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ABSTRACT 

In thi s  paper the impact loading and response of the pedest r i an lower leg i s  examined us i ng two 
models for the pedes t r i an. These are a two segment model w i th a f r i c t i onless p i vot at the knee and a 
three segment model wh i ch has a second pivot at the h i ps. The model s  are used to examine the 
inf luence o f  bumper height on the k i nema t i cs of the lower leg and on the i mpulsive forces at both 
the i mpact point and at the knee j o i nt . A model for the dynami c  response of the lower leg and i ts 
angular rot a t i on i s  i n c l uded. 

Compa r i son w i t h  the experimental cadaver responses reported by Cesari shows that the two segment 
model g i ves a h i gh degree of corre l at i on w i th the expe r i mental resul t s  for lower leg rotation angle 
and peak impact force, wh i le the three segment model does not . The t i b i a  fracture/non · f racture 
pred i c t i on accuracy of both model s  is s i m i l a r .  

INTRODUCTION 

There has been wi despread research into pedest r i an and car i mpac t .  One of the ma i n  areas of study 
has been pedest ri  an l ower leg and knee i njury. A ldman ( 1 ,  2 ,  3 ,  4 ) ,  Bacon ( 5 ) ,  P r i  t z  ( 6 )  and Eppi nger 
and Pri tz (7) and others have reported on exper imental and ana l yt i ca l  i nves t i ga t i ons . More recen t l y  
Cesari (8) h a s  deta i l ed t h e  resu l ts of a s e r i e s  of 2 0  cadaver t e s t s  of lower l e g  i mpact . Cesari 
reported on the inf luence of bumper h e i gh t  and impact speed on knee i n j ury and on fracture of the 
lower leg. These tests a l so showed that lower leg i mpact resul t s  in a p i vo t i ng act i on at the knee. 

The ma i n  purpose of th i s  paper is to derive ( a )  a two segment model for the pedest r i an wh ich has a 
f r i ct i onless p i vot at the knee and ( b) a three segment model w h i c h  has a second pivot at the h i ps 
and to compare the behaviour of both model s  w i t h  the cadaver resu l t s  detai l ed by Cesari ( 8 ) .  

MATHEMAT I CAL MODELS 

Oeta i l ed,  complex mul t i segment pedest r i an models have been devel oped by van IJ i j k  et a l  (9) and 
Maclaugh l i n and Daniel ( 1 0 >  amongst others. van IJ i j k  ( 9 )  has appl i ed two, f i ve, seven and f i f teen 
segment mode ls to the ent i re pedest r i an and car col l i s i on process .  

Spec i f i c  mathema t i ca l  models app l i ed t o  leg i mpact by A l dman C 2 , 3 )  and by Bacon ( 5 )  were based on 
the assumpt i on that the lower and upper legs could be consi dered as a s i ng l e  r i g i d  e l ement w i t h  the 
h i nge at the h i p. A l dman ( 2 )  a l so used a mechan i c a l  model for the leg wh i ch i n c l uded a mechani ca l  
model o f  t h e  knee j o i n t .  

T h e  mode l s  exami ned here f o r  lower l e g  impact are a t w o  segment model w i t h  a f r i c t i onless h i nge at 
the knee and a three segment model w i t h  a second h i nge at t�e h i ps .  In the two segment model the 
lower segment represents both legs wh i l e the upper segment represents the rest of the body. I n  the 
three segment model both th i ghs are represented by a separate segmen t .  
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The analys i s  i s  based on the deriva t i on of the impulsive forces wh i ch resul t  from l ower leg impact. 
The force deflection or compl i ance characte r i s t i c s  of the �r and leg do not have to be 
consi dered when using t h i s  approac h .  llood ( 1 1 )  has shown that t h i s  method can be app l i ed to 
pedest r i an impact .  The body geometry and mass data used are based on G i bson ( 1 2 ) .  The body geometry 
i s  expressed as the rat i o  of ' l '  which i s  h a l f  of the lower leg height C i e  knee hei ght=2x l J .  The 
masses are expressed as the rat i o  of the mass of both legs. The models and data are detai led i n  
f i gure 1 .  

