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Abstract 
A b i omechan i cal model was used for experimental stud ies  of l eg injuries  

in  car-pedestrian accidents . Human leg  spec imens i ncl uding  the h ip  joint  were 
l oaded by a concentrated body mass ,  bal anced on an i n strumented pl atform and 
impacted by a s i mul ated car front mounted on a test cart.  Injuries  to the 
d i fferent parts of the l eg spec imens were ana lysed for var i ous bumper l evel s ,  
bumper l ead  angl e s ,  and bonnet edge heights at  impact ve l oc i ties  20 - 28 km/ h .  
An energy absorb i ng and force l im i t i ng  bumper was tested at  23 and 42 cm 
impact l eve l s .  A compari son i s  made of the i njur ies  seen i n  real acc i dents and 
the poss i b i l i ty to mi t i gate these injuries  by mod i fy ing  the car front i s  
d i scusse d .  

Introduct ion 
The i nj ury mechan i sm in rea l car-pedestrian acci dents is sometimes obv i o u s :  

l ower l e g  a n d  knee i njuries  are caused by the bumper impact ,  i njuries  i n  
t he h i p  and pe l v i s  a rea by the bonnet edge and head i njuries  by the head impact 
on t he bonnet or in the windscreen area . Other deta i l s  of the impact k i nemat ics  
are l ess obv i ous and  t h i s  wi l l  perpetuate the d i scuss i on of how to  mit i gate 
the i njuries  in t h i s  type of acc i dents .  The fi rst impact of the car i nfl uences 
the k i nemat ics  of the body during the l ater part of the col l i s i on and thus a l so 
the i njuries  caused by secondary impacts .  The connect i ons between head injur ies 
and the bumper l evel , the bumper l ead  angl e and the bonnet edge he i ght are not 
conc l u s i ve .  Theoret i cal l y  the parameters wh ich  determinate the body rotat i on 
after the primary impact shou l d  be the bumper l e vel , the bumper l ead  ang l e  and 
the bonnet edge he i ght .  In a mathemat ica l  s imul a t i on of the body k i nemat ics  i n  
a car-pedestr ian acc i dent Lestrel i n  et  al . ( 1 980 ) showed a somewhat h i gher 
impact ve l oc i ty of the head if the bumper l evel was l owered from 50 to 40-35 cm.  
The same was obta i ned i f  the bumper l ead angle wa s d imi n i shed . The bonnet edge 
may a l so cause knee i njur ies  when the body i s  thrown up in the a i r .  Th i s  has 
been not i ced  i n  a c l i n i ca l  study ( Bunketorp , Romanus 1 981  ) .  Thus , there might 
be at  l east  two pos s i b l e  knee i njury mechani sms re l ated to the impact of 
the ca r front.  

Scope 
T h i s  study was made to i nvest igate the i njury mechan i sms and the tol erance 

l evel of human l eg spec imens impacted by a s i mul ated car front and to correl ate 
these resul ts to i njuries  i n  rea l acc i dents . 
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Materia l  and method 
��e��i��Q!�l-��!-�e 

An exper imenta l model for the study of l ower leg and knee i njur ies  seen 
i n  car�pedestrian acc i dents has been described earl i e r  (Al dman e t  a l . 1 979 ) .  
In  the previous test series human l eg spec imens amputated at  mi d-femur were 
used . In th i s  study the l eg specimens i nc l uded a l so t he h i p  jo i nt  and the 
l ower part of the i l iac  bone . The spec imens were l oaded by a concentrated body 
mas s ,  bal anced on an i nstrumented p l atform and impacted by a s imu l a ted car front 
mounted on a test cart . In most cases the spec imens were pl aced vert i ca l l y  
wi th the knee extended and l oaded by a s imul a ted body ma s s .  The impact angl es  
i n  these cases were 70 - 80  degrees ,  i . e .  the test cart i mpacted at  the antero
l ateral aspect of  the spec imens . In  some cases the l oad was reduced to  study 
the infl uence of the ground reaction forces . The fol l owi ng quant i t i es  were 
recorded and stored on magnet ic  tape : the impact forces on the bumper and 
the bonnet edge , the reaction forces on t he support p l a tform and the acce l e ra 
t i on data from three acce l e rometers strapped a s  c l ose a s  poss i b l e  t o  the centers 
of gra v i ty of the l ower l e g ,  the femur and the body mas s .  The i mpact sequence 
was a l so covered by h i gh-speed c i nematography .  The exper imental set up i s  
i l l ustrated i n  F igure 1 .  
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F i g .  1 - The experimenta l  set up . 
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A rigid metal bumper wi th 3 cm impact width was used in  some of the ex
per iments . In the other a force-l i m i t ing bumper model was i nvesti gated ( F i g .  2 ) . 
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F i g .  2 - The force l im it ing  bumper model . 

