
MULTIPLE CINEP HOTOGRAMMETRIC DETERMINATION OF THORAX 
;: 

DEFORMATION UNDER BELT LOAD 

J .  l' . Vl-:RRIEST - A. CHAPON 

O . N . S . l·: . R . - 1 .:J l > n r a L u i n· dl' s Chocs c l  de B i omecan i.q ue - BRON - FRANCE 

INTRODUCTlON 

As s hown by MACKAY , 1 1 1 s p i t c o f  b e L t  wc ar ing, t horax inj urie s are 
s t ill very frequent a n<l o[ h i gh s c vcri t y .  l n  many cases the bel t  i t s e l f  i s  
resp ons ible for t horax i nj uri� s .  

Exarni n i.ng b o L h  LhL· hl' L L  re J a t e<l inj u r i e s  and t he d i f fe rent po ssi b le 
parameters tu c• s L ima t l' L h L' t h o c1x i nj ury t o l c ranc c ,  the thorax shape variation 
under t he b e l t  loa<lfn g  i s  l i kc l y  to show a fair relat ionship with the inj ury 
p o tent ia l .  Thc purposc n [  L h i s papc r is to dcsc r i b e  n rne thodology based on a 
cincpho t o g r amml'L r i c  L 1 • c l 1 1 1 i q uL' L l i a t  w i. 1 1. bc uscd t o  eva l u n t e  thorax <lynam i c  
d e fo rrna t iun . 

! .  SEAT- lrn l .T I NJ U R L l·:s /\N i l  1 >0S S l l\L1·: l ' l\J{J\MJ::TERS OF ASSES SMENT 

Scat-b c l t  inj u r i e s  n r c q ui t e  d i ff e ren t from those re s ult i ng from 
impacts b y  rat hcr l argc anti rigi d sur face areas, such as s tecrine-whee ls or 
dashb oards. In t l i i s  l as t  c<i s c , t•xpe r. lmen t a l  s tud i e s  such as VOIGT ' s show that 
thorax inj urics gencra t e <l by a frontal i mpact , for the mos t  cons i s t  in mul­
t ip le ,  symc t rica l ,  q u i t c 1 <l l t> ra l  r i. b frncture s ; s ternum frac t ure s are very 
uncommon . 

On thl' con t rary,  : 1s  shLl\vL' d thc acc i de nt analysis o f  PATRICK and the 
cxpc r i. ll1L' l l l ;1 J  1vu rk o r  S C l l M l l lT ,  1 1 1 1 d 1 · r  SL'Ll L -bL d t  l oa d i ng ,  r c su l t i n g frac t u rt: s  �l t:'C 
e s s c nL ia l l y  l m: a tl'd a l ong t l w  s t  rap p�1 t h ,  including b o t h  t he s ternum and the 
rib s . Cons i dc ring t h l' bc l t  gcomL' t ry, t lwy are obvious l y  unsymme tri c al. 

Conc c rn i ng L lle p Li ramL• t c r  w ll t ch coul<l be used for an inj ury cri t crion , 
cadaver t c s t s  havL' shown t ha t  a c c L• l era t ion d a t a  do no t corre l a t e  with inj ury 
seve r i ty .  

ßc l. t  L L� n s i on J o ; i d s  l l < l VL' bct> n dcmonstrated as more use fu l ,  but ,  for 
an eq ual va l u c  u [  t l' ns i u n ,  L l l L' l u<JJ sustained by t h e  thorax can be very dif­
ferent, dcpe n<ling on the b l' l t  gcometry. Then the rcsu l t s  are q u i t e  specific o f  
a given imp a c L t 'un e i gur:i t i un .  T l 1 o rax dc f l e c t i on has b e e n  current ly used a s  an 
int ermed i a t c p a t·arnc t c r (•xpi·L' s s i v(' o f  t he ehe s t  responsc to impact in a l o t  o i  
expe rimenta l work w i t h  imp:1 c t u n.; (Ni\HlJM) . l t  i s  ve ry useful when the i mpa c t e d 
zonc i s  p n'de tC' rm i n e cl o r  whL·ll thL· s t r tkc• r has a sur face w i d e  e nough to p ro d u c e  

;: This work w : i s  s up p o r L L·d b y  L llL• Frc nd1 governmcnt ( DRCR-Minis t ry of Transpo r t s ) 
an<l b y  L lic Comm i s s i on o f  t l lc European Comrnun i t i e s  
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a bending loa<l i n  a l l  t he r i b s i n  a fron t a l  i mp a c t . llut i n  the case of an un­
symme t r i ca l  loa<l i.ng b y  be l t , a s in g l e  d e f l e c t ion measurement i s  not enough . 

