
B I OMETR I C  AND B I OMECHAN I C ,  A STAT I ST I CAL STUDY OF  THE 
H E I DE LBERG S I DE- I MPACT-DATA . 

A B S T R A C T 

by 

Dr . Wa l ter Schm i d  
Da i m l er-Benz A G ,  S i nde l f i ngen 

The mechan i sm of i nj ur i es and the capab i 1 i ty of the human body to 
to l erate mechan i c a l  l oads are of f undament a l  mean , when a safety 
equ i pment of a veh i c l e  i s  to be exam i ned . At the forens i c  i ns t i tute of 
He i de 1 berg (Prof . Schm i d t) a 1 ot of ex per i ments have been carr i ed out 
and the col l ected data-samp l e  prev i ous ana l ysed . Deepen ana l yses w i th 
methods l i ke factor-ana l ys i s  or d i scr i m i natory anal ys i s  ( i . e .  l og i s t i c  
l oca t i on) revea l that human d i mens i ons and some character i st i cs of human 
s k e l eton bones affect the probab i l i ty of i nj ur i es i n  a s i de i mpact more 
than mechan i ca l  measures l i ke  thorax acce l erat i on ,  -deforma t i on ,  bend i ng 
of body par ts  or th i ngs 1 i ke tha t .  1 n tak i ng th  i s i nto account the 
forecast of i nj ur i es i n  the case of suffer i ng a s i de col l i s i on become 
more acceptab l e .  

1 N T R 0 D U C T 1 0 N 

The He i de 1 berg exper i ments on s i de i mpac ts (mob i 1 e deformab 1 e barr i er 
aga i ns t  passenger car) were sponsored by A I F  (Arbe i tsgeme i nschaft 
i ndustr i e l l er Forschungsvere i n i gungen) and FAT (Forschungsvere i n i gung 
Automob i 1 techn i k) . 1 t be 1 ongs to the f i e 1 d of resea'rch ca 1 1  ed 
" b i omechan i c" .  

To draft  a new regu l a t i on i n  the f i e l d  of pass i ve road safety , often the 
i nformat i on of b i omechan i c  research i s  cons i dered on l y .  But th i s  i s  j u s t  
one of todays four most i mpor tant f i e l ds o f  research i n  c a r  saf ety of 
road acc i dents:  

o ana l yses of rea l road acc i de n t s ,  
o crash tes t s ,  
o s i mu l a t i on and 
o b i omechan i c .  

Mea n i ngful  exper iments have parameters based on e s t i ma t i ons der i ved f rom 
rea 1 road acc i dents . 1 n us i ng anthropotechn i ca l surrogates , not on l y 
b i omechan i ca l  concerns ( l i ke capab i l i ty to endure mechan i ca l  l oad , 
b i of i de l i ty ,  i nj ury mechan i sm) are to be cons i dered, but a l so t h i ngs 
l i ke repeatab i l i ty ( i n  one test 'house) , reproduceab i l i ty ( i n  severa l 
test houses) and cons i s tency (cor respond i ng i nf l uence of the rea l 
acc i dent scene) are of f undamenta l ·  i mpor tance. 
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At the beg i nn i ng the mathema t l ca l  s i mu l at i on of acc i dents was a s s i gned 
to m i n i m i ze the number of necessary expens i ve tes ts w l th car s . Today 
s i mu l a t i ons are usef u l  i n  research of the comp l i cate i nj ury mechan i sms 
as we l l  as i n  l ook i ng for the better des i gn-parameters of the car-bod y .  
Progress i ves b e l i e f ,  that mathemat i ca l  s i mu l a t i on can be used t o  extract 
the r eg i strat i on pap�rs of a new car . 

The ana l yses , reported here, are exc l us i ve l y  b e l ong i ng to the f i e l d  of 
research 1 1b  i omechan i c11 • Prev i ous ana 1 yses  have been made a t  the He i de 1 -
berg i ns t i tut for foren s i c  med i c i ne .  Some prom i s i ng r e l at i on s  between 
mechan i ca l  measures and the probab i l i ty of appo i nted degrees of i nj ury 
sever i ty are reported i n  / 1  /.  A remar k  i s a l so found there that i n  
deeper ana l yses i t  w i l l  be expected to f i nd other character-comb i na t i ons 
mak i ng any forecast of i nj ur i es more r e l i ab l e .  