The c a l cu lated impu l s i ve forces are expressed i n  non · d i mensional form as ratios of M l . V cf where Vcf 
i s  the post· I mpact ve l oc i ty at the bumper contact po i n t .  These non·dimens i onal rat 1 os can a l so be 
consi dered as the "equival ent mass rat i os" w i th respect to the mass of the lower legs. The non· 
dimensional impu l s i ve forces due to the bumper impact are l b bumper impu l s e ,  I kh knee hori zontal 
shear impulse and 1 ,  knee verti ca l  impulse. The vert i c a l  knee impulse I k , i s  derived using the � V 
model for the knee g 1 ven by A ldman ( 2 ) .  

Hence 

( 1 )  

where BM
0k i s  the non · d i mens i onal bending moment impulse at the knee and c i s  the condy l e  w i d t h .  

E F FECT OF GROUND TO FOOT F R I C T I ON 

A f r i ct i on impulse i s  developed between the foot and the ground. Th i s  impu l s e  wi l l  res i s t  movement 
by the foot and consequent l y  w i l l  act i n  the oppos i te d i rection t o  that of the mot i on of the foot. 
The magni tude of the f r i ct i on Impulse w i l l  depend on the t i me durati on of the impulse between the 
bumper and lower leg .  

( 2 )  

where � t  i s  the durat ion o f  the impulse, and U the coef f i c i ent o f  f r i c t i on between the ground and 
the feet. Under normal cond i t i ons the coeff i c i ent of f r i c t i on between the foot and the g round i s  in 
the range 0.3 to 0.6.  For conveni ence of manipul a t i on of the equat i ons the rat i o  of the f r i c t i on 
Impu l s e  to the leg impu l s e  I f/M l . v 1  = o( i s  used. 

LOl/ER LEG I NJURY C R I T E R I A  

Fractures o f  t h e  t i b i a  or f i bu l a  c a n  occur a s  can fracture or d i s location i n j u r i es to the knee or 
ankle j o i nt .  A l s o  L i gament i njur i es of the knee or ank l e  can occur. Knee injur i es are of part i cu l ar 
concern as long term di sabi l i ty can resu l t .  Hu l l  and A l len ( 13 )  and Asang ( 1 4 )  indicate that t i bi a  
fracture i n  f l ex i on i s  related t o  the bending moment exerted on the leg.  The mean bending moment for 
t i b i a  fracture is 225 Nm w i th m i n i mum and maximum values of 150 Nm and 300 Nm respect i ve l y .  

A l dman ( 2 )  i ndi cates t h a t  knee i n j ury can occur during t h e  impact t o  the lower l e g  and a l so during 
the subsequent motion of the lower leg relat i ve to the t h i g h .  Eppinger (7) det a i l s  an acce lerat i on 
c r i t er i on to m i n im i s e  knee i njury during i mpact .  Cesari ( 8 )  shows that knee i n j ury i s  rel ated to the 
angle of rotation of the lower leg relat i ve to the t h i gh .  T h i s  rel a t i ve rotation i s  resi sted by the 
knee L i gaments.  

The dynami c  motion of the lower leg relat i ve to the th i gh can be model l ed by represen t i ng the lower 
Leg and knee as a spri ng/mass system where the knee acts as a torsion spring, refer f i gure 2 .  
Provided the impulse dura t i on i s  short by compa r i son w i t h  that o f  the l ower leg/knee spring mass 
system, i t  can be shown that the angular response of the l ower leg to an impu l s e  i s  
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9
max 

( 3 )  

where amax 
i s  the maximum distortion ang l e  between the lower l e g  a nd  the t h i g h ,  K l radius of 

gyrat ion of l ower leg, l h a l f  leg h e i g h t  and S the spring rate of the lcnee j o i n t .  \J
rel 

i s  the 
angular veloc i ty of the l ower leg relat i ve to the t h i g h .  G i bson ( 1 2)  indicates that the spring rate 
of the lcnee is i n  the order of 1 700 Nm/Rad i a n .  For a leg mass of 4 . 4  leg t h i s  model indi cates that 
the t i me for the lower leg to f l ex to the max i mum ang l e  and return to the undef l ected pos i t i on is of 
the order o f  47 ms. 

