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ABSTRACT 

Twenty fu l l -sca l e  t e s t s  a re p e r fo rmed , i n  wh i ch a dummy - cyc l i s t  was l a t e r­
a l l y  imp� c t ed by s imu la ted veh i c l e  f ront s ,  made o f  p o l y - u rethane foam . The 
veh i c l e  geomet r y ,  the veh i c l e  impact  speed and t h e  veh i c l e  s t i f fne s s , a s  
wel l a s  t h e  i n i t i a l  pos i t ion o f  t he dummy ' s  l egs , we re va r ied . 
These l e s t �  we re p e r f o rmed i n  t h e  framewo rk o f  a l on g - t e rm resea rch p ro ­
g ramme , a i med to  compare  veh i c  l e-cycl  i s t  a nd vehi c l  e-pede s t r i an a cc i den t s , 
and t o  g i ve recommenda t i on s  for  t e s t  methods i n  f u t u re regu l a t i on s . 
The t ra j e c t o r i es o f  the cyc l i s t  o b s e rved i n  these  t e s t s  a re q u i t e  s i mi l a r  t o  
those o f  pedest ri an s  pub l i shed i n  L i t e r a t u re . Head/w i ndsh i e l d  con t a c t  seems 
to  be  mo re l i k e l y  for  cyc l i s t s  t h a n  for  pedes t ri ans . 

l NTRODUCTI ON 

Pede s t r i a n s  and cyc l i s t s  form a s i gn i f i ca n t  p r o po r t i on of  road a c c i dent 
casua l t i e s .  I n  the Nether l ands  t h e  b i cy c l e  i s  very popu l a r  and more cycl i s t s  
than  pede s t r ians a re k i l l ed o r  seve re l y  i nj u red l l  ] * .  
I n  t h e  p a s t  yea r s  i nt e rna t i on a l  resea rch h a s  focussed ma i n l y  on pedes t ri a n  
s a fe t y .  S t u d i e s  s how t ha t  p a s s enger c a r s  a re i n  mos t  c a s e s  the opponent for 
the pede s t r ia n  c a s ua l t ies  (65-90%) ; lhe pede s t r i a n  is s t ru c k  by the front  
o f  t h e  car in  about  75% o f  t he ca r - pedes t r ia n  a c c i de n t s  f 2 ] . An i n c re a s e  o f  
pedes t r i a n  s a fe t y  can be expec t e d  by i mp rovement o f  t h e  veh i c l e  des i gn ,  f o r  
i n s t ance w i th r.espect  to  geome t ry and l oca l dynam i c  s t i ffness  o f  t h e  vehi c l e  
f ront  f 2 ] . Based on such s tu d i es , va r i o u s  recommenda t i on s  for  t he f r o n t  
s t ru c t u re des i gn o f  passenge r c a r s  a re b e i n g  deve l oped now by r e s e a r c h  i n ­
s t  i t utes  and i n te rn a t i on a ]  o rgan i z a t i o n s , l i ke EEVC . Cyc l i s t sa f e t y , 
howeve r ,  s hou l d  be  i n c l uded i n  the d i s c us s i on s  about  f u t u re i n t e rna t i ona l 
regu l a t i on s  i n  t h i s  f i e l d .  Resea rch on veh i c l e- cyc l i s t  a c c i d e n t s  i s  neces­
s a ry t o  show the i n f l uence o f  veh i c l e  front des i gn pa rame t e rs on  cyc l i s t  
i nj u r i e s  and to  ana l yse d i f fe rences between cyc l i s t s  and pedes t r i an s  i n  t h i s  
respect. .  

The Research l n s t i tu t e  for Road Veh i cl es TNO h a s  s t a rted a l on g - t e rm re­
search  p rogramme on t h i s  t op i c .  The f i na l  a i m  of  t h i s  resea rch p ro g ramme i s  
to  recorrunenda te methods to  a s s e s s  t he aggre s s i vene s s  o f  passenger  c a rs 
s t r i k i n g  pedes t ri ans o r  cyc l i s t s .  A resea rch programme i s  p l anned , pa r t ly 
based on i n te rna t i ona l co-opera t i on ,  i n  wh i ch ma t hema t i c a l  mode l s ,  component  
and f u l l - s ca l e  tests  a re i ncorpora ted . 

Thi s  p a p e r  shows t h e  res u l t s  o f  twenty ful l - sc a l e  tes t s ,  p e r f o rmed i n  the 
f i rs l  phase o f  tne resea rch p rog ramme , i n  wh i ch a dummy - cyc l i s t  was l a te r a l ­
l y  impacted by a s imu l a ted veh i c le f ro n t . The s pe c i f i c  a ims o f  these  t e s t s  
a r e :  

;': Numb e r s  i n  pa rentheses des i gn a t e  references a t  end o f  pape r .  
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Oev e l o pment and eva l u a t i on o f  a t e s t  s e t - up based on a c c i dent ana l ys i s .  
Ana l ys i s o f  t h e  i n f l uence o f  seve ra l t e s t  pa rame t e rs on t he l e s t  re­
s u l t s .  
Gene r a t i ng a da t a b a s e  f o r  ma t h ema t i ca l  mod e l  va l i d a t i on a nd compa r i son 
w i t h  pedes t r i a n  te s t s . 

