ed 12 accel erati on method have been anal yzed 
i n  the above , because the findi ngs for the 4th and 7th dorsa l  vertebrae were 
not yet avai l ab l e .  
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FIG : _ 1 1 - NUMBER OF RIB FRAC'IURES VERSUS AVERAGE POWER ON T12 

FRONTAL COLLISIONS : .) POINT SEA T BELT WEARERS . 

MECHANICAL CHARACTER ISTIC OF  THE HUMAN THORAX RESTRA I NED I N  FRONTAL IMPACT BY 
A TAREE-POINT SEAt BELT . 

As i n  the case of s i de-impact col l i s i ons , and for the same reasons , i t  was 
necessary to characteri ze the dynam i c  behavior of  the human thorax . For t h i s  
purpose , i n  tests i nvol v i ng exper imental subjects fitted wi th i ntra-thoraci c 
rod s ,  we p l otted the curves of the norma l i zed resu l t i ng effort appl i ed on the 
bas i s  of i ts rel at i ve defl ecti on ( F igure 12 ) .  

l t  wi l l  be recal l ed that the defl ect i on i s  obtai ned from f i l ms � and that , 
for certa i n  tests , oeg i n n i n g  at a certa i n  moment , the ehest strap no l onger 
pres ses at tne rod. l evel . From that i n s tant on , tne defl ections measured are 
no l onger representat ive of thorac i c  defl ection at the p l ace at wh ich  the mea
surement i s  made . Th i s  i s  t he case for tes ts 257 and 267 ( F i gure 12 ) , for which  
we p l otted only the �el i abl e part of the curve . 

135 



1000 

.500 

0 

fro nt  1 I colf isions 
APPLIED NORMALIZED 

FORCE ( daN ) 

10 2 0  

„-„...., „ „ 
/' 22) 

I 
( 

I 

TI-IORACIC DEFLECTION 

30 .40 

FIG : . 12_ FORCE/DEFLECTION CHARACTERISTICS OF 1llE TI-IORAX FOR J POINT SEA T 

BEL T 'WEA RERS, 

I n  th i s  F igure ,  i t  wi l l  be seen that ,  under the cond i t i on s  of the tests 
performed (vel oc i ty vari a t i ons  rang ing  from 50 to 65 kph ) , the ascend i n g  por
ti ons of  the curves are fa i rl y  s i mi l ar whatever the test cond i t i ons and what
ever the cadaver ' s  s ke l eton qua l i ty (subjects 256 and 258 d i s p l ayed skel etal 
qua l i ti es that were qu i te comparabl e  to those of the young l i ve per$ons ) .  

These fi nd i ngs , wh ich  req u i re a further work,enabled defi'n i t i on of a 1 1Nor'(" 
mal i zed resu l t i ng effort/Rel at ive deflection"  corri dor , in wh ich  wi l l  have to 
be s i tuated the dynami c  character i s t i c  of tne thorax of a s u i table dumrny i n  
the case i nvo l vi ng restraint by a three-po int  seat bel t  i n  frontal i mpac t .  

Th i s  corri dor  i s  depi cted i n  F igure 1 3 ,  I ts l ower and upper l imits  corres
pond to the enve l ope of  tne ascend ing  porti ons of  the curves p l otted from the 
yarious cadavers used .  In add i t ton , tHe 1 eve1 s  of res u l t i ng effort and of rel a �  
t i ye def1 ection correspond i ng to the 1 1 safe11 1 im its  for tne human thorax pre
yiou s ly  establ i s hed for tnts type of restra i n t  are a l so shown i n  th i s  Figure .  

Tne tfiorac i.'c sttffness app:!ared n i'gner i n  l atera l d i rect ion than i n  A . P .  
d i rectio n ;  that i s  no surprts i ng accord ing  to the r iß  cage snape . 

I n  add i t i on ,  i n  fronta l i mpact the ri g i d i ty of the human thorax defi ned 
above i s  far l esser than that of the PART 572 dummy defined in norm 208 . 

( Under di ffP.rent test cond i t i on s  ) . 
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CONCLUS IONS . 

% 

1 .  For s i de-impact col l i si ons , data have been obta i ned concern i ng the to l e
rances of the human thorax . These data show that the rel at i ve defl ection of 
the impacted hal f-thorax ( and who l e  thorax ) is a far better i nd i cator of tho
rac i c  i nj ury sever i ty than the par�meters deri ved from measurement of acce le
rat ions on i ts periphery ( notably ,' b l ur''and ' average power :' wh ich emerge more 
c l early as i ndi cators of impact v io l ence . ) 

lt  a l so appeared i nd i spensabl e to take the test subjects 1 s ke l eton qual i ty 
i nto con s i deration for the purpose of defin i ng the thorax tol erances of l i ve 
human i nd i v i dua l s .  

A val ue correspond i ng to 35% of the rel a tive deflection of the hal f-thorax 
can be consi dered as a l im i t  for i ts tol erance , if we con s i der part i cu l arly 
those subjects wnose s kel eton qual i t ies were comparab le  to those of the l i ve 
1ndiv idua 1 s  exposed to accident r i s k .  

We a l so obtai ned dynami c  characteri' stics o f  1 1Effort/Rel at ive defl ecti on 11 , 
whi c h  enabl ed the des i gn i n g  of the "APROD'' dummy , whose dynamic  behavior i s  
c l osely s i.'mi l a r  to tliat of the human bei ng . 

A protect ion cri terion corresponding to th is  dumrny was defi ned by transpo� 
s i ng  the above�stated cri t i ca l  admi s s i b l e  yal ue i n to a measurement of i nternal  
defl ection on this  dummy . 
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2 .  For frontal col l i s i on� i nvo lv ing  restra int  with a three-poi n t  seat bel t .  
By analysing more particularly those subjects who d1 splayed representat1 ve 
skeletal qual i ty ,  we obtained thorax-tol erance data , as fol l ows : 

For defl ecti on , i t  wou l d  appear that a va l ue of 30% approx imates that of 
the tol erance of the human thorax . 

The resu l ti ng effort i s  a rel i ab le  i ndi cator of thoraci c i nj ury sever i ty ;  
a val ue o f  approximately 850 daN can be cons idered for the tol erance o f  a man 
we igh ing  75 k i l ograms . , � 

With  respect to accel erations , i t  emerges that the ' average power obtai ned 
on the bas i s  of the accel erations measured on the 12th dorsal vertebra was cor
rectly l i n ked to the occurence of  the i nj uries observed . S i nce t he pos i t i on of 
Tl2 i s  fa ir ly  l ow on the sp ina l  col umn , there are grounds for contempl at ing  
the use  of  a ehest protection crtterion based on acce l erat i on measured at the 
l evel of  T 7 .  The fi ndings for T7 wi l l  perhaps enab l e  greater ease of transpo
s i ti on to an  impact-test dummy , and s ho u l d  be presumpt i ve ly  more mean i ngfu l . 

The 11 Effort/Defl ection 11 character i s t i cs obta i ned enab led  defi n i t ion of a 
corridor i n  wh i c h  s hou l d  be l ocated the dynamic  c haracter i s t i c  of the thorax 
f lexibi l i ty of a dum!T\Y i n  frontal -impact text i n g .  I t  wi l l  then be poss i b l e  to 
def ine the protect i on cr iterion rel ated to such a dummy . 

Acknowl edgments . - A part of presented resu l ts was obtai ned i n  the frame 
work of contracts w i th the European Economic  Commun i ty (work made i n  the frame 
of "Jo int  B i omechan i ca 1  Research Project ( KOB)  ) ,  and the French Government 
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