M e t a. t  su..pport  

The damp ing  e l ements of th i s  bumper cons i s ted of an a l umi n i um tube with 
approx i mate l y  1 . 5  kN max ima l  deformat i on force mounted between two wooden p l a tes 
and a 2 . 5  cm th ick  polyurethan pl ast ic  foam l ayer covering  the front p l ate .  
During impact the a l umin i um tube deformed p la stical l y .  The max imal deformation 
d i stance of the tube was 1 0  cm. The coeff i c i ent of resti tut ion of the poly
urethan foam l ayer was 0 . 4 .  The ma ss of the or ig ina l  metal bumper and the 
force l imi t i ng  bumper model was 3 kg and 1 kg respec t i vel y .  In some cases the 
bonnet wa s demounted to separate l y  study the i nfl uence of the bumper impact .  

�2Q�-�!!:�Q9!� 
The bone strength of the spec imens were est imated from the bone mi neral 

content ( BMC ) ,  measured by d ichromat ic  absorptiometry . In th i s  method two mono
energet i c  rad i onuc l i des , 241Am and  1 37cs , are detected s imul taneously  by a 
sc i nt i l l at ion  detector ( Roos , Sköl dborn 1 974 , Roos 1 97 5 )  wi th i n termi ttent 
scann i n g  transversa l l y  across the spec ime n .  The BMC i s  obta ined by i ntegrat ion  of 
the bone prof i l e  curve and is expressed i n  the un i ts of grams hydroxyapa t i te /cm . 

Scans were made at  the midpo i n t  of the l ower l eg ( T  + Fi.) , the t ib ial condyl e 
( TC ) ,  and  the midpo i n t  of the femur ( Fe) ( F i g .  3 ) .  The sum of the BMC val ues at  
these three measuring  po ints  wa s con s i dered approx i ma te l y  rel a ted to  the bone 
strength . 

De t e. c tor 

1 1 1 

� � o urc. €.  
F ig .  3 - Bone mineral content measu rements . 
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The i nstab i l i ty i ncrement of the knee jo int  caused by the i mpact was 
estimated . A knee i n stab i l i ty i ndex ( K I )  was ca l cu l ated us ing  the formu l a  

K I  = l x E i  x l x E s  ( degrees x m m ;  E i n , Es m> O ; n n m m 
where 
i 1 knee hyperextens i on d i fference ( degree s )  
i 2 = varus-va l gu s  i nstabi l i ty d ifferenc e ,  knee extended ( degree s )  
i 3 = varus-va l gus i n stab i l i ty d i fference , knee fl exed 30° , ( degrees ) 
i4 = axia l  rotat i on d ifference , knee fl exed 30° , ( degrees ) 
s l = sagi tta l  i nsta� i l i ty di fference , l ower l eg outward rotated , 

knee fl exed 30 ( mm )  
s2 = sagi tta 1 i nstabi  1 i ty 

knee fl exed 300 ( mm )  
d i ff erence , · 1 ower l eg i nward rotated , 

S3 = sagi tta 1 i nstab i l i ty d i fference , l ower l eg neutral , knee fl exed 30° ( mm ) .  

The spec imens were radi ographed before and after the tests and d i ssected 
by one of the orthopaedic surgeons who was the principal  i nvesti gator of 
the real car-pedestrian acc i dents ( O . B . ) .  

If  no s i gn i f i cant injuries were noted i n  the knee or  the l ower l eg  
the spec i mens were used a second t i me .  2 Stat i st ica l  tests were made w ith  the 'X -method us ing  Yates correcti on 
for sma l l  samp les  ( Maxwe l l  1 96 1 ) .  

Resu l ts 
N i neteen l eg spec i mens were used i n  24 experiments .  They ori g i na ted from 

i ndi v i dua l s  4 7  - 92 years of age .  Tab l e s  1 ,  2 ,  and 3 show the test cond i t i ons , 
the k inetic  data and the i njuri e s .  

�i9i9_���e�c-�!_1�-��-!���!-�i!b_ec2�iQ�Q!_�QQQ�!-�99� ( Nos 1 - 5 )  
The r i g i d  bumper was used i n  experiments nos 1 - 5 a t  42  cm l evel . 