KINEMATICS O F  LO\JER LEG IMPACT 

Examination of the two and three segment mode l s  shows that the lc i nemat i cs of the lower leg and t h i gh 
are s i m i l a r  for both mode l s .  I n  the three segment model the trans l a t i onal and rotational movements 
of the upper body are in the oppos i t e  d i recti ons to those of the t h i g h .  

Analys i s  o f  the models i ndi cates that t h e  lc i nemat i cs can be d i vided i nto f i ve d i s t i nct regions 
depending on the height of the bumper. The trans i t i on between each region is characteri sed by a 
spec i f i c  contact height which i s  a funct i on of the pedestrian geometry and mass and of the f r i c t i on 
impulse. In the three segment model the trans i t i ons occur at lower i mpact heights than for the two 
segment mode l .  F i gure 3 shows the k i nema t i c  behaviour for the two segment mode l .  The equa t i ons for 
the trans i t i on points are deta i led i n  appendi x  1 .  

Regi on 1 T h i s  i s  for low bumper levels c l ose to the foot and anlc l e .  Here the foot moves forward and 
upward wh i l e the lcnee moves baclcwards towards the car. The trans i t ion to region 2 occurs when the 
upper segment rema i ns upright and stati onary (at 29% of knee h e i g h t ,  µ=0 ) .  There i s  no hori zontal 
impulse at the knee. T h i s  point is a funct i on only o f  leg geometry and the f r i c t i on impu l s e  rat i o .  

R egi on 2 Here both lower leg and t h i gh rotate i n  the same di recti on, the foot outwards and upwards 
and the h i ps backwards towards the car, however the rotational velocity of the lower leg i s  h i gher 
than the upper ( th i g h )  segment .  The trans i t ion to region 3 occurs when the rotational ve loci t i es of 
the lower leg and t h i g h  are the same. T h i s  occurs at 53% of lcnee h e i g h t  (3 segment mode l ,  µ=O> and 
69 % of lcnee height C 2  segment, µ:O ) .  At t h i s  point there i s  no re l a t i ve rotation between the l ower 
leg and t h i gh as a consequence of the impact . 

Regi on 3 In t h i s  region the lower leg conti nues to rotate forward bringing the foot upwards . However 
the rate of rotation i s  s l ower than that of the t h i ghs and rotation of the lower leg ceases at the 
trans i t i on to region 4. A t  this point, 65% of knee h e i gh t  (3 segment, µ=O > ,  77'1. of lcnee height ( 2  
segment , µ=O > ,  the i mpact ceases t o  cause the lower leg t o  rotate, the leg s l ides forward wh i l e 
rema i n i ng upright.  

R egi on 4 Here the leg and t h i g h  rotate i n  oppos i t e  d i rect i ons. The foot rotates baclcwards relative 
to the centre of gravity of the lower leg and cur l s  under the bumper .  As the contact point moves 
h i gher the velocity of rotat i on of the lower leg continues to i ncrease unti l the trans l a t i onal 
velocity of the foot due to l ower leg rotation counterbal ances the forward velocity of the l ower leg 
and the foot rema ins stat i onary and the ground f r i c t i on has no effect. 

