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Abstra c t .  

A method wa s devel opect for exµer i menta l  stud ic:!S o f  l eg i nj ur i es i n  s i mu l a ted 
car -pedes tr i dn c o J  l ·i s i on s .  Hu111a n  l egs , ampu ta ted a t  the femur , were u sed . The 
l egs  were l oad ed wi th a ma ss corres pond i ng to the actu a l  body we ight  and were 
h i t  a t  e i ther of two d i fferent speed s ,  1 7  or 24 km/h by a bumper f i tted to 
a test car t .  A narrow r i g i d  and a wider semi -r i g i d  s tandard bumper were used 
together wi th a s i mu l a ted bonnet .  The bumpers were mounted a t  25  cm or 45 
cm above ground l eve l . A smooth and comp l i ant  i mpac t surface was a l so tested 
to i nvest i gate i ts i njury reduc i ng potenti a l . Skel eta l a nd s oft ti ssue  i n
juri es produced by th i s  techn i que  are descr i bed a nd the s i gn i f i cance of im
pact speed , bumper h i gh t  and the mechan i ca l  properti es of the fronta l car 
s tructu res are d i scus sed . 

A prospec t i ve i nv es t i ga t i on of  rea l car -pedestr i an acc i d ents i n  the Gothen
burg area i s  c omb i ned wi th a n  exper i menta l b i omecha n i ca l  s tudy i n  an attempt 
to c orre l a te the type and sever i ty of l eg i nj u r i es to the shape and mecha n i 
c a l  proper t i es of the vch i c l e  fron t structures and to d i fferent i mpac t s peeds . 

Background . 

The aggres s i veness of the veh i c l e  front des i gn i s  a documented safe ty probl em 
to pedestr i an s  h i t  by motor cars . F i sher and Ha l l  ( 1 97 2 )  and Mclean ( 1 97 2 )  
were among the f i r s t  t o  d i scuss car front s hape and pedestr i an i njury . Kramer 
et a l . ( 1 97 3 )  i nves t i ga ted frac tu re mechan i sm of l ower l egs u nder  i mpact l oad , 
Schnei der a nd B e i er ( 1 97 4 )  c ornpared dummy exper i ments and acc i d ents . Appel 
et a l . ( 1 97 5 )  d i scussed the i nf l uence of s peed a nd veh i c l e  parameters i n  
acc i d ents . As hton et a l  . ( 1 9 76 ) made a comprehens i ve rev i ew of the know l edge , 
Bacon a nd W i l s on ( 1 97 6 )  d i scussed bumper charac ter i s t i cs and Kr i eger et a l .  
( 1 97 6 )  reported f u l l sca l e  exper i ments . Kramer ( 1 97 7 )  d i s cus sed equ i va l ent 
i njury sever i ty i n  exper 'in1enta l researc h ,  We i s s  et a l .  ( 1 97 7 )  reported ex 
per i menta l au tomob i l e-pedestr i an i njury ,  Pad gaonkar et a l . ( 1 97 7 )  presented 
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a ma themati ca l  mod e l  a nd Tv1 i gg et a l . ( 1 97 7 )  a nd Ash ton et a l .  ( 1 97 7 )  d i scuss
ed car d es i gn for pedestr i a n protec ti o n .  Kuhnel  a nd Rau ( 1 978 ) d i scu ssed 
dummy f i d e l i ty a nd Luc ch i n i  and We i s s ner ( 1 97 8 )  the i nf l u ence of bumper adj u s t
ment on the k i nemati c s  of a n  i mpac ted pedestr i a n .  Data from rea l acc i d en ts as 
we l l a s  from exper i menta l testi ng u s i ng mecha n i ca l  or mathema ti ca l  s i mu l a t i ons 
of the car a nd the human body have thus been u sed to eval uate an opt i ma l  car 
exter i or .  The bumper and bannet ed ge ha ve been shown to be i mportant i nj u ry 
produc i ng s truc tures . 