TEST METHOO 

GENERAL 

The ve h i c l e  speed , a s  we i l  a s  the veh i c l e  f ront geomet ry a n d  veh i c l e f ront  
s t i f fn e s s  we re va r i ed i n  t h e s e  t e s t s .  A s pec i f i c  comb i na t i on o f  these pa ra ­

me t e r s  wa s chosen a s  r e f e rence . A f t e r  t h e  i n i t i a l  t e s t s  a s ta n d a rd b i cycle  
peda l p o s i t i on ,  wh i c h  re s u l t e d  i n  an a l m o s t  p ure l a tera l mo t i on o f  t h e  
dummy , was de f i n ed . Cons i de r i ng t h e  s p e c i f i c  a i ms o f  t h e  f i rs t  phase  o f  
t h e  re s e a r c h  progranune , t h i s  2 - 0  mo t i on o f  t h e  d ummy i s  p re f e ra b l e  t o  t he 
3 - 0  mot i o n o b s e rved i n  t e s t s  w i t h  a no t h e r  peda l po s i t i on . 

On t he bas i s  o f  a d e f i n ed s t a nda rd t e s t  ( 8303/8306 i n  Ta b l e  1 ) ,  each va r i a ­
t i o n  w a s  t e s ted t w i ce . 

Tab l e  1 Va r i a t i o n s  o f  t e s t p a rame t e rs ( s ee a l s o F i g .  1 ) .  

Tes t  Peda l Ve h i c l e  f ro n t  geome t ry 
numb e r  p o s i t i o n* ( cm )  

830 1 H 
8302 H 
8303  V 
8 3 04 V 
830S V 
8306 V 
8307 V 
8308 V 
8309 V 
8 3 1 0  V 
8 3 1 1 V 
8 3 1 2  V 
8 3 1 3  V 
83 1 4  V 
83 1 S  V 
8 3 1 6  V 
83 1 7  V 
8 3 1 8  V 
8 3 1 9  V 
8320 V 

A B C 

s s  80 1 0  
s s  80 1 0  
s s  80 1 0  
s s  80 1 0  
s s  80 1 0  
s s  80 1 0  
s s  80 1 0  
s s  80 1 0  
s s  8 0  1 0  
ss 80 1 0  
ss 80 1 0  
s s  80 1 0  
s s  80 20 
ss 80 20 
3S 80 1 0  
3S 80 1 0  
3S 60 1 0  
3S 6 0  1 0  
3S 6 0  20 
3S  60 20 

Padd i ng den s i ty 
( kg/m3 ) 

1 2 3 

so so so 
so so so 
so so so 
so so so 
so so s o  
s o  so so 
3S 3S s o  
35 3S so 
so so s o  
so so so 
so so so 
so so so 
so so so 
so so s o  
s o  so so 
so so s o  
so so so 
so so so 
so so so 
so so so 

Vehi c l e  i mp a c t  
speed ( km/h)  

20  
30 
30  
30 
30 
30 
30 
30 
20 
20 
40 
40 
30 
30 
30 
30 
30 
30 
30 
30 

-k H = Ho r i zo n t a l peda l po s i t i o n ;  f o o t  on i mpa c t s i de b a c kwa rd s . 
V = V e r t i ca l  peda l pos i t io n ;  foot o n  i mp a c t  s i de downwa rds 

( s ee F i g .  3 ) . 
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VEH I CLE FRONT 

The test  s e t -up i s  based on ana l ys i s  of veh i c le-cyc l i s t a c c i de n t s  1 l l  and i s  
s e l ected t o  enab l e  a d i rect compa r i son w i th veh i c l e-pede s t r i an t e s t s  1 2 ] . 
Wi th rega rd to  t he veh i c le ,  impo r t a n t  pa rame t e r s  a re the geomet ry and dynam­
i c a l s t i ffness of the veh i c l e  fron t . To det e rm i ne t h e  i n f l uence o f  va r i a t i on 
o f  one pa rame t e r ,  e . g .  bump e r  h e i gh l ,  the o t h e r  pa ramet e r s  s h o u l d  n o t  
change . Ther e fore i t  was  deci ded l o  use a movi ng b a r r i e r  o n  wh i ch d i f ferent  
s imu l a ted vehi c l e  fronts  can be bui l t ,  i n s tead o f  rea l passenger c a r s . The 
veh i c l.e front cons i s t s  of 3 sect ions  s imu l a t i n g  lhe bumpe r ,  the g r i l l  and 
the hood ( see F i g .  1 ) .  The s e c t i o n s  a re made o f  homogeneous poly- u ret hane 
foams ( PUR) w i t h  dens i t ies  of 35 kg/m3 and 50 kg/m3 . The dynam i ca l  force-de­
f l ec t i o n  charact e r i s t i cs o f  these PUR- foams were determ i ned us i ng a r i g i d  
s pheri ca l - impa c t o r  ( 0= 1 68 mm ,  m = 6 . 8  k g ) . 