For bumper h e i ghts below this level the f r i c t i on impulse opposes forward motion of the lower leg and 
i ncreases the impu l s i ve force transmi tted by the bumper to tne lower leg. Above t h i s  contact height 
the foot has a tendancy to move baclcwards a l ong the ground .-� l a t i ve t o  its pos i t i on before impac t .  
Consequent l y  the f r i c t i on impulse which acts t o  oppose t h i s  foot motion acts i n  the same di rection 
as the bumper impulse reduc ing i ts magn i tude. There is a range of leg contact pos i t i ons to each side 
of the "no f r i c t i on" point for which there is a l so no movement o f  the foot. Over th i s  range the 
value of the f r i c t i on impulse is less than the maximun value determined from the coeff i c i ent of 
f r i c t i on. 
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R eqi on 5 Contact poi nts above 91% ( 2  segment , µ=O > .  Here the veloc i ty of the foot i s backwards 
towards the c a r .  The trans i t ions between the regi ons are SUTJllar i sed for U=O as f o l l ows 

Trans i t i on point 

T h i gh+upper body rema i n  
upr i ght and s t a t i onary 

No relat i ve rotation 
between lower leg 
and t h i gh 

Lower leg remains upr i gh t  
and s l ides f o rward 

Foot remains s t a t i onary 
on ground 

Percent of Knee Height 
2 Segment 3 Segment 

29X 

69X 53% 

65% 

9 1 X  85% 

Table 1 .  Lower leg k i nema t i cs 

The effect of the f r i ct i on impulse i s  to reduce the contact heights at which the trans 1 t 1on points 
occur. The extent of the reduc t i on depends on the magn i tude of t h e  f r i c t i on impulse. Th i s  effect is 
shown i n  f i gure 4 for the two segment mode l .  For h i gh f r i c t i on impulses there i s  an extended range 
of contact pos i t i ons, c l ose to the knee where the foot remains s t a t i onary on the ground. 

The three segment model shows that i n  the presence of f r i ct i on t h e  contact h e i gh t  for no re l a t i ve 
rotation between l ower leg and th i gh w i l l  be less than 53X of knee h e i g h t .  By compari son the two 
segment model g i ves va l ues below 69%. These values compare w i th 56% obtai ned by A l dman (2) i n  tests 
w i th a mechan i ca l  model and 65% by Cesari (8) i n  cadaver tests. 

E F FECT OF IMPACT LOCA T I ON ON IMPULSIVE FORCES 

F i gure 5 shows the vari a t i on i n  the impu l s i ve force a t  the contact poi nt ,  l b 
when )J=O. The peak 

value occurs at 65% of knee h e i g h t  (3 segment mode l )  and at 75% of knee h e i g h t  <2 segment ) .  For both 
models the value of l b 

i s  less than 1 at contact points be l ow 40% of knee h e i g h t  C i  . e .  the 
equ iva lent mass of the pedes t r i an is less than the leg mass ) .  

F i gure 5 shows the var i a t i on i n  the maximum bending moment impu l s e  "B
mo

" For low contact points the 
maximum bendi ng moment i s  pos i t i ve (correspond i ng to tens i l e bend i ng S t resses in the s i de of the leg 
fac i ng the bumper) . The maxi mum bending moment occurs above the midpoint of the l ower l eg .  At 24% of 
knee height the maxi mum pos i t i ve and negative bending moments are the same. There are two loca t i ons 
of maxi mum bendi ng moment ,  at the contact point and above the midpoint of the l ower leg. Above t h i s  

point the maxi mum bendi ng moment i s  negat ive and occurs a t  the contact po i n t .  The magni tude o f  the 
maxi mum bendi ng moment varies w i t h  contact height as seen i n  f i gure 5 .  The peak value o f  the maxi mum 
bending moment occurs a t  64% of knee height ( 3  segment mode l )  and 70% of knee h e i g h t  ( 2  segment 
model ) .  