A l ow mou nti ng of the bumper and a short bumper l ead d i s tance have been re
c ommend ed to m i n i m i z e  the i nj u r i es to the l ower l eg a nd knee . On the other 
hand a l ow l ead i ng ed ge of the car front seems to resu l t  i n  a h i gher impact 
ve l oc i ty of the head aga i n s t  the bannet . A smooth and comp l i ant front pro
f i l e  may red uc e  the i nj ur ies  on the l ower body segments and a l so the over a l l 
i njury sever i ty ( As hton and Mac kay 1 97 9 ) . Tests have been mad e on produc
t i on veh i c l es to show the benefi t of i ncreased i mpac t surface comp l i ance on 
the human i nj u r i es i n  car-pedes t r i a n  c o l l i s i ons ( Pr i tz 1 979 ) . Re l a ted to 
ear l i er tests on human s pec imens , a s tandard test procedure has been proposed 
for l eg i nj ury eva l ua t i o n .  An i mpac tor sys tem and a s i mu l a ted l eg have been 
suggested for th i s  ( E ppi nger and Pri tz 1 97 9 ) . There i s ,  however , no wel l 
defi ned method ava i l a b l e  to c orr e l a te the resu l ts from current exper i ments 
to rea l  a cc i d ent d a ta .  

Ma ter i a l  and mcthods . 

Th i r tys i x  human leg  speci mens ampu tated a t  m i d - femur were used . They or i g i na 
ted from i nd i v i d ua l s  1 5-92 years o f  age a nd were n o t  a ffected by s kel eta l 
abnorma l i ti es ( ta b l e  I ) .  The s pe c i mens were unemba l med but were s tored i n  a 
freezer and thawed before the tes t .  

Ta b l e  J .  Age and sex d i stri but i on i n  the ma ter i a l . 

�g� _(.l_ea rs )__ 
__ _ _  _i'.1_a_l _� _ _ _ _ ___ F_e_m_a� 

1 1 -20  2 

2 1 -50  4 3 

5 1 -70  8 3 

7 1 - 1 00 7 8 

r 2 1  1 5  

The test equ i pment devel oped used a s i mu l a ted car front to i mpact the spec i 
mens . The l eg was l oad ed a t  i mpac t by a c oncentra ted mass a pprox i mately 
corres pond i ng to the ac tua l body wei ght and wi th i ts center of grav i ty as c l os e  
a s  poss i b l e  to tha t o f  the ent i re body . The s pec imen wa s ba l a nc ed , wi th the 
knee extended . I t  was sta nd i ng in a shoe on a h i gh fr i cti on support p l atform . 
The test cart was carry i ng a s i mu l a ted bannet s tructure and a prod u c t i on car 
bumper . lt  wa s poss i b l e  to change the i mpact ve l oc i ty ,  the bumper l eve l  above 
the s u ppor t p l a tform , the bumper l ead d i stanc e ,  the bumper l ead ang l e  and 
the bannet he i gh t ,  f i gure l .  



a = bumper l eve l  
b bumper wi d th 
c = bumper l ead d i s tance 
d bonnet ed ge he i ght  
e = bumper l ead ang l e  

Fi gure l .  The ex per i menta l s et u p .  

The equ i pment wa s i ns trumented wi th hor i zonta l a nd vert ica l  force tra ns
ducers i n  the bumper mount i ng brackets , the bonnet su pport a nd the frame of 
the su pport p l a tforrn . Acce l erometers were stra pped to the s pec i mens at the 
ank l e  and at the i mpact l eve l  on the s i de  oppos i te to that i mpacted by the 
bumper . One acc e l erometer was a l s o  s trapped to the concen tra ted body rnass at 
the a pproxi mate  l evel  of i ts center of grav i ty .  Dur i ng i mpact  s i gna l s  from 
these tra nsd ucers were recorded a nd s tored on rnagnet i c  ta pe . The i mpact 
sequence was a l s o  covered by h i gh-s peed c i nema tography . After each test the 
l eg was radi ographed and d i ssec ted by the or toped i c  su rgeon , who i s  a l so the 
pr i n c i pa l  i nvesti ga tor of the real car-pedestr i an acc i dents . Same p i eces of 
bone were then ta ken from the l eg for subsequent determ i na t i on of th e bone 
rni nera l c on tent a nd the phy s i c a l  properti es of the bone . 

The l e g  was h i t  from the an teromed i a l ( - ) or the antero l a tera l ( + )  s i d e .  The 
i mpac t ang l e  i s  def i ned in f i gure 2 .  