F i g .  1 .  
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Veh i c l e  f ront con s i s t s  o f  b umper ( 1 ) ,  g r i l l  ( 2 )  and hood ( 3 )  
sect i on .  Veh i c l e  geomet ry ( d i me n s i on s  i n  cm) i s  changed by va r i a ­
t ion o f  t h e  bumper h e i g h t  ( A ) , hood-edge h e i gh t ( B )  and bump e r  
p ro t ru s ion ( C ) , see Ta b l e  1 .  

The resu l t s  o f  a 30 km/ h  i mp a c t  pe rpendi c u l a r  t o  t h e  foam s u r face , a re shown 
in F i g .  2 .  The foam s e c t i ons a re t h i c k  enough ( 20 cm ) to  f u l l y  a b s o rb t he 
impac t  ene r'gy . The burnp e r  foam i s  cove red w i th a perforated a l um i n i um sheet 
of 1 mm t h i cknes s , t o  a vo i d  u n rea l i s t i c  pene t r a t i on o f  s h a rp b i cy c l e  p a rt s .  
Th i s  d i d  not  i n f l uence t h e  force-de f l ec t i on cha ra c t e r i s t i c s  o f  t h e  foam very 
much . The cha racte r i s t i c s  o f  a hood- sec t i on and bump e r - s e c t i on o f  a rea l c a r  
a re a l so shown i n  F i g .  2 .  T h e  rea l c a r  i s  i n i t i a l l y  s t i f f e L· ,  caused by 
i ne r t i a  e f fe c t s  and a grea t e r  deform i ng c o n t a c t - a r�a . 
The w i d t h  o f  t he veh i c l e  front and t he l en g t h  o f  t he hood a re 1 5 0  cm . The 
b umper w i d t h  i s  1 0  cm . The other d imen s ions , i . e .  bumper h e i g h t , hood-edge 
height  and bumper p ro t ru s i o n ,  a re va r i ed i n  these  tes t s . These va r i a t i ons 
a re based on pub l i s hed veh i c le-pedes t r i a n  a c c i dent s t ud i e s . A low veh i c l e  
f ron t , i . e .  a hood-edge he i gh t  o f  7 0  cm and a b umpe r h e i ght o f  3 5  cm , i s  
repor t ed t o  h a ve a pos i t i ve e f fect o n  l egs  and pe l v i s  i nj u r i e s  o f  pedes t r i ­
ans i n  comp a r i son w i th a h i gher veh i c l e  fron t ,  e . g .  a hood-edge h e i g h t  o f  80 
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F i  g .  2 .  
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Dynam i c a l f o r c e - de f l e ct i on c u rves o f  PUR - f oams ( S O  kg/ m 3  a n d  35 
kg/m 3 )  o b t a i ned f rom ECE-R2 1 i mpa c t o r  t e s t s  (v = 30 km/ h ) ,  com­
p a r e d  to c u rves of a C i t roen GSA [ 3 ]  ( h ood i mpa c t o r :  m = 5 . 25 kg , 
D = 200 mm , v = 30 km/ h ;  bumpe r - i mpa c t o r :  m = 1 0  k g ,  w i d t h  = 1 0 1 . 5 ,  
V =  23 . 5  km/ h ) . 

cm a n<l a bumper he i gh t  o f  55 cm [ 4 ] .  On the o t h e r  hand , a l ower ve h i c l e  
f r o n t  a p p e a r s  to have a nega t i ve e f fe c t  o n  head and tho rax i n j u r i e s d ue t o  a 
L a rge r rota t i on a l ve l o c i t y o f  the pede s t r i a n  [ S ] .  To d e t e rm i ne the i n f l uence 
of the he i gh t  of the veh i c l e  f ro n t  on the k i nema t i c s  a n d  a c ce l e ra t i on s  of a 
c y c l i s t ,  two bump e r  h e i g h t s  ( 35 a n d  5 5  cm) and two hood- edge he i gh t s  ( 60 a nd 
80 cm) were chosen . To va ry t he f ro n t  s l ope o f  the veh i c l e ,  a l s o  two bump e r  
p ro t rus i o n s  ( 1 0 and 2 0  cm) we re chos e n , s o  that dependent o n  t h e  comb i na t i on 
o f  d i me n s i on s  a f ro n t  s l ope o f  78 , 68 o r  5 1  degrees r es u l t s  ( s ee a l s o  Ta b l e  
l a nd F i g . 1 ) .  