F i gure 5 shows the rat i o  o f  the norma l i sed bend i ng moment impulse t o  the bumper impu l s e .  The rat i o  
i s  a maxi mum a t  65% of knee h e i g h t  and reduces t o  less than 1/3 of the peak value for impacts at 
knee leve l .  Th i s  indicates that the forces required for t i b i a  fracture w i l l  be three t i mes h i gher 
when the contact point i s  at the knee compared w i th a contact point of 65% of knee h e i g h t .  

F i gure 6 shows t h e  vari a t i on i n  t h e  impu l s i ve forces t ransferred through t h e  knee dur ing impa c t .  The 
peak knee 1mpulse occurs at 83% of knee height (3 Segment mode l )  and 86X of knee h e i g h t  (2 segment 
model ) .  
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The re l a t i ve l ower leg to th i gh rotati onal veloc i t i es for the two and three segment mode l s  are shown 
in f i gure 6. The three segment model pred i c ts higher r e l a t i ve vel oc i t i es for contact points c l ose t o  
the knee and t h e  contact point f o r  zero r e l a t i ve veloc i ty i s  lower. 

COMPAR I SON � ! T H  CAOAVE R  TESTS 

Cesar i ( 8) publ i shed the resu l t s  of 20 cadaver tes ts. t n 11 of the 20 tests the i mpact was to the 
lower leg .  The results pub l i shed i nc l uded lower leg to t h i gh angl e  and peak force on the r i gh t  leg .  
The force pulse on the r i gh t  leg had a duration of 0 . 028 seconds. The model for lower leg/thigh 
angle was combined w i th the 2 and 3 segment i mpact models t o  calculate the maxi mum angle of 
rotat i on.  F i gure 7 and 8 compare the calcul ated lower leg/th i gh angles w i th the experimental 
resu l t s .  T h i s  compari son shows that the 3 segment model g i ves a much lower leg contact point for 
zero ang l e  than obtai ned experiment a l ly.  The 2 segment calcul a t i ons match the expe r i mental data more 
closely. Regres s i on analys i s  of the absolute values of the c a l culated and expe r i mental angles shows 

Model 

2 Segment 

3 Segment 

Equa t i on 

4 . 220 + 1 . 026 l ecalc l (deg ) 

2 . 875 + 0 . 560 j eca l c l (deg ) 

r S i gni f i cance 

0 . 888 p<0 . 5% 

0 . 6 1 9  p>5.0% 

Table 2. Compa r i son of expe r i mental and calculated lower leg/thigh angle 

Eppinger (7) indicates that the force impulse to the lower ley takes a s i nusoidal form. F i gure 9 and 
1 0  compare the calculated peak forces, based on a s i ne pulse shape w i th the experimental resu l t s .  
Regression ana l ys i s  shows 

Model Equat ion r S i gni f i cance 

2 Segment F act · 780 + 1 . 068 F calc ( N )  0 . 8717 p<1% 

3 Segment F act 714 + 1 . 028 F c a l c  ( N )  0 .6806 p<5% 

Table 3. C a l cul ated and Experimental peak forces 

Cesari (8) a l so reported on the i n c i dence of fractures ( A I S  2+) to the long bones of the l ower leg.  
Table 4 compares the calculated pred i c t i on of t i b i a  fracture based on a m i n i mum bending moment of 
150 Nm < 1 3 ,  1 4 )  w i th Cesari • s  resul t s .  

I mpact %Knee 2 Segment Cesari 
Speed kph height Model Resul t s  

60 Y* N 
20 75 y y 

90 N N 

60 y y 
32 75 y y 

90 Y* N 

60 y y 
39 75 y y 

90 y y 

Table 4 .  Calculated and Experimental Long Bone lnj ury 

Note * i ndi cates where pred i c t i on d i ffers from Cesar i ' s  resu l t s .  
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The two segment model calculates t i b i a  fractures i n  2 cases where Cesari found no A I S  2 lang bone 

injury. The three segment model calculates t i b i a  fracture i n  one case where there was no injury and 

predicts no t i b i a  fracture i n  a second case where an A I S  2 lang bone i n j ury occurred. 