\ ..,.__ --/! 
'�� 

Fi gure 2 .  The i mpac t a ng l e  ( r i g ht l eg ) . 
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I n  s ome experi ments ( nos . 1 7 , 23  and 3 5 )  an exaggara ted knee hyperextens i on 
wa s prevented by u s i ng a th i n  wooden s t i c k  a ttached to the spec i men . I n  three 
tests ( n os . 2 , 2 1  and 39) a reduced body mass wa s used and i n  one case ( n o .  1 8 )  
the l eg was ti l ted about 5o frorn i ts equ i l i b ri urn pos i ti on i n  the i mpact d i 
rec t i o n .  Du r i ng the test ser i es the connex i on of the body mass t o  the femur 
wa s a l tered . I n  sorne exper i rnents ( nos . 5 , 1 2 , 1 3 , 2 1 ) the ori g i na l l y  used r i g i d  
j u ncti on cau sed femor a l  frac tures proba b ly  due to s tress concen tra t i on a t  
the a ttachment poi nt . A rearrangement was made by the i ntrodu cti on o f  a un i 
versa l jo i n t ,  s i mu l a ti ng the h i p ,  wh i c h permi tted a con tro l l ed angu l a t i on of 
the l eg re l a t i ve to the body mass d ur i ng the i mpac t ( exper i ments nos . 1 5- 2 0 ;  
22-36 ) .  

A 1 0  cm w i d c  sem i - r i g i d  s tandard bumper ( SAAB99 ) was used i n  experiments 
nos . 1 - 1 6  and a 3 cm w ide  r i g i d  s tand ard bumper ( SAAB 96)  was used i n  expe
r i ments nos . 1 7 -3 1  a nd 3 4 , 3 5 .  The bumper l ead d i stance was 1 5  cm . The bumper 
l ead ang l e  wa s 60 degrees . The bannet h e i ght  was 50 cm above the bumper 
l evel . A 5 cm l ayer of p l a s t i c  foam covered the front s h i el d .  I n  three ex
per i ments one s i mi l a r  l ayer a l s o  covered the r i g i d  bumper and two such 
l ayers on the front s h i e l d  reduced the bumper l ead to z ero i n  experi ments 
( nos . 32 ,33  and 3 6 ) . The s ta t i c  d eforma t i on character i s ti cs of these front 
s tructures were tested wi th a 60 mm d i ameter i ron tube wh i ch was he ld  ver
t i ca l ly a nd pressed aga i ns t  the i 11 1µac t a rea , ta b l e  I I .  

Ta b l e  I I .  ßumper d e for111a t i on va l u es . 

Bumper Type 

No 

I mpact Deformati on 
w i d th 

cm mm 

Force 

kN  
-- - - --------- - --- - ·- - - - -· - . - . .  · ·--·- - - -- - -- ··-·----- ----

I Semi - r i g i d  SAAß 99 

I I  R i g i d  SAAB 96 

I I I  R i g i d  SAAß 96 + 
5 cm p l a s t i c foa11 1 

1 0  

3 

2 5  
l ayer 

2 5  

0 

45  

1 .  0 

> 1 . 0 

. 2 5  

The tes t cart  \'1as accel era ted t o  a c onsta n t  speed before th e col l i s i on .  I ts 
mass was approx i mately 300 kg . A l ow ( 1 6- 1 7  km/ h )  or a moderate ( 23-24 km/ h )  
i mpact vel oci ty and a l ow ( 2 5 cm)  o r  a h i gh ( 4 5  cm) bumper l evel  above the 
ground were chosen . The hee l of the shoe used on the foot was 3 . 5  cm h i g h .  
The fri cti on coeff i c i ent of the support p l a tform was a pprox imate l y  l .  

Resu l ts .  

I nj u r i es occur red i n  3 1  exper i ments , s ee tab l e  I I I .  I n  two exper irnents wi th 
l egs frorn peopl e , 1 5  and 1 6  yea r s  of  age ( nos . 2 and 1 8 ) , ep i phys eal  fractures 
of the knee were obta i ned . Sorne other typ i ca l  i nj u r i es were seen for examp l e :  
und i s p l a ced ma l l eo l a r  fracture or ank l e  l i garnent ru pture produ ced by a v i o l ent 
ti l ti ng of the ank l e  j o i n t  when th e l eg wa s h i t  by the b umper at the l ov1er 
l eve l  a nd a t  the l ower v e l oc i ty ,  c omrn i nuted t i bi a and / or f i b u l a  fracture at 
irnpact l eve l  when the l eg was h i t  at the l ower l evel  a nd a t  the h i gher vel oc i ty 
l i gament ru pture of  the knee jo i nt  oppos i te the i mpact s i d e  when the l eg 
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Ttbl• I I I .  (•perlment1I ttst d•ta.  