DUMMY AND BT CYCLE 

I n  t h i s  f i r s t  p h a s e  o f  the r e s e a r c h  p r o g ramme t he cyc l i s t  was rep resented by 
a S O t h  p e r c en t i l e  a n t h ropomo rp h i c ma l e  d ummy . The S ta n d a rd Pa r t  5 7 2  d ummy 
was chosen h e c a u s e  i t  i s  a we l l de f i ned d ummy a n d  i s  o ften used a s  a pedes­
t r i a n  d ummy , i n  s p i te of  i t s d i sadventages ( e . g .  not s u f f i c i en t  l a t e ra l  
f l ex i b i l i ty a n d  not rep resen t a t i ve a s  S O t h  pe rcent i l e  i nj u red pedes t r i a n ) . 
I n  o rd e r  to u s e  t h i s  d ummy a s  pede s t r i a n dummy , some mod i f i ca t i o n s  were 
nece s s a ry . The range of mo t i on in the h i p  j o i n t was i n c re a s e d  by c u t t i n g  
away some but t oc k s f l e s h . The knee s , l owe r l egs a n d  f e e t  o f  t he S t a n d a r d  P a r t  
572  dummy w e r e  rep l a ced b y  s p e c i a l  p e d e s t r i a n  b o d y  p a rt s , s up p l i ed b y  
Huma n o i d  Sys t ems . These body p a r t s  a re re i n fo rced a n d  ea s i l y  rep l a c ea b l e . 
F u r l h e rrnore t h e  a n ke l s  have a l a t e r a l f l ex i on pos s i b i l i ty and a c c e l e rome t e rs 
can be moun ted i n t o t h e  knees and feet . 
The b i cy c l e s  a re s t a n d a rd O u t c h  men ' s  b i cy c l e s  ( f rame h e i g h t  58 cm , whee l ­
d i arne t e r  28" ) b u t  w i l h o u t  cha i n ,  mudgua r.d s ,  l i gh t i n g ,  e t c . The rema i n i n g  
b i cy c l e  ma s s  w a s  1 2 . S  kg . 
The d ummy was s i t t i n g i n  a de f i.ned st a n d a rd pos i l i o n  on the s t a t i o n a ry b i ­
cyc l e  and was s uppo r t e d  by a ,  ve r t i ca l l y a d j u s t a b l e , c a b l e  f i xed to L he 
ne c k - b r a c ke t . An e l e c t  ro-magnet i c  r.e l e a s e - s y s tem , a c t i  v a t e d  by t he movi ng 
ba r r i e r , i n t e r ru p t e d  t h i s  s uppo r t  a p p rox i ma t e l y  1 0 - 1 5  ms b e f o r e  cyc l i s t /  
ve h i c l e c o n t a c t . 
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F i g .  3 .  
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Def i ned s tand a rd he i gh t  o f  head , knees and a n k l e s  o f  t h e  dummy 
( w i t h  a ve r t i c a l  peda l c ra n k  pos i t i o n ) , comp a red to the va r i a t i o n s  
i n  b umper hei ght a nd hood-edge h e i ght . 

The p os i t ion o f  the l egs was va r i ed by f ixa t ion o f  t he peda l c ranks i n  
e i t h e r  a ho r i zonta l pos i t i on ( impa c t ed foot  backwa rds ) o r  i n  a vert i c a l  p o ­
s i t ion ( impacted foot downwa rds ) .  f i g u re 3 shows t h e  he i gh t  o f  knees a n d  
a n k l e s  i n  t h e  v e r t i ca l  c r a n k  pos i t i on , compa red t o  bump e r  a nd hood-edge 
he i gh t . 
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IMPACT D I RECTION AN D  SPEED 

I n  the Ne the r l ands the p a s s enger c a r  i s  the mos t  f requent c o l l i s i on pa rtner 
for  t he k i l l ed ( 62%) and severe l y  i nj u red ( 69%) cycl i s t  I I ] .  In  60-65% of  
these cases  t he cyc 1 i s t  was 1 a t e ra l l y ( l e ft mo re t han r i g h t )  impa cted by the 
front  of  t he c a r  l 1 J ;  the i mpact  d i re c t i on s e l ected  h e re i s  t here fore 90 
degrees ( f rom the l e f t  s id e ) . The cent re o f  the bi cy c l e  i s  l oc a t ed in  the 
synunet r i c a l  p lane o f  the s i m u ] a ted vehi c l e .  
F rom a c c i dent ana l ys i s  i t  i s  known that  many veh i c l es b rake before s t r i k i n g  
a pede s t r i a n  f 2 l .  F u r t h e rmore , t he sa fety bene f i t s  t o  be exp e c t ed from im­
p rovemen t s  i n  vehi c l e des i gn seem to be most i mp o r t a n t  for the speed range 
up to 40 km/ h  [ 2 ] . T n  the N e t h e r l ands most veh i c l e - cyc l i s t a c c i dents  o c c u r  
i ns i de bui l t - up a reas where a s peed l im i t o f  50  km/h or  l es s  ex i s t s .  The re­
fo re the veh i c l e  impact  speeds i n  these c y c l i s t  t e s t s  a re s e l e c t ed at 2 0 ,  
3 0  and 40 km/ h  . 
The mov i n g  ba r r i e r  w i t h  t he s imula ted veh i c l e  f ront  ( to t a l  mas s  930 kg) was 
braked when bumper/ J eg con t a c t  occurred (veh i c l e  dece l e ra t i on du r i ng b ra k i ng 
app rox i ma t e l y  0 . 7  g ) . The mov i n g  b a r r i e r  doesn ' t  "di ve" d u r i ng b r a k i ng , 
because i t  i s  c o n s t ruc ted wi t hout any suspen s i on .  So t he veh i c l e  front 
he i ght i s  ma i n t a ined d u r i ng t he comp l ete t es t .  