Th is  corresponds to 6 - 9 cm bel ow the knee jo i nt .  The bumper l ead  angle  was 
85 degrees , t he bonnet edge he i ght 71 cm ,  i . e .  approx imate l y  at t he mi d-femur 
l evel  and the impact ve l oc i ty 20 - 28 km/ h .  In experiments nos 1 - 3 a l ow 
body mass was used ( 2 3  kg ) .  In  the other two tests ( nos 4 and 5 )  the body mass 
was 71  kg.  The impact angle was 70 - 80 degree s ,  i . e .  the spec imens were 
impacted at  t he antero lateral aspects . In a l l  these cases severe knee i njuries  
were note d .  The  body mass d i d  not i nfl uence the type and sever ity of  
the injuries  a s  can  be  seen i n  exper iments nos  2 and 3 compared to 4 and 5 .  
The knee i njury i n  test no 1 wi th the l ower impact vel oc i ty 20 km/h was l ess 
severe than in the other cases as t he cruc iate l i gaments were not ruptured 
but the max imum AIS  for the knee i njur ies  were 3 in a l l  these exper iments . 
The i njury mechani sms wi th the bumper and the bonnet edge i n  t h i s  set up are 
i l l ustrated i n  F i gure 4 ( experiment no 5 ) . 

246 



TABLE 1 TEST CONDITIONS 

1- -- -·- - ---
Specimen . . -· - - B-o�n�t Bumoer � Velo-· 1 1 1 

1 1 

• 1 
! ' 

: 1 

Exp Spec Age, Weight Tibia 
No No sex 

kg 

1 40 68m 5.6 
2 
3 
4 
5 

4 1  
42 
43 
44 

87m 6.0 
75m 5.5 
79f 5.5 
6 1 m  6.5 

lengnt con-
dyle 
width 

cm mm 

- --- ·-· - ··· - ··- - ·  

38 
37 
37 
37 
39 

88 
88 
8 1  
80 
96 

Bone- ·srmu1. 

.
. .  Im.:-· edge Lead Levei Ty city 

mine- body pact height angle pe 
ral weight angle 
con- (o<) 3) 4) 
tent 
(BMC) kg 
g/cm 

deg. cm deg cm m/h 

1 1 .7 23 
16.7 . 23 
15.1  23 

70 
80 
70 
70 
70 

7 1  
7 1  
7 1  
7 1  
7 1  

85 
85 
85 

42 
42 
42 

R 20 
R 25 
R 25 

9.4 
15.1  

71 
71 

85 42 
85 42 

R 27 I 
-·----·--- - · - - - - ··---- ---- ----- --- ------- - - - - ·----·-··-- - - · - -

R 28 __ _ _ , 
6 
7 
8 
9 

49 
53 
54 
57 

1 0  58 
1 1  55 
1 2  56 
1 3  59 

33 
38 
39 
35 
42 
37 
35 
36 

76 
88 
84 
79 
88 
84 
76 
86 

10.8 
15.7 
15.4 
1 2.5 
17.0 
1 3.0 
10.9 
1 8.3 

26 70 7 1  60/75 42 D 26 
26 70 7 1  60/75 42 D 25 
45 70 71 60/75 42 D 25 

- � - - ··- . .. . . - --·- ------- --·- . ·-·-
45 70 7 1  75/90 23 D 26 

D 26 
D 26 
D 26 
D 26 

1 14 60 

8 1 f  4.5 
79m 6.7 
77m 6.3 
78m 4.5 
90m 6.5 
75m 5.6 
89f 5.0 
92f 5.3 
47m 5.7 34 82 1 1 .8 

45 
45 
45 
45 
45 
71 1) 

70 
70 
70 
70 
70 
70 
70 
70 

71 
52 
52 
82 
82 

75/90 23 
60/75 23 
60/75 23 
45/50 23 
45/50 23 D 26 

r- ·--·-- -- -- . ------------· ·-i 1 5  45 86m 5.5 
77f 6.2 

37 87 9.6 
1 6  46 39 8 1  10.9 71 
1 7  47 69m 5.5 32 84 14.3 71 

: 18 48 82m 5.5 39 97 12.3 71 !----- - ·  . - ----6)-·-·-··--·--- . 
' 19  50 84f 4.5 37 

. ·- - - -- -·- - - · - -···· - - -:-21-· - - . 

82 13.1 26 ' 1 ! 20 51 86m 5.5 37 87 9.6 262) 
1 
i 
: 
. 