T H E D A T A 

I n  the He i de l berg s i de- i mpac t-tests the i mpact i ng veh i c l e  was a mov i ng 
barr i er w i th a deformab l e  f ront end (CCMC-MDB) . The i mpacted veh i c l e  was 
a mod i f i ed two door OPEL-Kadett-body mounted on a s i ed .  S l ed ,  c a r -body , 
sea t ,  post-mor tem- tes t-obj ect (PMTO) and an aj us t i ng mass a l together was 
as heavy as the i mpac t i ng veh i c l e  (950 kg) . 

I n  each case a samp l e  of 208 measures were co l l ected . But not a l l  sets 
are comp l et e .  Some Characters haven ' t  been . g i ven i n  any case . O ther have 
been kept constant and were mean i ng l es s  i n  an ana l ys i s .  Each character 
has been s l gned by an abbrev l a t l on (4 d i g i ts) and some text to descr l be 
the character . 

The exper i ments have been p l anned by a F AT expert team and were par t l y  
determ i ned by ava i l ab l e  subj ec t s . Seme fundamenta l characters a r e  shown 
i n  tab l e  1 I n  a con t i ngency tabu l a t i on :  

Tab l e  1 s i de i mpac t  exper i ments i n  He i de l berg (FAT) 
some fundamental  parameters 

Sex (f fema l e  m ma l e) m f m f m f m f 
I mpact ve l oc i ty km/h 40 45 50 60 

PMTO 1 ef t 4 7 3 9 3 4 
r i gh t  2 3 8 2 1 2  

HSR l -Dummy 1 ef t 3 
r l gh t  2 

HYBR 1 0  1 1 -0ummy 1 ef t 3 
r l gh t  1 

APROO-Dummy l ef t  2 
r i gh t  3 
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Out of the or 1 g 1 n  acce l er a t i on-t i me-h i story some add i t i on a l  characters 
l i ke TTI and VC have been der i ved by us i ng the author • s  methods (/3 . �/) . 

l t  was use f u l  to s p l i t  the characters i n  sever a l  b l oc k s :  

human measures (we l i ke  t o  ca l l  i t  b l omet r i c) 
gene r a l  measures 1 i ke age,  sex , • • •  

d i mens i ons l i ke  body-we i gh t ,  - s i ze ,  • • •  

r i b-attr i butes l i ke u l t i mate l oad , cross sec t i on ,  • • •  

mechan i ca l  measures 
paramete r s  of exper i ment l l ke I mpact ve l oc i ty ,  
acce l erat i ons , ve l oc i t i es ,  deforma t l on s ,  
der i ved characters l i ke  TT I ,  VC , • • •  

i nj ur i es 
i nd i v i dua l s  l i ke  number of r i b-f ractures , • • •  

g l oba l i nforma t i on 11measured i n  the A I S-sca l a 1 1  
other sca l es { I SS ,  R I S ,  • • •  ) • 

How these b 1 ock s  are work i ng together i s demons ta ted i n  f 1 g . 1  1 i ke  a 
s i gna l d i agram common l y  pract i sed i n  control  theory .  

f i g .  1 i nput,  output and parameters to be cons i dered i ri  
s i de i mpact b l omechan i ca l  research . 