I NSTRUMENTAT CON 

The d ummy was i n s t rumented w i t h  t r i a x i a l  a c ce l e rome ters i n  t h e  c . g .  of  the 
hea d ,  thorax and pe l v i s .  Addi t i ona l l y ,  t ri a x i a l  a c ce l e rometers  were mounted 
i nt o  t he knees and u n i a x i a l  a c c e l e rome t e rs i n t o  the feet ( l a te ra l  d i re c ­
t ion ) . 
Two unax i a l  a c ce l e romet e r s  were mounted on the mov i ng ba r r i e r  to mea s u re the 
b r a k i ng a nd i mp a c t  dece l e ra t i on .  
E i gh t  h i gh - s peed f i l m  came ras were used to mea s u re and a n a l yse the mot ions  
o f  the dummy and b i cy c ] e  d u r i n g  the i mp a c t .  

TEST RESULTS 

GENERAL 

I n  i dent i c a l  t e s t s , 
p e l vi s ,  as  we l l  a s  
we l l .  

t he a c ce l era t i on - t i me h i s to r i e s  o f  the head , t ho rax and 
the ove ra l l  k i nema t i cs o f  the dummy , reproduced ve ry 

The a c c e l e ra t i o n - t i me h i s to r i e s  o f  t he knees and feet , howeve r ,  were some­
t i mes d i s t u rbed by h i gh - f requency v i b ra t i ons , caused by met a l - t o-me t a l  con­
t a c t s  in  the j o i n t s  and between j oi n t  bo l t s  and b i cyc l e  f rame . 
The i n i t i a l  pos i t i on o f  t he l e f t  a rm (= impacted s i d e )  h a s  a g re a t  i n f l uence 
on the ki nema t i cs of the d ummy . I n  t h ree t e s t s  ( 8304 , 8305 and 8 3 1 6 )  t h i s  
a rm was not s t re tc hed enough i n  t h e  i n i t i a l  pos i t i on and t h e re f o re t he e lbow 
pene t ra ted i nt o  the foam o f  t he hood , i ns tead of  s l i d ing over the hood . Due 
to th i s ,  head/ hood con t a c t  was d i s t u rbed or d idn ' t occur at a l l  i n  these 
t es t s .  
E s pec i a l l y  t he p e rma nent de forma t i ons o f  the veh i c l e  front and t he b i cyc l e ,  
and the l oca t i on s  o f  these deforma t ions , but  a l so  the t h rowi n g  d i s t a nce o f  
the dummy and b i cyc l e ,  reproduced ve ry wel l .  
The dwnmy a c ce l e ra t i o n s , veh i c l e  dece ] e ra t i on s  a nd t h row i ng d i s tances o f  
d ummy and b i cy c l e  a re s umma r i zed i n  the Append i x .  
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To extend t he analys i s  o f  t he t es t s , an imag i n a ry w i nd sh i e l d ,  cons i s t i ng o f  
a t a rge t - p l ane f o r  h i gh -speed f i l m  a na l ys i s , was a dded t o  t h e  veh i c l e f ront 
( see F i g .  4 ) . The chosen l ength  of t he hood ( d i me n s i on D) l eads t o  a head 
i mpact app rox i ma l e l y  on t he cen t re o f  the i ma g i n a ry w i ndsh i e l d .  
Ta b l e  2 s hows the i mpact ve l o c i ty o f  the head on t he i ma g i na ry w i ndsh i e l d  

F i g .  4 .  

---- ( 

---- 0 

1 
- +  

1 

For f i lm ana l y s i s  a n  i ma g i na ry w i nds h i e l d  ( 4 )  i s  added lo  the ve­
h i c l e  f ron t .  See Ta b l e  2 fo r the d i men s i o n  of t he hood l en g t h  D .  
D i s t a nce E g i ves the impact  l oc a ti o n  o f  l h e  head on t he hood . 

and the d i s t ance between hood-edge and head i mpacl  l oc a t i on on the hood ( d i ­
mens i on E i n F i g .  4 ) . 
Cons i de r i n g  l h e  rea l i s t i c  hood l e n g l h s  ( 1 . 00- 1 . 28 m) , head/w i ndsh i e l d  con­
tact i s  mos t  l i kely  i n  rea l a cc i den t s . 