2 1  52 
22 61  
23 62 
24 63 

66m 5.5 32 
36 

84 14.3 262) 

92f 5.3 
75m 5.6 
47m 5.7 

37 
34 

1 )  Load on platform: 45 kg 

86 
84 
82 

1 8.3 
1 3.0 
1 1 .8 

2) Load on platform: 5-10 kg, knee 
flexed 45 degrees 

3) In experiments no - 6-24 : values with 

45 
45 
45 

the aluminium tube intact and compressed 

23 
23 
23 

70 23 
- . - - - - - - ----··-- ·-· ... . . . 
0 7 1  60/75 42 
0 
0 

70 
70 
70 

7 1  
7 1  
7 1  
7 1  
7 1  

60/75 42 
60/75 42 
60/75 42 
60/75 42 
60/75 42 

4) R = rigid meta! bumper, 
D = deformable bumper 

5) Without padding 
6) Knee contraction 

-·�5r;7 -
05>26 
D 26 1 
D 26 1 

---- -- • • -· --1 
D 25 1 

! D 25 1 
D 25 
D 26 
D 26 
D 26 
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Table 2 Kinetic data 
---

Impact Leg rotation Acceleration 
force 

Exp Spec Bonn et Bumper Velocity Max Lower Femur Body 
No No edge at 200 ms angle leg mass 

(KN) (KN) (deg/s) (deg) (g) (g) (g) 
l 40 1 .2  1 . 1  275 150 55 1 10 -

2 4 1  1.9 2.9 350 - 105 1 15 30 
3 42 1 .9 2.6 300 1 1 0  95 1 1 2 1 5  
4 43 - - 325 160 - - -

5 44 2.2 2.9 225 170 1 1 5  125 35 ,_  __ . -·----- - - --

6 49 1 .6 1 .2 2 1 0  170 80 45 1 5  
7 53 0.9 1.5 370 130 80 - 1 0  
8 54 2.9 1 . 1  480 170 1 1 0  - 1 0  
9 57 7.3 1 . 1  2 1 0  170 >100 95 -

1 1 0  58 5.0 1.4 - 120 80 75 -

1 
1 1 1 55 3.4 1.6 400 - 1 00 - 20 
' 

! 1 2  56 3.1 1 .4 325 140 >100 - ·20 
1 3  59 6.4 1.5 275 140 90 - <:: 5 
1 4  60 4.0 1 .1  275 1 20 90 - 5 
1 5  45 - 0.9 175 120 165 70 L.5 
16 46 - 1 .0 140 1 30 95 70 20 
1 7  47 - 1 .2 250 90 105 105 10 
18 48 - 1.3 250 90 100 40 1 5  
1 9  50 - 1.0 250 170 60 90 1 5  
20 51 0.9 0.5 - - 55 - 20 
2 1  52 1 . 7  0.6 ·340 170 25 - 25 1 1 22 61  2.8 1 . 1  650 1 70 - 55 1 0  1 23 62 3.8 1.3 525 170 65 1 0  - ; 
24 63 3.9 1 .4 70 30 1 - - -

---·-- · - - - - - ______ ._ ________ ----�---
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,------! Table 3 Injuries (AIS) 1 Knee Knee 
- �om : _l ______ --- . -- --·------ · - · " · - - ---··· · · - - -·-- - ·------1 

Knee Lower Ankle l 

Exp Spec ·- Fracture LigamenTln}: --·----- · a �r�ctu�i„-· .�j°j �i!I j 
No. No. em 1 e- a- nt ost T1b F1b mJ : 

cond cond dial ral cruc cruc 1 1 1--_ _._ __ _._ __ ....__...____...__,___ _ _._ _ _.__...____...___ -

ins- �n- ent
-
s ! 

tab- Jury 1 ��- cause 1 i 
(KI) Bu1o�net 1' 

per edge 

·� + 1 
2 
3 
4 

40 
4 1  
42 
43 

0 
0 
0 
0 

0 
0 
0 
0 

3 0 0 0 0 2 0 0 
3 0 3 3 0 0 0 0 
3 0 3 2 0 0 0 0 
3 0 3 � 0 2 2 0 

i - + 
+ 1 + 1 

1 

5.0 
1 0  

+ 
+ 

+ 
+ 

5 44 0 3 3 0 0 0 0 0 0 0 3.9 + + i---- ------ --·-- - - - - -

6 49 0 0 
7 53 3 0 
8 
9 
1 0  
1 1  
1 2  
1 3  
1 4  
1 5  
16  
1 7  
1 8  

54 
57 
58 
55 
56 
59 
60 
45 
46 
47 
48 

0 
0 
0 
G 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

---------- ----------------·----- ---- -- · . -· " 
3 0 0 3 0 0 0 0 
0 0 0 0 0 0 0 0 
3 0 0 2 0 0 0 0 
2 3 0 2 0 0 2 2 
3 0 0 0 0 0 0 0 

0 0 0 0 
3 3 

0 0 

0 0 

0 

0 

0 

3 

0 

0 

0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 2 0 
3 3 0 0 
0 0 0 0 
3 3 0 0 