+-----> 
1 
1 
1 

------········· 

1 N P U T 
---------------

m e c h a n i c s 

mechan i ca l  measures 

j er k  
acce l erat i on 
ve l oc i ty 
deformat i on 
VTC , • • •  

***************************** 
* s i d e i m p a c t * 
***************************** 

1 
1 

······················--· 

P A R A M E T E R S 
••••••••••••••••••••••••• 

b 1 o m e t r i c 

human character i s t i cs 

age 
we i gh t  
he i gh t  
c i rcumference 

• • • TT 1 • • •  
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A N A L Y S S 

m e t h o d s 

About 25 characters i n  the He i de l berg (FAT) data descr i be the human body 
but body-he i gh t .  arm- l ength . l eg - l ength and trunk-he i ght are however 
h i gh 1 y corre l ated . 1 t wou 1 d n 1  t have made any sense to use a l l these 
measures as i ndependent characters I n  an ana l ys i s .  I n  a factor-ana l ys i s  
i t  i s  poss i b l e . to comb i ne a l l that cor re l a t i ng characters to on l y  few 
factor s .  To avo i d  prob l ems to i nterpret these factor s .  i t  i s  usefu l  to 
take j us t  one or i g i na l  character (for i ns tance the character w i th the 
best communa l i ty) as representa t i ve for the who l e  factor . 

To ana l yse the re l a t i ons between measures and i nj ur i es a method c a l l ed 
"d i sc r i m i natory-ana l ys i s" was used i n  a par t i cu l ar i mproved mu l t i ­
d i mens i ona l ver s i on of the so c a l l ed " l og i s t i c  l ocat i on" method . 

The qua l i ty of  forecast of the l i k e l i hood of certa i n  degrees of i nj ury­
sever i ty was to 1 1measure11 • Some we l l known and some new qua 1 i f i ers were 
usefu l : 

LF  the va l ue of the used ( l ogar i thm . )  l i k e l i hood-func t i on .  

Pw the probab i l i ty (%) of f orecast and observa t i on 
come together . E s t i mated w i th l i k e l i hood-func t i on .  

Vr the f r equency (%) o f  correspond i ng forecast and 
observa t i on .  l t  i s  l ess  than Pw i n  wh i ch a l so sma l l 
amounts of probab i l i ty are summer i zed . 

Vf the " f r equency (%) 1 1  of "wrong forecas t11 mu l t i  p 1 i ed by 
"d i s tance of  m i sf i red c l ass 1 1 • 

Kk the cont i ngency-coeff i c i ent of the matr i x  (con t i ngency 
tabu l a t i on) of the observated i nj ury-degrees i n  the 
l i nes  and the f orecast i nj ury-degrees i n  col umns 
(Spearman) • 

Par t l y  some other qua l i f i er s  have been proven w i thout rect i f i ca t i on .  

To check . wether a character i·s a good i nd i cator (pred i c tor . responce .  
cr i ter i on) or not . there have been chosen two d i f f erent bases for 
compar i son . I n  the f i r st  base the b i ometr i ca l  characters have been taken 
on l y .  I n  the second base the character VELO (ve l oc i ty of  i mpac t i ng 
veh i c 1 e) was an add i t i ona 1 ' i ndependen t '  character . Any character then 
was cons i dered as a good i nd i ca_to_r . when the f orecast by th i s character 
(together w i th b i ometr i c) had better qua l i f i er s  than i n  the bases . Th i s  

method i s ·• (pa"r t l y) descr i bed i n  / 1 /  and /2/ a l so .  
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i n j u r l e s  

The i nj ur i es had been 11measured11 i n  the wel l known A I S-sca l e  (abbrev i a ted 
1 nJ ur y  sca l e) separat l y  for the d i f f erent body sec t i on s  " thorax " .  
"abdomen" ,  " s p i ne" • • • • • Bra i n  i nj ur i es have not been ana l ysed . because 
of the unso l ved prob l em on how to measure at a PMTO . 

I n  the A I S -sca l e  there i s  no d i fference between cases w i th more than one 
1 nJ ury and cases w i th j ust one i nj ury . I n  the I SS ( i njury  seve r i ty  score 
the three most severe ( A I S-sca l ed) i nj ur i es are squared and added . l t  
was found that forecas t of 1 SS ( 1 n a spec 1 a 1  c 1 ass 1 f 1 ca t 1  on) has a 
h i gher qua 1 i ty than A 1 S .  Seme countab 1 e measures 1 i ke " number of broken 
r i bs1 1  and " number of r i b-f ractures11 have a l so been ana l ysed . 