D I SCUSS ION 

Compar i son of the two and three segment mode l s  w i th the test results from Cesari (8) shows that 

there is a h i gh degree of correlation between the two segment model and the exper i mental resul ts i n  

respect o f  the maximum lower leg t o  t h i gh angle and o f  peak impact force a t  the contact point. The 

three segment model g i ves a poor correlation w i t h  the experimental results for these parameters. I n  

the models used the effect of i n c l uding t h e  t h i rd segment ( p 1 vot at h i p) i s  t o  reduce t h e  effective 

mass of the upper body ref lected onto the lower legs. T h i s  i s  the reason why the results from the 

three segment model are d i fferent from the two segment mode l .  However both model s  pred i c t  a s i m i l a r  

pattern of K i nemat i c  behaviour w i th contact h e i g h t .  

Mode l l ing of a pivoting action at the h i p  i s  inc l uded i n  complex mul t i segment model s ,  refer van 

� i j K  (9)  and Hui j bers ( 1 5 ) .  van � i j K  ( 9 )  only includes the h i p  pivot i n  5 segment and more complex 

mode l s .  He has shown ( 9 )  that a two segment model w i th a pivot at the knee can be app l i ed to the 

ent i re pedes t r i an·car co l l i si on w i th a h i gh measure of agreement between predicted and test resu l t s .  

T h e  analys i s  i n  t h i s  paper shows that a two segment model w i th a pivot at t h e  knee can be used to 

represent lower leg impacts. 

The bending moment c r i ter i on from Hul l ( 1 3 )  and Asang ( 1 4 )  was used i n  conjunct ion w i th the 

calcul ated peak force for a s i nusoidal pulse to pred i c t  t i b i a  fracture. Compar i son w i th Cesar i ' s  ( 8 )  

resul ts f o r  lang bone, A I S  2 i n j ury shows that both t h e  two and three segment mode l s  pred i c ted 

f racture/no fracture correct ly i n  7 out of 9 cases. I n  the rema i n i rg 2 cases the two segment model 

predicted fracture when there was no A I S  2 injury. The three segment model predicted no fracture i n  

one case when there was an A I S  2 lang bone i n j ury. I n  the other i nstances a fracture was pred i cted 

when none occurred, refer table 4 .  

The mode l s  shows that force necessary t o  cause t i b i a  fracture varies s i gni f icantly w i th i mpact 

contact h e i g h t .  Same prel iminary i nves t i gat i ons using the two segment model indi cates for moderate 
and h i gh foot f r i c t i on i mpacts that t i b i a  fracture could occur for i mpact forces in the region of 

1300 N .  

A l dman ( 1 , 2 , 3 >  i ndi cated that the hori zontal knee shear force had a m i n i mum between the mid· t i b i a  

and the foot and a maxi mum a t  about 78% o f  knee height.  The two segment model g i ves a maximum knee 

shear force at 86% of knee height when µ=O . The locat i on of th i s  maxi mum w i l l  decrease w i  th 

increasing foot to ground f r i ct i on .  A l dman ( 2 )  obtained no relat i ve lower leg to t h i gh rota t i on for 

a contact height of 56% of knee height. Cesari ( 8 )  obtai ned 65% of knee height for no relat i ve 

rotat i on .  I n  the absence of foot to ground f r i ct i on the two segment model predicts no relative 
rotation at 69% of knee height.  The model shows for the cond i t i ons per t a i n i ng i n  Cesar i ' s  tests that 

the r e l a t i ve leg/thigh rotation i s  zero between 61% and 65% of knee h e i g h t .  