1 

! -
1 2.8 

1.4 

2.3 i 1 0.4 
1 1 '2.2 

k o.1 
< 0. 1  

0.2 
<0.1  
<0.1  

+ 
+ 
+ 

+ 
+ 

+? 
+? 
+? 
+ 
+ 
+ 
+ 

+ 1 
1 9  

' 20 
2 1  
22 

1 
i 23 

50 
5 1  
52 
61  
62 
63 

0 
0 
0 
0 
0 
0 

3 
3 
0 
0 
3 
0 

0 
0 
0 
0 
0 
0 

0 
0 
3 
0 
0 
0 

0 
0 
0 
0 
0 
0 

0 
0 
2 
3 
0 
2 

------·-
·

. - -, 
0 0 0 0 + ' 
0 0 0 0 
0 0 0 0 

3.5 
0.8 

+ 
+ 

0 0 0 
0 0 0 
0 0 0 

0 1 0.2 + 
0 l 3.0 + 
2 0.2 + 

= 1 5  
- = 1 7  
-? .:: 1 3  
-? = 1 1  

1 

L 24 +? '= 1 4  
-- -

--
-

---�-� 
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F i g .  4 K inetics  and i njuries  i n  exper iment no 5 .  
The probabl e  i njury sequence i n  th i s  case was 

1 - A transverse fracture below the t i b i a l  condyl es  at the impact l evel caused 
by the r i g i d  bumper at 5 ms . 

2 - A spl i t  and depress i on fracture of the l a teral t i b i a l  condyl e caused 
by the bumper and/or the bonnet edge at 1 0  mS . 

3 - An avul s i on of the femoral attachment of the med i a l  col l a teral l i gament 
caused by the bonnet edge at 45 ms. 
The injuries  2 and 3 m ight have occurred in the oppo s i te order but i n  

that case t he cruc iates shoul d have been more stra ined than was seen at  
the d i s·section .  
��fQ!:r:!!��!�-Q�r:!!e�r:-�L�g-�r:!!_!�Y�l_'1f!b_!���-er:21Di���!_QQQ��L�99� ( Nos 6 - B )  

I n  experiments nos 6 - 8  the deformabl e bumper was used a t  4 2  cm l e vel . 
The bonnet edge he i gh� was the same a s  i n  the earl ier exper i ments . The bumper 
l ead  angle  was 60.0/ 75· i . e .  60 degrees wi th the tube i ntact and approx i mately 
75 degrees wi th the tube compressed . The spec i mens were l oaded wi th 26 or 45 kg  
s imu l a ted body we i ght .  I n  these cases  somewhat l ess  severe knee i njuries  were 
noted compared to the exper iments nos l - 5 .  They were caused by the bumper but 
a l so by the bonnet edge . 
g�f2r:1D��i�-��1De�r:-�!_g�-�1D_ !�Y�!-�i!b_Y�r:�iQ9_Q�'De�r:_!��9-�Q9!��-�Q9_QQQQ�!-�99� 
Q�i9b!� \ NOS 9 - 1 4 1 

I n  experiments nos 9 - 1 4  the ·deformable  bumper was used at  23 cm l evel . 
The body mass was 45  kg .  The bumper l ead  angle  and the bonnet edge hei ght varied. 
In tests nos 9 and 1 0  these parameters were 75°/90° and 71  cm respec t i vel y .  The 

1 knee injuries  in these cases were severe ( A I S  max = 3 )  and caused by the bannet · eage·. - ·---· ··· - ·  -··· ··-·-··· -·- ·--·---·- - · - - ·  . .  ··-- . 
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I n  tests nos 61 and 1 2  a l ower bannet edge ( 52 cm )  and a sma l l e r  bumper l ead  
ang le  ( 60°/75  ) were use d .  In one of  these ( no 1 2 )  severe knee injur ies  occurred . 
I n  the other ( no 1 1 )  a moderate knee i njury was caused a s  i ndi cated by 
the knee i n stab i l i ty i ndex . The i njury cause i n  these two casÖs wa s the bannet 
edge . In tests nos 1 3  and 1 4  the bumper l ead  angl e was 45°/50 and the bumper 
hei ght 82 cm. No i njuries were noted i n  these case s .  
g�fQ!:i:!!�Ql�-Q�i:!!e�r:-�L��-�i:!!_l�y� l _�i!QQ�LQQQQ�! ( Nos  1 5  - 1 8 )  

The deformab le  bumper was a l so used i n  exper iments nos 1 5  - 1 8 .  The bumper 
l eve l  was 23 cm and the s i mu l a ted bannet was demounted . The body mass  was 71 kg 
but in test no 1 5  the l oad  on the p l a tform was reduced to 0 . 45 kN by l i ft ing  
the l e g .  I n  two of these tests ( nos 16  and  1 8 )  s i mi l ar types of l ower l e g  
fractures were see n .  I n  one other test a n  undisp l aced fracture o f  the med ia l  
ma l l eo l u s  was note d .  I n  the other there was no i n jury at  al l .  The force l imi t i ng  
effect of  th i s  bumper and the l ower l eg fracture type are i l l ustrated i n  F i g .  5 .  