R E S U L T S 

1 t was i mposs i b 1 e to ana 1 yse a 1 1  i nf ormat i on conta i ned i n  the He i de 1 -
berg s i de I mpact data i n  the meant i me .  A f i r s t  rough est i ma t i on gave the 
fo l l ow i ng surve y .  

a g e a n d b i o m e t r i c s 

S i m i l ar i nves t i ga t i ons / 1 . 3/ s howed a predom i nant ro l e  of human age i n  
b i omechan i ca l  r e l a t i ons , above a l l  when fractures of ske l e ton bones had 
to be pred l cted . Th i s  i s  unsat i sfactory .  because of a caus a t l on between 
age and i nj ur y  r i s k  mus t  be rejected . l t  i s  we l l known that the 
bone -s tucture changes dur i ng human l i f e .  I n  terms of stat i s t i cs one 
speaks i n  those cases about 1 1h i dden parameters " .  

Deepen ana l yses showed i ndeed that the b i ometr i ca l  characters der i ved 
here pred i c t skel eton i njury  r i sk much better than "age" . Abdom i na l  
i nj ur i es a r e  not at a l l  r e l ated to 1 1age1 1  but we i l to b i ometr i c .  There 
are obv i ous extreme l y  d i fferent mechan i sm when abdom i na l  i nj ur l es or r i b  
f ractures occur . That k i nd of i nj ury shou l d  not be m l xed i n  an e f f i c i ent 
ana l ys i s .  

m e c h a n i c a 1 m e a s u r e s 

The tota l amount of mechan i ca l  measures have been ana l ysed s tep by s tep 
together w i th the b i ometr i ca l  character s .  Accord i ng to th i s  l t  was found 
and i n  the enc l osed f i gures demonstrated that the or i g i na l  measures l i ke 
j e r k .  · acce l er a t i on .  ve l oc i ty • • • • •  connected w i. th b i ometr i c s  are much 
better qua l i f i ed to predeterm i ne certa i n  degrees of i njur l es than others 
l i ke TT I . w i th age. and VTC . w i thout any b i ometr l ca l  i nforma t i on .  
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h u m a n m e a s u r e s 

The b i ometr i ca l  character s  were s p l i t  i nto 3 group s :  

genera l  measures l i ke age , �ex and we i gh t .  
i mpact s i de i s  to b e  cons i dered a s  a b i ometr i ca l  
measur e ,  because of the unsymmetr i ca l  
human bod y ,  above a l l i n  i nner organs . 

body d l mens i ons 
he i gh t ,  l ength , c i rcumferenc e ,  

r i b  attr i butes (measured i n  a spec i a l  procedure) 
u l t i mate l oad , u l t i mate deforma t i on ,  
cross sect i on • • •  

F i r s t  of a 1 1  the separate groups and then the representat i ves of a 1 1  
groups together has been ana l ysed . Cor re l a t i on-coef f i c i ents of the 
genera l measures are shown i n  tab l e  2 .  

Tab l e  2 Corre l at i on of the genera l  human measures 
(Brava i s-Paer son/Spaerman) 

Charac ter 
SEX sex 
ALT age 
G EW body-we i gh t  

G E L E  l i ver we i gh t  

SEX 

-o . 1 2  
-0 . 42 
-0 . 0 1  

ALT 
-o .  1 2  

0 .  1 4  
0 . 05 

GEW 
-0 . 42 

0 .  1 4  

0 . 2 3  

GELE  
-0 . 0 1  

0 . 05 
0 . 23 

These characters are not enough cor r e l ated to do a hel pfu l  factor­
ana l ys i s .  