Examination of t h e  k i nema t i cs of lower leg i mpact shows that f o r  i mpact points above 77"!. o f  knee 

h e i ght (2 segment mode l )  the rotat i on of the lower leg i s  backwards and the lower port ion of the leg 

and foot rotates under the bLmpe r .  The foot to ground f r i ct i on i s  shown to lower the contact height 

at which rotation under the bumper occurs. T h i s  effect is  par t i cu l a r l y  pronounced at low speed and 

for lang impulse dura t i ons . 

Both two and three segment model s  indicate that the equivali?nt mass of the pedes t r i an i s  greater 

than the mass of the legs for contact points above 40% of knee h e i g h t .  Bacon ( 5 )  reported s i m i l a r  

f i ndings from dunmy tests. Eppinger ( 7 )  a nd  Cesari ( 8 )  however report equ i va l ent masses less than 

the static leg mass of the 50%i l e  ma l e .  

T h e  approach used here of determ i n i ng t h e  impu l s i ve forces seperately f r o m  t h e  dynamics of the 

i mpact process a l l ows the k i nema t i cs and impu l s i ve forces to be exami ned ana l y t i ca l l y .  T h i s  approach 
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is fac i l i tated by use of a sma l l  number of segments and g i ves i ns i gh t s  i nto the general mechanisms 
of pedestr i an lower leg i mpact and parameter sens i t i vi ty. Such an approach is complementary to the 
complex detai l ed model l ing necessary for exact deta i l ed rep l i ca t i on of the impact process. 
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APPEND I X  

EOUAT!ONS FOR T�O SEGMENT MODEL 

mt = Tota l mass of body 

11\c. 
m� 

= Mass of car 
= m„ . � /( K! • I,') 

Vc.i. 
Vc� 

hJi/V�,,I..,._/�.;. = Vt(Vr,;., 'J,./v., = 
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I "t 
r �  

C!.t 
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lb 

ßrno 

&11.„ 

Veloc i ty of car before impact 

Ve l o c i ty of car after impact 

Norma l i sed rotat i onal veloc i t i es 

Norma l i sed veloci t i es 

Horizontal knee impulse due to bumper impact 

rn„ \J„ 1 rot 'hr.-
Ver t i c a l  knee impulse due to bumper i mpact 

l:>H "" I c. 
Total knee impulse 
F r i c t i on impulse 

µ. mt . %· Clt. 
Durat i on of bumper impulse 

I.t / m� Vt 
Impulse at contact point on bumper 

(mr "' ( 1 ... "' S'4('( "t „ 9 Wt\) ... m ... "" )/ m1\Jc� 
Norma l i sed bendi ng moment i mpu l s e  

ß.1-1. c.t J md. v,� 

Norma l i sed bend ing moment at knee 
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M b , K b Wb 
Mb , K b 

<J 0 
vb ® ----r 

v b <} ® .-

' h Vt <J Mt .  Kt 

1 M PA C T 1 MPA C T  P O i  N T  PO I N l  
v l i b M t ,  K t 

V t 
M l . K l 1 

2 S E G M E N 1  3 S E G M E N 1  
M O D E L  M O D E L  

I H M 2 S E G M E N 1  MODEL 3 S EG ME N 1  M O D E L  

K l / L 0 .  6 5 6 0 .  6 5 6 

K t l l  -- 0 . 4 7 2 

Kb / L  1 . 0 6 6 0 . 8 9 2 

T / L  -- 1 . 6 9 1  

T c / L  -- 0 · 9 6 4  

H I L 2 . 4 6 7 1 . 3 3 2 

M t  I M  t -- 1 . 7 3 3 

M b / M l 7 . 3 3  5 . 6 0 0  

M �/ M t 1 . 1 5 0 · 4 2 1  

F I G U R E  1 M O D E L S  
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T H I G H  

LOWE. R 
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S = SP R I N G  R A T E  

' 

� :  
� i  

W re l 

8 m a x .  = W r e l  

.---8 max .  
„? 

T I M E. 

F I G . 2 .  M O D E L  of D V N A M I C  RESPO N S E  
of LOW E R  L E G  
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