PEDAL POS I T ION 

The i mp a c l  l o ca t i on s  of the bump e r  and g r i l l  on the d ummy ' s  l eg a re l ocated 
i n  o r  c l o s e  to a ve r t i c a l p l a ne l h rough Lhe d ummy ' s  c . g .  and pa ra l l e l  to the 
veh i c l e  d i rect i on o f  mot i o n ,  in  t he tesls where the peda 1 cranks a re f i xed 
i n  the vert i c a l  pos i t i on and the impa cted l eg i s  s t ret ched downwa rds ( s ee 
a l so F i g .  3 ) . There fo re the mo t i on o f  the dummy i s  a n  a l mo s t  pure l a te ra l  
one i n  t h i s  verl i ca l  p l ane , w i thout rol a t i on a ro un d  the d ununy ' s  l ong i t ud i na l  
axi s .  The veh i c l e  f ront  i mpa c t s  the l e ft l e g , wh i ch i s  comp ressed between 
b i cyc l e  and veh i c l e  f ron t .  Then the b i cyc l e  s t a r l s  rot a t i ng and s t r i kes t h e  
r i gh l  l eg .  The cycl i s t  ro l a tes  a round the hood-edge and succe s s i v e l y  lhe 
l e ft s i de o f  t he h i p ,  the left  a rm ,  the l e f t  shou l d e r  and f i n a l  ly t he l e f t 
upper s ide o f  the head s t r i ke the hood . When the l eg s  a re h o r i zonta l ,  the 
b icyc l e  s t a r t s  mov i ng away from the dummy and veh i c l e .  Due t o  the b ra ki ng o f  
the veh i c l e  the dummy s l ides over the hood and fa l l s  o n  the g round . T h i s 
second i mp a c l  was not ana l ysed i n  deta i ] ,  howeve r ,  a c c e l e ra t i on - t ime h i s to-
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Ta b l e  2 Res u l t s  o f  fu l l - s ca l e  cyc l i s t - veh i c l e  t es t s ;  head i mp a c t  on 
i.ma g i n a ry w i n d s h i e l d  and hood . 

Tes t  Hood l en g t h  D 
1 )  

Head/w i ndsh i e l d  D :i s tance E 
1 ) 

number i mp a c t  ve l oc :i t y  
( m )  ( km/ h ) (m )  

8303 1 .  00 42 1 . 1 4  
8306 1 . 00 40 1 .  1 2  
8307 1 .  00 3 7  1 .  1 0  
8308 1 .  00 44 l .  1 1  
8309 1 .  00 2 )  0 . 90 
8 3 1 0  1 . 00 2 )  2 )  
8309 0 . 80 24 0 . 90 

83 1 0  0 . 80 2 1  2 )  
8 3 1 1 1 .  00 6 1  1 .  24  
83 1 2  1 . 00 62  l .  24  
83 1 3  1 . 00 43 1 .  1 0  
83 1 4  1 . 00 45 ] .  1 2  
83 1 5  1 .  00  43  ] .  1 3  
83 1 6  3 )  l .  00 
83 1 7  1 .  28 48 ] .  45 

83 1 8  1 .  28 49 1 . 45 

83 1 9  1 .  28  58 1 . 43 

8320 1 .  28  58 1 . 48 

1 )  See Fi g .  4 .  
2 )  No head contac L  o c c u r red . 
3 )  Head ki nema t i cs d i s t u rbed hy e l bow / s h o u l der impa c t . 

r i es somet i mes s howed h i gh peak va l ues fo r t h i s  i mpa c t . 
l f  t he peda l c ranks  a re f i xed i n  a hori zonta l pos i t i on , both knees a re i n  a 
fo rwa rd pos i t i o n .  So i n  t ha t  t. est  s e t - up t he i mp a c t  l ocat i ons o f  t he ( h i g h )  
veh i c l e  f ront  on t h e  dummy ' s  L eg a re l oc a t ed i n  f ront o f  the ver t i ca l  p l a ne 
t h rough l h e  dummy ' s  c . g .  a nd p a ra l l e l  to the veh i c l e  d i re c t i on o f  mot i on .  
The r e f o re a l so a ro t a t i on a round t he d ummy ' s  l on g i t ud i na l a x i s  cou l d  be ob­
s e rved in t hese tes t s ;  the pos t e r i o r  part  of t he dummy ' s  head and thorax 
i mpacted t he hood . 
Resu l t s f rom a c c i de n L  ana l ys i s  s t ud i es conce rni ng t he i n f l uence o f  the peda l 
pos i t i on on the k i nema t i cs o f  the cyc l i s t  we ren ' t  a va i l a b l e . 

VEH J CLE SPEED 

The i n f l uence of t he veh i c l e  s peed can be d e t e rm i ned by compa r i ng the re­
s u l t s  of t he t e s t s  8309 / 8 3 1 0  ( 20 km/ h ) , 8303/ 8306 ( 30 km/ h )  and 8 3 1 1 / 83 1 2  
( 40 km/ h ) . Other pa rame t e rs we ren ' t  changed i n  t hese t e s t s  ( see Tab l e  1 ) .  
F i g u re 5 s hows t he i n f l ue n ce o f  t he veh i c le impa c t  speed on the t h row i ng 
d i s t.ance  o f  the dwnmy and b i cyc l e ,  comp a red t o  the b ra k i ng d i s t an ce o f  t he 
mov i ng ba r r i e r .  These c u rves a re q u i t e  s i mi l a r  t o  wha t i s  known about  
t h ro w i ng d i s tances of  pedes t r i a n s . 
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F i g .  5 .  
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l n f l uence o f  the veh i c l e  i mpact ve l oc i ty o n  t h e  t h rowi ng d i s tance 
of d ummy a nrl b i cyc l e ,  compa red to  the b r a k i n g  d i s tance of the 
veh i c l e .  