The human d i mens i ons have such corre l a t i ons (tab l e  3) . The 1 4  characters 
are represented by 3 factors (f i g . 2 . 3) . I n  these factors the i nforma t i on 
rema i ns to 7 1 . 6 % .  The f i r st  factor (40 . 9  % of I nformat i on) can be 
i nterpreted as "human d i mens i on1 1 • A l though the body he i gh t  i s n ' t  
dom i nant i t  can w i th success be used as the representa t i ve .  l t  i s  easy 
to know, easy to unders tand and l ess  cor r e l ated to the representa t i ves 
of the other factors (<  . 1 4) .  The second fac tor (2 1 . 5 %) can be 
i nterpreted as quot i ent of ver t i ca l  h e i ghts and hor i zont a l  
c i rcumferences . We c a l l ed i t  1 1 s l enderness 1 1 • l ts representat i ve i s  S I HO 
/ AUMF . The th i rd fac tor w i th l ess  then 1 0  % of communa l i ty represents 
the head d i mens i ons i n  r e l a t i on to that of the trunk and i ts 
representat i ve i s HUT / B EKO . 1 n th i s way human body d i mens i ons a r e  
represented by the 3 characters 

GROS body hefght ·  
SLEN  body s l enderness 
VKOR head-trunk r e l at i on 
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t 

f l g . 2 represent a t i ves of human d l mens i ons 
f actor 1 and f actor 2 

IEKO 

HUT 

IG�osl 

IE:KNGESU 
FUKN 

KUMF · - - - - -- - - -·- - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

f l g . 3  

1 
1 
' 
1 ' 
' 
' ' ' ' 
' 
1 
1 
• 

CHOH 

OU�F HUMF 

CUMll �BttE 
� 

representa t l ves of human d l mens i ons 
faetor 3 

CHOM r::::\ \::::_) 

L FAKTOR 

.:"9oo----=---··GESU·-··HUM,•••••••••••••••••••••••••••••••••••••••• 
AUMF 

SIHO CIRE 
GROSfUllN ' ' ' 
OUMF ' ' 
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Tab l e  3 Cor re l at i on of PMTO d l mens i ons 

(Brava l s-Paerson/Spaerman) 

Charac ter 

GROS 
HUT 

KUMF 
HUMF 
OUMF 
CUMF 
CHOH 

body-he i gh t  
hat s i ze 
head c i rcumference 
neck c i rcumference 
arm c i rcumference 
ehest c i rcumference 
thorax X-X 

Character 

CBRE 
AUMF 
GESU 
S I HO 
BEKN 
F UKN 
BEKO 

thorax Y-Y 
abdomen c i rcumference 
s hou l der h e i ght 
torso h e i ght 
pe l v i s-knee d i s tance 
c a l caneus-knee d i s tance 
p e l v i s-head d i s tance 

Char- HUT HUMF CUMF CBRE GESU B E KN BEKO 
acter GROS KUMF OUMF CHOH AUMF S I HO FUKN 

GROS . 33 . 38 . 3 1  . 2 8  . 1 7- . 1 5 • 1 4  . 04 . 60 . 75 . 58 . 79 . 49 
HUT . 33 . 54 . 27 . 2 2  . 29 - . 0 1  . 22 . 28 . 44  . 36 . 0 3  . 29 . 1 0  
KUMF • 38 • 54 . 62 . 34 . 4 7 • 24 . 34 . 42 . 50 . 32 . 37 . 47 . 2 1  
HUMF . 3 1  . 2 7  . 62  . 7 1  . 77 . 44 . 70 . 65 . 33 . 1 9  . 32 . 47 . 1 8  
OUMF . 28 . 22 . 34 . 7 1  . 6 7  . 30 . 56 . 60 . 25 • 1 4  . 1 9  . 40 . 1 5  
CUMF . 1 7 . 2 9  . 4 7  . 77 . 67 . 5 1  . 8 3  . 8 8  . 3 2  . 05 . 3 1  . 46 . 1 1  
CHOH - . 1 5- . 0 1  . 24 . 44 . 30 . 5 1  . 49 . 48- . 02- . 0 2  . 1 0  . 02- .02 
CBRE . 1 4  . 22 . 34 . 70 . 56 . 8 3  . 49 , 79 . 29- . 04 . 24 . 39 . 05 
AUMF . 04 . 28 . 42 . 65 . 60 . 88 . 48 . 79  . 20- . 10  . 15  . 36 . oo 
GESU . 60 . 44 . 50 . 33 . 25 . 32- .02 . 2 9  . 20 . 67 . 42 .52  . 2 3  
S I HO . 75 . 36 . 32 . 1 9 . 1 4  . 05- . 02- . 04 - . 1 0 . 67 . 4 3  . 5 2  . 29 
B E KN . 58 • 0 3 . 3 7 . 3 2 . 1 9 . 3 1  . 1 0  . 24 . 1 5  . 42 . 43 • 6 1  . 58 
FUKN . 79 • 29 . 47 .47 . 40 . 46 .02 . 39 . 36 .52 • 52 • 6 1  . 48 
BEKO . 49 . 1 0 . 2 1  . 1 8 . 1 5 . 1 1 - .02 . 05 . 00 . 2 3  . 29 . 58 . 48 
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r i b a t t r i b u t e s 