Bu.m pe. r +.o,.-c e. 
(kN}J Fra.du.re. 

1 � 
0 ���----

Time. ��..__,__,_...&--_.__,__.___.__._--II„. 
0 S"O f OO (m5) 

F i g .  5 - Bumper force and i nj u ry i n  test no 1 6 .  

_ �e��i�!_����!:li:!!�Q!� ( Nos 1 9  - 24 )  

23crn 

I n  exper iment no 1 9  the l eg spec i men had a knee c ontraction of 45 degrees . 
The spec i men was mounted with a l ow l oad  on the p l a tform and impacted at  
the anter ior  aspect .  The test cart was a s  i n  exper iments nos  6 - 8 .  A severe 
compress ion fracture of the t i b i a l  condyl e was note d .  In tests nos 20 and 21 
spec i mens from earl i er tests were used wi th the same exper imental set up . 
The same type of fracture was seen i n  test no 20 . I n  test no 21 posterior knee 
l i gament  i njuries  _were caused . In tests nos 22 - 24 spec i mens from earl i er tests 
were used wi th the same exper imental set up a s  in tests nos 6 - 8 .  Knee i njuries  
were seen in  a l l case s .  In  test  no 24 only a moderate knee injury was note d .  
Th i s  spec i men or i gi na ted from a 4 7  year o l d  man .  
!Qj�ri��-�!�-r�l�!�9_!Q_��i:!!e�r_l�Y�l1_Q�l]e�r_l��Q-�r!9l�-�QQ_Q�i:!!��r_!�e� 

For anterol ateral impacts (<X. = 70 - 80° ) the i nfl uence of the bumper l evel , 
the bumper l ead  ang le  and the bumper types i s  i l l ustrated i n  Tab l e  4 .  

I n  exper iments nos 9 ,  1 0  and 12 the A IS  = 3 i njur ies  were l ocated to 
the knee j o i n t .  They were caused by the bannet edge and not by the bumper . 
These cases were omi tted i n  t h i s  ana lys i s .  The 2 3  cm  bumper l e vel  caused l es s  
severe i njur ie0 th3n the 42  cm  l evel . A deformabl e bumper and  a bumper l ea d  
a n g l e  bel ow 6 0  / 7 5  a l so seemed to cause l ess severe injuries .  
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Tab l e  4 Injuries  rel ated to bumper l evel , bumper l ead  angl e and bumper type 
for the d i fferent experiments 

Injuries Bumper 1 eve 1 ( cm )  Bumper 1 ead angl e ( degree s )  Bumper type 
Max AIS  23  42 <60/75 )60/75 D R 

2 1 1 , 1 3 , 1 4 ,  24 1 3 , 1 4 ,  1 1  ,24 1 1 , 1 3 ,  1 5  ' 1 7  1 5  ' 1 7  1 4 , 1 5 ,  -

1 7  , 24 

1 , 2 , 3 ,4 ,  1 , 2 , 3 , 4 ,  6 , 7 ,8 ,  1 ' 2 '  
3 1 6  ' 1 8  5 , 6 , 7 , 8 ,  1 6 '  1 8  5 , 6 , 7 ,8 ,  1 6 , 1 8 ,  3 ,4 ' 

22 , 23 2 2 , 23 2 2 , 23 5 

P ('X,2 ) <0 . 05 <O . 1 5  <0 . 20 

IQJ�r1��-r�!�!�9 _!Q_!�� -�QQQ�!-�9g� 
The bonnet edge i mpacted on the femur at vary i ng l eve l s .  The i mpact 

tol erance of the femur is greater than that of the l ower l e g .  The h i ghest bonnet 
edge forces 4 . 0  - 7 . 3  kN were noted for bonnet edge hei ghts 7 1  and 82 cm .  
Sti l l  no i n j ury occurred to  the h i p  or  to  the femur d iaphys i s  in  these cases 
( experiments nos 9 ,  1 0 ,  1 3 ,  and 1 4 ) .  In  exper iments nos 9 and l O  knee injur ies  
were caused dur ing  the l ater part of the i mpact by the promi nent bonnet edge . 
No injuries  were noted i n  exseriments nos 1 3  and 1 4  w ith bumper l evel 23 cm 
and bumper l ead angle  45°/50 . 