The t ra j e c t o r i e s  o f  the hea d , tho rax and a n k l es  o f  t h e  cycl i s t , re l a t i v e  to  
t he veh i c l e ,  a re shown i n  F i g .  6 .  In  the 20 km/ h  t e s t s  t h e  dwruny j u s t  fa l l s 

F i g .  6 .  
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. '\,\ I .'d:i 
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o - - o  20 km/h 
• - •  30 km/h 
o-·-o 40 km/h 

I n f l uence o f  the veh i c l e  imp a c t  ve l oci ty o n  t h e  t ra j e c t o r i e s  o f  head , 
thorax and a n k l es o f  the dununy - cy c l  i s t (veh i c l e  f r o n t  geome t ry 
A/B/C = 5 5 / 80/ 1 0  cm) . Time i n t e rva l s  o f  5 0  ms a re s hown . 
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on t he hoo d .  l n  one 20 km/ h t e s t  t h e r e  was no head/hood con t a c t  and i n  t he 
o t h e r  one t h e re was o n l y  a s l i gh t  contact . The head impact 1 oc a t i on on the 
hood in t h i s  20 km/ h  t e s t  a l most co i n c i ded w i th t h i s  l oca t i on obta i ned f rom 
wrap p i ng the cyd i s t ' s he i gh t  a round t he veh i c l e  f r o n t  ( see F i g .  7 ) .  So i n  
t h i s  Lest  s e t - up and u s i ng t h i s  dummy , Lhere w i l l  p roba b l y  be no head/hood 
cont a  et i f the veh i c le speed is dec rea sed h e l ow 20 km/ h .  1 n t he 30 a nd 40 
km/ h  t e s t s  the i mp a c t  l o ca t i ons of the head and thorax a re l oc a t ed much mo re 
towa rds the w i nd s h i e l d  (see  F i g .  6 ) . 
l n  the 20 �n/ h  t e s t s  t he imag i n a ry wi nds h i e l d  was s h i f t e d  fo rwa rd to rea l i ze 
a head/w i ndsh i e l d  conta c t  comp a ra b l e  t o  the o t h e r  t e s t  (see T a b ] e 2 ) . The 
imp a c t  ve l o c i ty o f  t he head on t he i ma g i na ry wi ndsh i e l d  i n c reases s t rongly 
i f  the veh i c l e  speed i n c reases ; approx i ma t e l y  22 km/ h  i n  t he 20 km/ h  t e s t s  
to app rox i ma t e l y  62 km/ h i n  t h e  4 0  km/ h  tes t s . 
The a c c e l e ra l i on s  o f  t he c . g .  ' s  o f  hea d , t horax and p e l v i s  are s t ron g l y  i n ­
f l uenced by t he veh i c l e  speed . The H I C , e . g . ,  i s  i n c reased b y  a fa c t o r  3 t o  
6 ,  whi l e  t he S I  o f  t h o rax a n d  pe l v i s  a re doub l e d ,  i f  the veh i c le speed i n ­
c reases  f rom 30 t o  40 km/ h .  The average acce l e ra t i on o f  t h e  l ef t  knee , 
caused by the bump e r  impa c t  i n  the 20 , 30 and 40 km/ h  test s , i s  approx i ­
ma t e l y  475 , 700 and 950 m/s 2 respe c t i ve l y .  The max imum acce l e r a t i ons caused 
by knee-b i cy c l e  cont a c t s , howeve r ,  s howed peak va 1 ues up  t o  3 1 00 m/ s 2 a nd 
ank l e  j o i n t - s tops even up to 5400 m / s 2 . 

F i g .  7 .  
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I n f l uence o f  the veh i c l e  i mpact  v e l o c i t y  on the head impact  l o c a ­
t i on on Lhe hood , compa red to t h i s  l ocat i on obta i ned f rom wrapp i n g  
t h e  cyc l i s t  he i gh t  a round t he vehi c l e  f ront ( A / B / C  = 55/80/ 1 0  cm) . 