U l t i mate l oad , cross sec t i on and break i ng deforma t i on had been measured 
at the 6th . and 7th . r i b .  The concentrat i on of these 6 characters l ed to 
2 factors w i th more than 80 % cummuna l i ty but d i f f i cu l t  to i nterpret 
resu l ts .  l t  was more succesf u l  to der i ve f i r st  some add i t i ona l but easy 
to unders tand characters and then to p i ck out two of i t , s i gned w i th an 
aster i x  i n  tab l e  4 .  

Tab l e  4 : add i t i ona l r i b  attr i butes 

BSP6 
BSP7 
BEN6 
BEN7 
E NC6 
E NC7 

* BENE  
EM06 
EM07 

* EMOO 

break i ng st ress 6 .  r i b  ( l oad / deforma t i on) 
break i ng s tress 7 .  r i b  ( l oad / deformat i on) 
spe c .  break i ng stress 6 .  r i b  (stress / cross sect i on) 
spec . break i ng stress 7 .  r i b  (stress / cross sect i on) 
energy capac i ty 6 .  r i b  ( l oad * deforma t i on) 
energy capa c i ty 7 .  r i b  ( l oad * deforma t i on) 
energy capac i ty of r i bs . 5  * (ENC6 + ENC7) 
e l as t i c i ty modu l us 6 .  r i b  (stress / deformat i on) 
e l as t i c i ty modu l us 7 .  r i b  (stress / deforma t i on) 
e l as t i c i ty modu l us of r i bs (stress / deformat i on) 

The sel ected characters are i ndependent to the "human d i mens i ons" and 
very succe s f u l  i n  s tat i s t i ca l  ana l yses . 

m e c h a n i c a 1 m e a s u r e s 

On severa 1 parts of the human body acce 1 erat i ons were measured . Sur­
pr i s i ng 1 y the t i me of max i mum acce l erat i ons and the acce l erat i on i t­
s e l ves were found d i ametr i ca l  l y  opposed i n  a factor p l a n .  The i dea to 
take the j erk (d i f f erent i a t i on of acce l erat i ons) as add i t i ona l 
i nforma t i on was therefore not to far . V i a  i ntegr a t i ons of acce l erat i on 
we get ve 1 oc i ty and deformat i o n .  A t  1 eas t we have the f i ve d i f ferent 
qua l i t i es of mechan i ca l  measures : 

0 j erk 
0 acce l erat i on 
0 ve l oc i ty 
0 deformat i on 
0 s 1 • H I C  (sever i ty i ndex) 
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Thorax-deformat i ons d i dn ' t  he l p  to a good foreca s t  of any degree of 
thorac i c  i njur i es ;  for abdom i na l  i nj ur i es however the pred i c t i on qua l i ty 
was acceptab l e .  

Surpr i s i ng l y  the measures i n  X-X-d i rect i on at s ternum and sp i ne i n  
thorac i c  reg i on i mprove the qua l i ty of forecas t  of thorac i c  1 nJ ur i es .  
Th i s  i s  expl a i nab l e  by i nterpretat i on the thorax as a r i ng s tructur e .  

L 1 T E R A T U R E 

/ 1 /  F AT Schr i f tenre i he Nr . 60 : B e l a s tbar k e i tsgrenzen und Ver l etzungs­
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