Ouily t\0111111•1· l111p.ti.: t Vc l o• Al:Cl' lur·a l Ion ßumpl!r 
welgtit typt •nglo clty lmp;c t  1nl.lc force ���..i ol l evel level 

Grou11� lnJury 
f r l t t l on 

force 

. .  l •9)_ . . .<� n'.J. „ . (.o) __ {�.m/�--l9J--19L_._l!_N.l,_�{�k""N)�---- A I S  

6 2  „ 10 
15 111 (80) 4/ 
56 m 75 

60 m 60 

40 m tiO 
57 III 10 
15 f 50 

8 so • 80 

72 , so 
IQ 18 III 50 
1 1  8 1  f 45 

lZ 58 m 7S 

13 79 m 1S 

14 61 '" 75 
1 5  4 2  " dO 

16 75 m 55 

1 7  - f ( 5 5 )  4/ 

18 16 m (65) 4/ 

19 - "' (15) 4/ 
zo ( 55) 4/ 

21 7d f ( 12)  4/ 

22 56 m 70 
lJ 72 f 55 
24 53 (60) 4/ 

2S 9 1  60 

26 7 2  60 

27 65 (60) 4/ 

28 69 f 45 

2 1  • 80 
45 • 25 
45 • 85 

1 45 • 85 

1 45 • 85 
1 45 • 30 
1 25 • 85 

1 25 • 80 

1 2S • 85 
25 • 85 
25 • 80 

45 • 85 
45 • 80 

1 25 - 75 
45 - 1S 

41 - 80 

I I  45 • 80 

I I  45 + 7 5 

I I  H • 80 
1 1  25 + 80 

1 1  45 • 75 

1 1  45 • 80 
1 1  45 • 75 
11  45 • 75 

1 1  45 - 15 
11 4S • 75 

II 45 75 

1 1 45 + 80 

16  
16  
17 

17 

17 
17 
16 

1 7  

24 
23 
1 7  

23 
24 

24 
24 

23 

23 

23 

23 
24 

24 

1 15 
75 

160 

160 

190 
200 
120 

10 

1 90  
160 
90 

170 
160 

170 
1 10 

160 

:> 80 

120 

190 
150 

145 

24 1 75  
23 175 

23 1 75  

2 3  210 

24 > 1 10 

ZJ ) 155 
17  155 

1 5  
60 
40 

1 5  

30 
60 
80 

90 

1 10 
160 
1 10 

40 
so 

140 
1 10 

95 

60 

130 

160 
ISO 

30 

150 
55 

105 

90 

55 

75 

75 

1 .9 
3,3  

2 .  5 

3 ,  1 

J .  I 
2 . 7  

. 9  

1 . 1  

, 9 

1 . 4  
. 6  

J.6 

J,J 

J .  7 
J .  7 

1 . J  

l . J  

l .  5 
1 . 1  
1 . 0  

. e  

1 .8 
.8 
.8 

l . 9  

1 . 1  

1 . 1  

. 1  

.4  

.8 

.4  

.8 
( . 1 

. J  

• 5 

.2 

.5 
• 2 

. 3  
< . l  

. 7  
< . l  

.2  

< . 1  

. 2 

< . 1  

. z  

. 1  
< - 1  

. 2 

.4  

. 2 

( . 1  

Und tsp l1ced b1mAl1colllr fr11.: ture 1 
Fcmore 1 op 1physl'a1 fr•cturo 3 
Ruptur• of the med ia l  l l 91ment 3 
ot the knee 

Part l a 1 rupture of the med h 1 11 gl• 
ment of the knee 
Fttn0ral fr.al the mass connuton 
Knee l i gament sprein 
Rupt.of the onterlor pert of tht 
deltold l i garnont 
Rupt.of th• antertor part of tht 
de I totd l i g•ment 
Fr.of t lbh and f1bula ot t mpte t ltv.J 

Undisplaced blmalleolar fract. 2 
Fr.of the med i o l  mdlleolu' + fr. 
of fibula at Impact le;el 
Femoral f r . 1 t  the mau connexton 

femortl tr.1t the mau connex ton • (2)  
rupt . of tht mt!d h l 1 1 g•ment o f  thl 
knee 
Rupt.of th1 •ntertor taloflbu 1 .  l l 9if1,J 
Rupt.of tht latoral l t gament of J 
thu kneo 
Und lspl•ced pa td hr fr .  + rupt.of 
the postertor cruchte l l g•m•nt 
Compreu ton fr.of tht medhl tt• 
b l a l  condylt 