I t  seems more adcquatc t o  know t he cxac t forcc app l i ed t o  the thorax 
and i t s  d e f o rmat ion p a t t c rn under t h i s  force . Thc knowledge of b o t h  the resul­
t an t  force and t he <l e f o rma t i on response requ i re s  a t e chniques enab l ing to 
c on t r o l  t he geomc t ri . c  va r i a t i ons o f  t he t ho r ax and t he b e l t  for al l impact 
durat ion . Thc c i nc p l 1 o t o g ramrne t r i c  t e c hn i q u c  c an p rovidc such an i n forma t i o n .  

2 .  PHOTOGR.J\MMET RIY J\N D MOT lON MEASUREMENT 

2 .  1 .  PRINC l P LE 

S t e reoph o t o g ramme t ry vnab l c s t o  d e t c rmine the p o s i t i on o f  a p o i n t  
o f  a n  obj c t  i n  t l ie t h rc e  d i me n s i onal space from a coup le of p i c tu r e s  of t h i s  
obj e c t  t aken under d i fferent ang l e s  a t  thc same t i me .  

The geome t r i c a l  p r i n c i p l c s  used to de t e rmine t h i s  pos i t ion are cx­
p o s e d  i n  app e n<li.c.:c . Thc J e L L• nn i na t ion can bc ;inalog by usc of s t e ro-au t ographs 
w h i c h  d i rec t l y p ro v i <lc the p l o t uf the ob scr vc d p o i n t s  to bui l d  contour map s .  
Thi s met hod found m:rny ap p l i c1 t i on s  i n  an t il ropumo rph i c s t u<l i e s  ( s e e  for i n s t an­
ce HERTZBERG and l l E RIWN) . l \ul  i L  n e c <l s  s o p h i  s t i  c a t c <l apparatus q u i t e  i n compa­
t i b l c w i t: l 1 l i i gi l  r<l lt•  o l  � ; l i o 0 L i 1 1g . J\1 1 : 1 l y L i c.: < 1 l 111e l 1 1 ods a re more sui t ab l c  [o r t l ic 
ana l y s i s  of rap i d  p hen omc na an<l avoid came r a  l o c a t i o n ,  shoo t i ng axi s o r i e n t a­
t i on and focal l e ng t h  con s t  r a i n t s . In t h e s e  me thod s ,  the p o i n t  p o s i t i on i s  
c a l c ul a t e d  f rom cuord i 11 < 1 t c s  mt• a s u n�<l nn [ i l ms . .1\ 1 1  needed c o r re c t i on s  can b e  
e nt e red i n  t h e  c a l c u l ;J t i o n p rugramm. 

2 .  2 .  MOT ION ME.l\SUREM.ENT 
C l a s s i c a l  photog ra1111nL• t r i c  camc ras a re n o t  conve n i e n t  f o r  mo t i on 

s t ud i e s . The mul t i p l e  c xp o s u n.• t c• c l m i q ue us i ng s t robo s co p i c l i gh t ing have 
l e d  t o  s omc a p p l. i c at i u ns ( s t•t• J\YOUB) . But i n  t h i s  doma i n , 111:1 in l y  c i nematogra­
p h i c  came ras are u s e f u l .  

Ow i ng t o  t h c.• sm;1 l l  s i z e o f t hc p i c t ure , and t h e  mechan i c a l  feature s  
o f  high s p c.·cd c:aml' r < 1 s ,  <H: c l l r; 1cy i s  l owc 1· b u l  remain s at i s fa c t o ry fo r  f i l mi ng 
rat e s  up L o  s e vc ra l i lun d n•d r ramc s / sc cond 1vi t i l  1 6  mm f i lm s i z e . 

Tl !L' p i c t u re s y1H· l i n in i s :1 t i. on p rob lcm c a n  be so l vc d  qui t e s imp ly w i t h  

two camc r as . J\s s u rn i n g  < t  ::;nw l I t imL' e rro r, c o i n c i <lent pi ctures can b e  found 
( GARHOV) . Hut , morc gencr3 l l y ,  t ime sync h ron i s a t i on of data is ob t a i ne d  by 
i n t e rp o l a t ion . 

Th i s  mot i on p i c t u rc method has been u s e d  for spart mouvement s t ud i e s  
(MILLER, DUQUET) and f o r  c r a s h  c xp e r imcn t s  ana l y s i s  ( BECKER, ROBBINS , CHAPON) . 