��g_r2!�!iQQ_�f!�r_1����! 
The angu l ar  ve l oc i ty of the spec imen 200 ms after i mpact and the max i ma l  

rotat ion ang le  was anal ysed for vary ing  bumper l e vel s and bonnet he i ghts 
(Tables 1 and 2 ) . The max i ma l  l eg rotat ion ang le  caused by the deformabl e 
bumper and bonnet edge was compared for 23 and 42 cm bumper l e vel . T h i s  was 
greater at  the h i gher bumper l eve l but the d i fference was not stat i s t i ca l l y  
s i gn if icant .  The i nfl uence of the bonnet edge he i ght and the bumper l ead  ang le  
was not obv i o u s .  
IQJ�r1�� -�Qg _����!�rQ��!�t_9�!� ( Tab le  5 )  
Tab l e  5 - Accel erometer data of the l ower l eg for the d ifferent exper iments 
Injur ies Lower 1 eg acce l erat ion 

A I S  <1 00 g �1 00 g 

0 or 1 3 ,6 , 7 , 1 0 ,  2 , 5 ,8 , 1 2 , 1 7  1 1 , 1 3 , 1 4  

2 or 3 1 , 1 6  . 9 , 1 5 , 1 8  

P('X.� p>O . 5 
· Hi gher acce l erat ions of the l ower l eg are not wel l  correl ated to h i gher l eg i njury 
severi ty .  The acce l erat ions  of the .femur and l ower l eg were not corre l ated to 
the knee i nj u ry severi ty at  a l l .  
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Compa ri son w i th  i njuries  seen i n  real acci dents 
In the real acc i dent study knee and l ower l e g  i nJ ur ies  were seen in  

approximately 90%.  Knee l i gament i njuries  were as usua l as  i ntra-articu lar  
fractures of the knee . The type and  sever ity of  the knee injuries d id  not 
d i ffer from the i njuries  seen in the experimenta l model . A stat ic  bumper l evel 
be l ow 40 cm d i d  not ca use severe knee i njuries in the rea l acc ident s .  
The t i b ia fractures were l ocated 0 - 1 3  c m  bel ow the sta t i c  bumper l evel . 
The wa l k ing  i mpai rment at  c l i n i cal  fol l ow-up tended to be l ess for bumper 
l eve l s  bel ow 40 cm .  Wal k i ng impa i rment was seen even bel ow 30 km/h i mpact speed 
in severa l cases . The bumper l evel and the bumper l ead  angl e d i d  not infl uence 
t he presence of head i njuri e s .  Injuries  to the femur and h i p  were caused by 
the bonnet edge and to the ankl e jo i nt  by the bumper .  The number of cases w ith  
i njuries  in  these regions were too sma l l  to a l l ow stati st i cal analys i s .  

D i scuss ion  
The resu l ts from th i s  experimental study i nd i cate a h i gh r i sk  for knee 

i njuries  caused by the bumper and bonnet edge with  ord i na ry front prof i l e s . 
Knee injuries  are noted to a great extent even bel ow 30 km/h impact vel oc i ty 
and they are not correl ated to the l e g  acce lerat ions . Knee injur ies mostly  are 
t he resul t of a d i rect bumper i mpact but al so caused by the bonnet edge during 
the l ater part of the col l i s i o n .  The i nfl uence of t he bonnet edge hei ght on 
the i njur ies  to the l ower extremi ty i s  not c l ear .  Th i s  parameter does not seem 
to i nfl uence the r i s k  for l eg i njuries  if the bumper l ead  ang l e  is below 
60 degree s .  However, pel v ic  i njur ies  seem to be frequently caused by the bonnet 
edge . The bonnet edge height  probably  i nfl uences the r i sk for injuries to 
the head , neck and upper torso in an i mpacted ch i l d  and shou l d  not primar i ly  be 
eva l uated from l e g  injury protect ion cr iteria for adul ts . 