Undhphctd t l b h l  tPIPhYIHl frecturt l/  

NO lnj ury 
f r . o f  the med i a l  malleolus + fr.of 
f l b u l e  e t  lmp1ct levtl 
fr.of femur at tht m1u connulon (2 )  
• sm• l l  fr.of the l atera l  t l b l 1 I  
phte1u 2/ 
Kntt l t gtment 1pr1tn 
Convntnuted fr.of the fcmortl condy l e  J 

Avulsion f r . o f  tht medh l l tguitnt 
of tht knco 31 
fr.of the t l b l • I  pl1tuu • fr. of 
the flbular hud 
Rupture of the lateral l l gament 
of the knee J/ 
Rupture of the 1a ter11 1 1  gament 
of thc knet J/ 
Part.rupt.of thc ml'd l a l  l l gam.of tht 3 
knee + rupt . of the Uloflbular 
1 i  gament 3/ 

29 33 f 5S I I  25 • 75 23 175 >150 1 .0 . J fr.of t i b l a  at Impac t level + fr. 

30 16 II 55 
31 70 III 70 
32 92 III 75 

JJ 1 l 111 RO 
34 71 "' 75 
35 82 , (55) 4/ 
36 82 f (S5) 4/ 

1 1  25 • 80 

I I  25 • 7S 
1 1 1 20•45 . 75 

I I  l 20·H + UO 
1 1  25 + 80 
r 1 25 - 15 

r 1 1 20-45 • 15 

1 7  
24 
23 

23 
24 

24 
24 

1 10 
160 
10 

71) 
1 75  
1 70  
90 

1 /  Tht ltg wu tl l ttd 5° I n  tht d > rtction of lmp1c t . 
2/ A �P.duc� "bOtJy MU" ( 1 2  k•J) w4\ uHil. 

150 
160 
95 

140 
160 
160 
160 

.8 
1 . 2  
. 7 

. 1  
1 . J  

. ;  

. 1  

• 7 
. J  
. 4  

. 5 
, J  
. 3 
. 2  

o f  fibula a t  the a n k l t  

� �lmuy iaju� V 
fr.of t 1 b i a  and fibula at imp. lev.3/ 3 
Undlsplaced fr.of the med i a l  2 
mal leolu• 3/ 
llrnt t 1 µ l "cl'il f r . o f  tll� m1•d h l  m a l l t o l . Z  
N o  tnJury 
Fr.of t t b h  and flbula H tmp. ltv. 

Undlsplaced blmal leolar fr. + 
fr.or the flbular head 

J/ A "htt" femora l fracturt occurred at the mau connex1on. 
4/ Thr numhcr t n brtckt"t\ ctc-nu tt·' thc 11c tu4' 1 1 oad usl"C1, 
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was h i t a t  the h i gher l evel  a nd a t  the l ower or the h i gher speed , frac ture of 
the t i b i a l  or femoral  c ondy l e  when the l eg was h i t  by the bumper at the h i gher 
l evel  and a t  the h i gher vel oc i ty .  No knee i nj u r i es occurred when the l eg was 
h i t  at the l ower l eve l . 

I n  seven exper i ments femoral  fractures were produ ced l a te i n  the i mpact 
sequence v i z .  when the body ma ss was h i t by the bonnet edge . I n  s i x  of these 
a pri mary i nj u ry had a l ready been produced by the bumper . By the i ntroducti on 
of a deformab l e  a l umi n i um d i sc to control  the angu l a t i on of the l eg re l a t i ve 
to the body ma s s  i t  s eems to be pos s i b l e  to suff i c i ent ly  reduce the stress 
conc entra t i on at the femur a ttac hment . 