3 .  DYN.l\MI C THORAX DEFO RMAT I ON MEJ\SUREMENT BY MULTIPLE CINEMATOGRAPHY 

T o  s t udy t horax dc fonnat i o11 , ana lyt i c.:al pho t o gr amme t r i c  me t h od s  ap­
p l i c d  t o  c.: i 1 H'matog r aphy can s 11 i L  i r , a t a n y  momc n t ,  c nough p o i n t s  s c a t t c rcd 
a l l  ovc r t l i c  L l w rax can be lllL' a s u rc.'d . l�y l oc.: a t i ng p ropc.· r l y  thcse p o i n t s ,  i t  
i s  p os s ib l c.• t o  app rox ima t e L l i c  s u r face o f  t h e  t h o rax by a s e t  o f  p l ane face t s , 
enab l ing i n  a s e cond s t c.• p  L n  , · p;·1p u u· s c c t ion p ro f i l e s  o r  contour map s .  
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3 .  1 .  PRELIMINARY STATIC TEST 

A f i r s t  f a i s ab i l i ty t e s t  has been realized  i n  s t a t i c  cond i t i on s  on 
a b aboon ' s thorax. The subj e c t  was lying on the back on a f l at horizontal 
s urface . Two cameras ( 1 6  mm Photo Sonic I B) f i lmed the anterior  face o f  the 
t ho rax whi l e  a comp r e s s ion load was app l i ed b y  a d iagonal b e l t  ( c f  f i g .  1 ) . 

{jJ F i g .  1 
Arrangement of cinematographic cameras 

/ for t h e  stat i c  test on a baboon ' s  thora x .  
Angl e  between shooting axes  i s  about 60° . 

The points  t o be measured were defined  as inter s e c t ions of longi t udi­
n a l  and t ransve r s a l  lines  d rawn on  the  skin and on  the s t rap . Fig .  2 shows 
a coup l e  of p i ctures of the t horax, be fore load app l i ca t ion, from the t e s t  
f i lms . 

---- t horax ----

--- abdomen 

Fig . 2 

Pict ures from t he 1 6  mm fi lms taken durinR the stat ic  t est  before 
l oad app l i cat ion . The p a c e  of t he t horax grid i s  a b o u t  3 c m .  
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These f i lms are analyzed on a ßenson d i g i t iz e r  which provides the f i lm co­
o rd inates o f  the network p o i nt s .  Then t he data are p rocessed b y  a CII IRIS 80 
comp u t e r .  

On F i g .  3 ,  t he l ines l inking t h e  network p o i n t s  which have been l o­
cated,  are p roj ected on t he b ack rest p l ane . l t  mus t  be noted that the gri d 
i s  not comp lete.  
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Cont o u r  map of anteri o r  face of the 
thorax corresponding to  the surface 
shown in fig . 3 .  The shou lder re l i e f  
( right upper cornerl  a n d  the s lope o f  
t l i u r ·i'lco-nbdominal j unction ( l ow8r 

part l are c let1rly disp layocJ 

In fact some p oi n t s  can ' t  bc l ocated bc cause ei t her t hey are hi dden 
b y  t he s t rap , or thcy can ' t  be secn by both came ras (points on the edge) . Each 
q ua d r i l atera l can be  d ividcd i n t o  two t riangles by a diagonal l ine with the 
s ame orien tat i on as the s t rap . The n ,  it i.s p o s s i b l e  to compute the intersec­
t ion of t hi s  sct o f  t riang l e  w i t h  c u t t i ng p l anes . Fig . 4 shows t he in tersec­
t ion l ines ob t ained with cut t i ng p lanes paral lel  to the back re s t  and 0 , 5  cm 
spaced.  These l ines a rc equivalcnt to thc contour l ines that coul d  have been 
g i ven by an analy t i c a l  method . O t hc r  sect ions along the be l t  p l ane or trans­
ve rsal p lane s have a l s o  bccn madc . 

These curves demon s t ra t e  that  i t  i s  p o s s i b le to quan t i fy the thorax 
re l i e f  from 1 6  mm h i gh s p e c d  mo t ion p i cture s .  So,  i t  was decided t o  app ly 
t h i s  me thod t o  t he analy s i s  o f  thc over a l l  deformat ion o f  the thorax ( and 
not onl y  t he anterior facc) in dynami c t e s t s  with be l t  re s t rain t .  
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3 . 2 .  DYNAMIC TESTS 

����l�-��E�E������!-�EE��g����� 

The t e s t s  are pe rformed on medium s i ze p i gs ( 5 0-60 kg) . As shown on 
f i g .  5 ,  the subj ect i s  s i t t ing on a s l e d ,  s up p o r t e d  b y  a me t a l l i c  grating back 
rest and he l d  u p r i ght by the a i d  of three l inks fas tened t o  the upp e r  l imbs 
and the h e a d .  The thorax i s  re s t rained b y  a d i agonal s t rap p a s s i ng under the 
l e f t  s houl der .  