The bumper a l so causes  fractures of the l ower l eg and i njuries  to 
t he ankl e j o i nt .  These i njuries  are corre l ated to the impact forc e ,  the impact 
ve l oc i ty and probably  the accel erat i on .  During the stance p hase in wa l k ing  and  
if  the  ground fr ict ion is  h i gh the r i sk  for fractures at  or just  bel ow 
the i mpact l evel wi l l  i ncrease . The bone mi neral content i n  those spec imens 
wh i c h  fractured at  the l ower l eg were somewhat l ower than the mean va l ue 
( 1 3 . 4 g/cm) of a l l  the spec imens . Th i s  fact a l one cannot expl a i n  the fractures 
in  these cases . The spec imen used in exper iment no 1 5  had a l ower bone mi neral 
content but no l ower l e g  i nj ury was produced . The most  i mportant i njury 
mechan i s m  at  23 cm bumper l evel i s  probabl y  the comb i na ti on of the bumper 
i mpact force and the ground react ion force from a hea v i l y  l oaded l e g .  
A reduced energy transm iss ion to  t he  l ower l eg  i s  i mportant to  avo id  open 
fractures wi th extens i ve soft t i ss ue damage and impai red fracture hea l i n g .  
T h i s  i s  pos s i b l e  to ach ieve wi th an e l a s t i c  bumper w i t h  a suff ic iently  l a rge 
impact a rea as has been s hown i n  an earl ier exper imental study (Al dman et  al . 
1 9 79 ) .  On the other hand an e l a st i c  bumper wi l l  cause a rebound movement of 
the l e g  after the i mpact and t h i s  may r i se the r i sk  for other i njuries during 
the l ater part of the i mpact sequence . An energy damp i n g  and force l im i t i ng  
bumper wh i ch  deforms p last ica l l y  during impact wi l l  not behave i n  thi s way and 
wi l l  reduce the risk for 1 1 h i gh energy i njuries 1 1 • The optima l  deformation 
c ha racteri stics  of t h i s  bumper cannot yet be determined from our resu l t s .  
The capac i ty of bone to absorb energy during i mpact depends on t he v i sco-e l a st i c  
propert ies  of  the bone( Dumbl e ton , B l ack  1 975 ) . The cr i t i ca l  force l im it  for 
l ower l e g  fractures 4 . 3  kN as i nd icated by Kramer et al . ( 1 973 )  and 3 . 7  kN as 
i nd icated i n  our earl i er i nves t i gat i on (Al dman et al . 1 979 ) are m is l eading as 
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they are val i d  for r i g i d  bumpers . The stra i n  rate for max i ma l  energy absorpti on 
without fracture shou l d  be determined for l ower l egs before a bumper force 
l im i t  can be recommended. Th i s  l i m i t  mi ght be l ower than 1 kN as i nd i cated i n  
th i s  study . · 

The car front des i gn shou l d  be determined by protect i on c r i ter i a  aga i nst  
serious i njuries  at  the t ime of  acc i dent as wel l  as aga i nst i njur ies  cau s i n g  
permanent i mpa i rment .  A static  bumper l evel above 4 0  c m  a n d  a bumper l ead angle  
greater than 60  degrees shou l d  be  a vo i ded . An optima l  i mpact  l evel between 
25 and 30 cm for m i n ima l  knee and l ower l eg  i njuries  was suggested i n  
a theoretica l  and mechanical  ana l ys i s  of l e g  i mpacts ( Al dman et  al . 1 980 ) .  
The stat ic  bumper l evel was 0 - 1 3  cm above the fracture· centres i n  
the c l i n i ca l  study . Thus , the optima l  stat i c  bumper l evel shoul d be 27 . 5  + 6 . 5  
= 34 cm for adu l t  pedestri ans . Th i s  i s  i n  good agreement w i th Stürtz ( 1 981 ) .  

Conc l u s i ons 
Th i s  b i o l ogical  model system can ! s i mu l a te the k i neti cs  and d i sc l ose 

the i njury mechan i sms of the l ower extremi ty i mpacted by a veh i c l e  front i n  
rea l car-pedestrian acc i dents . 

A bumper l ocated at  or j ust  be l ow the knee l evel and a promi nent bonnet 
edge are both corre l a ted w ith i ncreased r i sk for knee i nJ ur ies . 

A force l im i t i ng  and energy-absorb ing  bumper i mpact ing  at  the l ower ha lf  
of  the t i b i a  and  a bumper l ead angle  bel ow 60 degrees wi l l  reduce the r i sk 
for knee i nj ur i e s .  

H i g h  ground fr ict ion wi l l  ra i se the fracture r i s k  during  the stance phase 
of wa l k i n g  if the l eg is i mpacted at  l ower bumper l evel s .  The · fracture 
tol erance l im i t  may be bel ow 1 kN i n  these cases . 

Fractures of the femur d i aphys i s  and the h i p  j o i nt a re not usua l  bel ow 
30 km/h i mpact  ve l oc i ty .  

Lowering  of the impact l e vel  from 42 to 23 cm wi l l  reduce  the severi ty of 
the l eg i njuries  and not i ncrease the l e g  rotat ion after impact .  
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Research De l egation . 
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