A hypothes i s  was presented s ta t i ng that the use of one concentra ted body mass 
i ns tead of the more d i stri bu ted mass of a human body wou l d  l ead to a del ayed 
trans l a ti ona l  movement of the s i mu l a ted pel v i c  regi on a nd thus change the 
k i nemat i cs of the l eg i n  re l a t i on to real acc iden ts . In order to test t h i s  
hypo thes i s  f i l ms from cada ver tests made at Wayne Sta te Un i ver s i ty were exa
mi ned . In these i t  was not pos s i b l e  to d etect a ny tran s l a t i on of the pel v i c 
regi on before i t  wa s h i t  by the bonnet edge of the car . I n  tes t number 2 1  
and i n  one add i ti ona l test ( n o .  3 9 ,  wh i ch i s  not i n c l ud ed i n  tab l e  I I I )  an 
a ttempt was made to test the hypothes i s exper i menta l ly .  The body mass was 
therefore red uced to 1 2  kg i n  these exper i ments and the t i me after i mpact 
when th i s  redu ced mass begun i ts trans l a t i ona l movement  was compared wi th 
tha t of the or i gi na l  mass i n  tests at equa l  i mpact s peed . For both the or i g i 
na l  and the red uc ed mass the trans l a t i onal movement begun w i th i n  a 5 ms t i me 
i nterva l  30 ms a fter the f i r s t  contac t between th e bumper a nd the l ower l eg .  
No s i gn i f i ca n t  d i fference c ou l d  be noted between the two d i fferent masses used . 

The type o f  i nj u ry wa s not c l early r e l a ted to age or sex . The bone s trength 
and mi ner a l  content have not yet been determi ned . In tests nos . 3 2 , 33 and 
36 a smooth , c omp l i ant front mod i f i cat i on was used . In these exper i ments 
l ower bumper forces were recorded , . 7  kN i n  a l l three tests as compared to 
a mea n v a l u e  of l . 2  kN ( . 9- 1 . 7 k N )  i n  the corres pond i n g  n i ne exper i ments 
( nos . 9 , 1 0 , 1 4 , 1 9 , 20 , 29 , 3 1 , 3 4  a nd 3 5 )  wi th the two prod u c t i on bumpers . Even 
when the body wei ghts are taken i n to a ccount th i s  d i fference rema i ns .  No ob-
vi ous corre l a t i ons were noted between the bumper forces , ground fr i c t i on forces , 
the acc e l erat i ons of the foot and l eg recorded and the i nj ury rati ngs i n  the 
other exper i ments , nor d i d  the impact a ng l e  seem to matter . 

The i nj ury rat i ngs a t  the two v e l oc i � i es u sed and a t  the two bumper mounti ng 
l ev e l s  d i ffered s i gn i f i cant ly  i n  a 'X.: -test on the 95% l evel ( ta b l es IV and V ) .  

Tab l e  I V .  A I S  v s .  ve l oc i ty Tab l e  v .  A I S  vs . bumper l evel . 

A I S  Ve l oc i  ty ( km/h )  Tota l A I S  Bumper l eve l  ( cm )  Total 
1 7  24 25 45 

·---

.!: 2 7 6 1 3  .s 2 9 4 1 3  

3 3 1 3  1 6  - 3 5 n 1 6  
-- ----

I 1 0  1 9  29 L 1 4  1 5  29 

%
2 

= 3 . 9 1  i} = 4 .  1 4  
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Tab l e  V I  i nd i c a tes the A I S  rati ngs for the d i fferent vel oci t i e s ,  bumper l e 
vel s and bumper types . Tests nos . 5 , 1 2 ,  1 3  and 2 1  were excl uded i n  these ca l 
cu l at i ons beca use of the fractures wh i ch occurred a t  the body mass c onnex i on . 

Tab l e  V I . Mean A I S  re la ted to ve l oc i ty ,  bumper type , bumper l eve l and 
number of tes ts . 

--- -··-·------ -----·--· ·--- -- --·---- --·---· ··---- - -

Ve l oc i ty ßumper Mean A l S  ( number of tes t s )  Mean ( number 
type A IS  of  tes ts )  

Bu111per l eve l 

km/h 2 5  cm 45  cm 
·------·-- ----- - - „ --·--

2 . 0 ( 4 )  2 . 5  ( 4 )  

1 7  I I 0 ( l ) 3 ( l ) 2 .  l ( l 0 )  
I ; I I  l .  6 ( 5 )  2 . 6 ( 5 )  

·-- - - - - ----- ··--· - - ------ - - --- ·-- --- - -- --

I 2 . 7  ( 3 )  3 . 0  ( 2 )  

24 I I l . 8 ( 6 )  2 . 8  ( 8 )  2 . 5  ( 1 9 )  

I ; I I  2 .  1 ( 9 )  2 . 8  ( 1 0 )  