Front view 

- head res t raint  

- st ernum bony 
l a n dmark 

l ower l imb 
res t raint 

F i g .  5 
Side view 

Subj ect in  p lace on t h e  s l ed for a frontal 
impact 

In f a c t  p re l iminary t e s t s  have shown that , due to the p a r t i cu l a r  
ana t om i c a l  f e a t ures o f  t h e  shoulder g i r d l e  of t h e  p i g  and t h e  upward p os i t ion 
of the a rms , the normal wearing of the b e l t  l eads to app ly nearly the who le 
load on t he neck . In the chosen conf igurat i o n  the b e l t p ath c ro s s e s  the s t er­
num in i t s  lower t h i r d .  The lower part o f  the b ody is re s t rained b y  two 
st raps a round the thi ghs 

The s l ed is l aunched by a sys tem u s i n g  the energy of an i n e r t i a l  
ree l and the s t opping d i s t ance i s  cont r o l l e d  b y  t h e  deforma t i on o f  p la s t i c  
t ub e s . 

Some mechan i c a l  pa rame t e r  ( b e l t  and l i nk t en s i o n ,  thora c i c  s p i n a l  
and s t e rnal acce le rat i o n ,  s l e d dece l erat ion) as we l l  a s  phys i o logi c a l  p a ra­
me t e rs ( EKG, aort i c  p re s s ure ) are reco rded d u r ing impa c t , b u t  won ' t  be exa­
mined here . 
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The thoraci c  network of  l ongitudinal and t ransversal  l ines for the 
purpose of photogranme t ry ,  dcfines 1 20 p o i n t s  d i s t ributed a l l  ower the thorax 
and t he abdomen. To cove r  this  are a ,  5 mot ion p i cture cameras, fi lming at 
about 500 frame s / secon d ,  a re necessary . They are p o s i t i onned as shown on f i g .  6 .  
Two cameras are mounted on a r i g i d  frame fixed on the s led behind the subj ect . 
The three others are located around the stopp ing area . Three me t al l ic target s ,  
two f ixed on the spinous p rocesses  of T2 and T l 2  and one f i xe d  t o  the first 
s t ernum segment,  enab le to con t rol  the good s o l i darity  between skin and rib 
c age and to refer the external  <lef l e c t ion to internal geometric vari ation s .  

l'ig 

camera 

/ 
/ 

"" 
" 

/ 
/ 

� / 

" 

F i. g .  6 

""" Fixed ""' camera 

�® 

Top v l aw of camora arran�ement for 
uyn.�nii .c L l10 1·ax rJoformation measurement 

}�����-�!I�E-E�2�1E� 

The data from the first  t e s t s  give an i dea o f  the thorax deformat i on 
encoun t e red in  a 30 km/h front al crash. On f i g .  7 ,  the external surface of  
t he t ho rax is  d i s p l aycd by two p roj ect ion p l o t s  ( s i de view and front view) 
at  two t imes : be fore impact (t = O)  and when b e l t  tension i s  maximum 
( t  = 6 7 . 6  ms ) .  

lt  can be seen that  the st rap penetrates the t is sues c ausing a mark�d 
bent o f  t he s t e rnum. Thc : intc ro-postcrior d i ame ter dccrease reaches about 
�O % at t he leve l of stcrnum bc l t  crossing.  This c l early appears on f i g .  8 
when only the median poste r i or and anterior long i t udinal lines  have been 
d rawn . Thi s way of d i s p lay i ng wliich only necds tlle computat ion of a few points 
can be repeated with a frequency high enough to  p lot a deflection curve versus 
t ime . As belt d i rect ion and tens ion can b e  computed i n  the s ame time , the 
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dynamic load/deflect ion curvc o f  the thorax unde r belt act ion can b e  s e t  out . 
At t hi s  t ime only one curve i s  ava i l ab le an<l won ' t  b e  p re sented here. 
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CONCLUS ION 

The met hod whi c h  has been described enab les  to evaluate the thorax 
deformation unde r  the act ion of safety b e l t  in a frontal cras h .  Thi s  deforma­
t ion i s  d i sp layc<l graphi ca lly by means o f  facets surface drawing s ,  section 
p ro f i l es and contour maps . 