1 7 ;  2 4  1 '  I I  1 . 9 ( 1 4 )  2 . 7  ( 1 5 )  2 . 3  ( 29 )  
---· - ··----

24 I I I " Level " 20-45 cm 2 . 0  ( 3 )  
---- -- -- - --·--- -------- ---

A v e l oc i ty i ncrement from 1 7  to 24 km/h rai sed the mean A I S  l eve l from 2 . 1  
to 2 . 5 . The h i gher bumper l eve l  cau sed a n  i ncrease i n  the mean A I S  from l . 9  
to 2 . 7  ma i n ly due to the knec i nj u r i es wh i c h  occurred i n  every test wi th a 
h i gh bumper mount ing  l eve l .  A h i gller A I S  rate seemed to appear for bumper 
type I as c ompared to bumper type I I .  However , the tes t performances were 
var i ed and the number of tests are yet too snß l l to j u sti fy thi s concl u s i on .  
Bumper type I I I  caused s imi l a r  i nj ur i es i n  a l l  three tests : und i spl aced 
ma l l eo l a r  frac tures and i n  one case a l s o a parti a l  l i gament i njury of the 
knee . Al l these i nj ur i es were g i ven the AIS ra t i ng of 2 .  The d i fference i n  
A I S  ra t i ng for bumpers of type I I I  as  compared to bumpers of ty pes I and I I  
are not s ta t i s ti ca l ly  s i gn i f i c a n t .  

D i scus s i on .  

I n  th i s  f i rst  repo r t  fro111 a cont i nu i ng test seri es the experi menta l c ond i t i ons 
were va ri ed to obta i n  d i fferent i nj u r i es . The age range was l arge and the 
l oad s as we l l  as the i mpac t ang l es d i ffered . The i n fl uence of  the h i gh fr i c
t i on surface of the support p l a tform i s  not yet c l ear . I n  mos t  cases the 
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fri cti on forces recorded were l ow and thi s may be exp l a i ned by the reduced 
normal  l oad on the p l a tform wh i ch occ u rred when the l eg wa s forced to bend 
dur i ng the i mpac t .  

A h i gh i njury i n c i d ence was obtai ned ( 86%) . L i gament i nj u r i es occurred i n  
fourteen exper i ments , e ight  of wh i c h  were g i ven a n  A I S  rat i ng o f  3 .  The ex
tended knee pos i t i on i s rwobab ly an  u nfavourab 1 e one , but was used to ensure 
the f u l l l oad i ng of the l eg .  I n  norma l  wa l k i ng the knee i s  f l exed dur i ng the 
maj or part of the wa l k i ng cyc l e  and t h i s  may to some extent i nf l uence the 
r i s k  of knee i nj u r i es . The l eg i s  a l s o  not fu l ly l oaded dur i ng  a cons i derab l e  
part o f  the wa l k i ng cyc l e  a nd the l eg may therefore be pus hed away s omewh a t  
eas i er by a s tr i k i ng car . On the other hand the i nj u r i es obta i ned shou ld  be 
cons i d ered to be  m i n imum i nj ur i es for these cond i t i ons  s i nce the l eg was 
c a tc hed i n  a protec t i ve net after the co l l i s i on to prevent second ary d i s 
l oc a t i ons . The i nj u r i es caused by the bannet ed ge were n o t  i nvesti gated i n  
th i s  s tudy . For th i s  to be d one a mod i f i ed body-mass connex i on i s  probab ly  
needed . Open fractures and ser i ous  i nj u r i es ( A I S > 3 )  were not s een . A 
h i gher ve l oc i ty wou l d  probab ly be needed to obta i n  such  i nj ur i es . The cuta
neous i nj u r i es were a l l  of a mi nor degree . The mu scu l a r a nd subcutaneous 
i nj u r i es were not exami ned here , a l though those soft ti ssue  i nj ur i es are 
i mporta nt  i n  rea l acc i d ents s i nce they wi l l  probably extend the hea l i ng time 
of a ny ad jacent frac ture . 

Compared to the ea r l i er i nves t i ga t i ons of thi s type by Kramer et a l .  ( 1 973 ) ,  
Kr i eger et a l .  ( 1 97 6 )  and We i s s et a l . ( 1 977 ) the resu l ts i n  th i s  study are 
somewhat d i fferent .  Kramer et a l . ( 1 97 3 )  i nvest i gated the i nj u r i es caused 
by a d i rect b l ow on cada vers w i th no s tat i c l oad on the l eg s .  The resu l ts 
descri bed were on l y  ti b i a l  fra c tures a t  the i mpact l eve l . The c r i ti ca l  speed 
l i m i t for these frac tures ( v 5 0 )  wa s about 24 km/ h .  I n  our i nvesti gati on 
n i ne exper i ments ( nos . 9 ,  1 0 ,  1 4 ,  1 9 . 20 , 29 , 3 1 , 3 4  a nd 3 5 )  were performed at th i s  
ve l oc i ty wi th a 2 5  cm bumper l eve l . I n  f i ve tes ts ( nos . 9 , 2 0 , 2 9 , 3 1  and 35 )  
l ower l eg fra c tures occurred a t  the impac t l eve l . I n  three cases , however , 
( nos 1 0 , 1 4  and 2 0 )  ma l l eo l ar  fractures or a n k l e  l i gament i nj u r i e s  occurred 
probably d ue to th e ground reac t i on forc e .  The max i mum i mpact force i n  our 
i nves t i g a t i on was 3 . 7  kN c ornpared to the " cr i ti cal  forc e "  of 4 . 3  kN ac cor
d i ng to Kramer et a l .  ( 1 97 3 ) . 

Kri eger et a l .  ( 1 97 6 )  made  f i ve experi ments w i th  c adavers h i t  by a car . The 
resu l ts ma i n ly cons i s ts of acc e l erometer data and the i nj ur ies  were not 
descri bed in d eta i l .  

Wei s s  et a l .  ( 1 977 ) mad e fi fteen exper i ments wi th cada vers h i t  by a ca r .  A 
c ompar i son was mad e  between the i nj u r i es cau sed by a r i g i d  i mpac tor at a 
s tandard ( 50 cm) or a l ow ( 35 cm) h e i g h t  a nd a soft  i mpac tor a t  varyi ng hei ghts . 
The v e l oc i ty range ( 1 7-45 km/h ) was greater than i n  our exper i ments and the 
number of exper i ments i n  eac h group was srnal l .  They do  not descr i be any l i ga
ment i nj u r i es or ma l l eo l a r  frac tures . However , the conc l u s i on that a l ow 
bumper l evc l  wi l l  be favoura b l e  for the l eg i mpact i s  i n  good agreement 
w i th ours .  

I n  th i s  presentat i on the abbrev i a ted i nj ury sca l e  i s  u sed . The c omprehens i ve 
i njury sca l e  i s  more d i fferentia ted but  i n  our op i n i on s ti l l  not  enough 
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deta i l ed .  A more d i s t i nc t  i nj ury sca l e  wou l d  µrobably be more su i ta b l e for 
s tud i es of the i nf l uence of the bumper and front des i gn on the l eg i nj u r i es 
i n  a mode l  l i ke th i s .  

The mode l  descri bed i s  ca pa b l e  of s i mu l a ti ng some of the l eg i nj ury mec ha
n i sms ac t i ng in  rea l acc i d ents . A math emat ica l  or  non b i o l og i cal  mod e l  can  
be  used to  s i mu l a te other deta i l s .  Th i s  exper i menta l mod e l  may for th i s  
reason be the correl a t i ng l i n k  between rea l a cc i d ents and other theoreti ca l  
and mech a n i c a l  mod e l s .  Such a l i n k i s  urgent ly  needed for further stud i es 
i n  th i s  f i e l d .  

Conc l u s i on s .  

The test procedure and the exper imental  equ i pment descri bed can rather wel l 
s i mu l a te the b i omechani cs a nd d i sc l ose the i nj ury mechan i sms of the bumper - l eg 
impact seen i n  real car-pedestr i an acci dents . 

Ser i ous ( A I S > 3 )  i nj u r i es are not seen a t  v e l oci t i es b e l ow 25  km/ h .  Howeve r ,  
severe ( A I S = 3 )  i njur i es a l ready occur a t  1 7  km/ h .  

A 45 cm bumper l evel  c aused knee i njur i e s .  A 2 5  cm bumper l eve l d i d  not .  The 
A I S  rati ng of the i nj ur i es cau sed by the 45 cm bumper l evel  wa s s i gn i f i cant ly  
h i gher than  those cau sed by the  25  cm  l evel . 

The c omp l i ance of the i mpac t i ng surface  i s  probab l y  i mporta nt .  An i mpact 
zone rangi ng from 20  to 45 cm wi th a smooth and s oft surface i s  supposed to 
mi t i ga te the l eg i nj ur i es i n  ca r-pedestri an c o l l i s i ons . 

Ac know l ed gements . 

Th i s  work has been acc omp l i shed under a contract entered w i th the Comm i s s i on 
of the European Commu n i t i e s .  
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