In a f i rs t  stage, the antero-posterior deflect ion of the thorax, 
which i s  the s imp lest deforma tion index for fron tal impact ,  wi l l  be  compared 
to t he inj ury leve l p roduced by the impact and to the other recorded parame ters 
( accelerat ion ,  force, etc . . .  ) .  These comparisons should a l low to  say i f  A-P deflec­
t ion in a good intcrmediate parameter for inj ury leve l p redi c t i on i n  f rontal 
impacts w i t h  b e l t  restraint . For othe r  configurat i on s ,  t h i s  parameter wi l l  l ikely 
be  inadequate and o t her ind ices exp r e s s ing the deformation have to  b e  searched .  
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A P P E N D I C E 

Princ ip l e  o f  d c t c rmi n a t i o n  \lf 8._P.:lc ia l  coordina t e s  

Le t A lw l:hL· po i. n L  1v ilnsc• c : u 1 1 rd i na l c s  are X, Y and Z in the f i xe d  laboratory 
coord inate sys tcm anJ x, y <.tnd 2 in the camera coordi nat e system.  The origin 
C o f  this  lat L e r  i s  lhe p u i. n t  b y w h i c h  all  the  li glt: beams forming the  image 
on t he f i lm p l ane pa s s .  I t s  coor<linates are U, V and W .  The rc lation between 
t he coo rd in.:i t c s of /\ in thc two sys tcms i s  

w i t h  
[a b Cl 

R = d e � 
g h 1 

( 1 )  

whe re R i s  a 9 cosiuc ma t r i x  c x p r e s s i n g  the c amera orientat ion with resp e c t  
to  t he f ixed rc f e rencc s y s t c m .  

From ( 1 )  a s c t  o f  two c q 1w t i on s  e ü ll be w r i. t tcn as  fol l ows 

:t. d ( X - U) + l' ( Y - V) + ( ( i.'. - \� ) 
X a (X - U) + b ( Y  - V) + c ( Z  - W) 

( 2 )  
z g (X - U) + h ( Y  V) + i ( Z  W) 
X a ( X  - U) + b ( Y - V )  + c (Z  - W) 

developping an<l rearranging ( 2 )  y ie l ds 2 equat ions o f  the form 

P1 X + p2. y 
+ l\ z Q1 

( 3) 
p� X + Ps y 

+ P.., Z = Q l. 

1n whi c h p ;i ll cl (� a n· funel i ons  o r : 

- a, b ,  c , 
c amera 

i ,  ü ,  V a n d  W 1.; h i  c:h expre ss  the locat ion and orientation of 

- y / x  and z / x  whi ch c omL' f 1:1ll11 f i  Lm ana l y s i s  as explained far the r 

I f  a s inglc cnmcriJ g i vc i.l s y s t c m  of two cquat ions for three unknowns X, y 
and Z,  thc n  Lwo camcras w i l l  be suf f i c i c n t  t o  sulve t he p roblem. 

Camera c a l i b r;i t i on and f i lm dat a reduc t ion 

Fo r each came ra t hc op t i cal sys tem can be s chemat i c al ly represented 
by fig.  A2 . Polar coortlina t e s  of  point A are R and e .  For t he image A'  they 
are R' and 8 '. The sys t em is cons idered good enough to have n o  t angen t i al 
d i s t ort ion , t he n  e = e '  . lktwcen obj ect  and image coordinate; there i s  the 
fo l lowi ng rl' l � 1 l  i. on 

R R '  
= k -

X X 1 

I f  k is  c ons t a n t t h c rl! i s  nu d i st urt i.on.  But k can vary with e and w i t h  R 
espec ially in c ase o f  w i de ;i ng lc lens e s .  The value s o f  k / x '  are measured 
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w i t h  a radial ca l ib r a t i on g r i d  and s t ored fo r further dat a  conve r s ion by 
i n t e rpo lat ion . 

For d a t a  reduc t i on, the f i lm coordina t e s  y '  and z '  of e ach point 
are measurc<l an<l c onvc r t e d  i n to polar values R ' and e . A f t e r  corre c t i on o f  
R ' (mult ip l i c at i o n  b y  k / x ' )  f o r  l e n s  d i s to r t ion and magn i f i c a t i o n ,  t he con­
ve rs ion into c n r l e s i<m c o o r<l i n a t e s  g i ve y/x and z / x  whc ih are used f o r  
r e s o l u t ion o f  equa t ions ( 3) . 

X 

z 

A ....- - -- -- -
' :w 
' 
1 

1 / 
: , 'lJ 

- - - - - - - - - - - - - - - - _ J, "  
V 

Fig .  A1 

A 

l'i � .  /\7. 

y 

Relat i o n  betwcen abj ect a n d  image coordina t e s  

i n  camera referencR s y s t em 
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