VEH I C LE GEOMETRY 

The hood -edge he i gh t  appears to have a p redom i nant  i n f l uence on t h e  k i ne­
rna t i cs  of t he cyc l i s t . The va r i a t i ons i n  bumper he i gh t  and bump e r  p ro t rus i on 
d i dn ' t  i n f l uence the head impa c t  l oca t i on on t h e  hood ( compa re tes tno . 8303/ 
8306 , 83 1 3/ 8 3 1 4 ,  8 3 1 5 / ( 8 3 1 6 )  in Tab l e  2 ) . The d i s tance be tween head i mp a c t  
l oca t i o n  a n d  hood-edge , howeve r ,  i s  s t rongly  i n c reased when the hood-edge 
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he i gh t  i s  dec reased ( comp a re t e s t n o .  8 3 1 5 /8 3 1 6  and t e s t n o . 8 3 1 7 / 8 3 1 8  i n  
Tab l e  2 ) .  The s ame ho l ds for the i mp a c t  ve l oc i ty o f  t h e  head on t h e  i ma g i ­
n a ry w i nd s h i e l d  ( see Ta b l e  2 ) .  
F i g .  8 s hows the t ra j ec to ri e s  o f  lhe dununy , s t ru c k  by a h i gh a n d  a l ow ve­
h i c l e  f ro nt .  The l ower body i s  l es s  t ra n s l a t ed i n  ho r i zo n t a l d i rect i on ,  when 
s t ruck by a l ow veh i c l e .  The r i gh t  l eg s l i des  ove r lhe hood- e d ge , in s t ead 
of  be i ng ho r i zon t a l l y  a c ce l e ra t ed by t h e  veh i c l e  f r on t . Ther e f o r e  the rot a ­
t i ona 1 mo l i on o f  t h e  upper body i s 1 e s s  res t r i cted . 
F i r s t  ana l ys i s  o f  pede s t r i an t e s t s , i n  wh i ch t h e  dununy i s  l a t e r a l  l y  ( 9 0 ° )  
impa c ted b y  i den t i c a l  s im u l a ted veh i c l e  f r o n t s  ( second p h a s e  o f  t h e  resea rch 
programme ) ,  i nd i ca tes  t ha l  the t raj e c t o r i e s  of pedes t r i aus and c yc l i s t s  a re 
qui t e  s im i l a r  ( see a l so F i g .  9 ) .  The d i s t a n ce between head impact  l oc a l i on 
on t h e  hood and hood - edge ( " E "  i n  F i g .  4 ) , howeve r ,  i s  approx i ma t e l y  30 cm 
g r e a t e r  for the c y c l i s t , due to  i t s  h i ghe r c . g .  pos i t i o n .  
Max imum head a c ce l e r a t i o n s  and H J C  i n c re a s e  when bump e r  p ro t ru s i on i s  i n ­
c reased , o r  when hump e r  he i gh t  and/ o r  hood-edge he i gh t  a re decrea s ed . Max i ­
mum ehest acce l e ra t i on s  and S T  i nc rea s e  when bump e r  hei gh t  a nd/ o r  hood - edge 
he i gh t  a re dec rea sed . I n c rea s i ng bumper p ro tr u s i on of a h i gh veh i c l e  has no 
i n f l uence on lhe ehest acce l e ra t i on s . I n c rea s in g  bumpe r  prot rus i o n  of a l ow 

F i g .  8 .  
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I n f l uence o f  the veh i c l e  f r o n t  he i ght on the t ra j e c l o r i e s  o f  t h e  
h ead , t ho rax a n d  a n k l e s  o f  t h e  d ununy - cyc l i s t  ( veh i c l e  s peed = 
30 km/ h ) . T i me i n t e rva l s  o f  50  ms a re shown . 
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veh i c l e  d e c re a s e s  the e h e s t  a c ce l e ra t i on s  ( p roba b l y  c a used by l a t e ra l / ve r­
t i ca l s h o u l d e r  impact ) .  M a x i mum p e l v i s  a c ce 1 e ra t i on s  d e c re a s e  when bumper 
he i ght a n d / o r  hood-edge he i gh t  a re d e c re a s e d . l n c rea s i ng b umper p r o t rus i on 
o f  a h i gh veh i c l e  o r  a l ow veh i c l e  l ea d s  to a d e c re a s e  o r  i n c re a s e  o f  t he 
ma x i mum pe l v i s  a c c e l e ra t i ons r e s p e c t i ve l y .  
The i m p a c t  J o ca t i on o f  t he bump e r  on t he l ower l eg o f  t h e  c y c 1 i s t  depends 011 
the po s i t i on o f  t he l e g .  In t h i s  le s t  s e t - u p  t h e  i mp a c ted l eg i s  i n  t h e  most 
downwa rd pos i t i on and t h e  b u mp e r  i mp a c t s  t he l eg j u s t  a bove t he a n k l e  o r  
j u s t  b e l ow the knee ( s ee a l s o F i g u re 3 ) . I n i t i a l  a c c e l e ra t i on s  a re t he re fo re 
h i gh e r  a t  the i mp a c t e d  j o i nt , b u t  h i gh - f requency v i b r a t i on s  d i s t u rbed the 
mea s u remen t s . La t e ra l  f l ex i on of the l e f t  an k l e  was h i gh e r  i n  the va r i a � i on s  
w i t h  a h i gh bumpe r .  

2.0 z ( m l  
v : 40 km/h 

--- 7-segment 2 D 
- 1 5 -segment 3 D 

1.5 

1.0 

0. 5 .  

0.0 +----.....-�--->,L>--.--,...--__,..--__, 0.0 0.5 1.0 1.5 20 2.5 
y ( m l  

F i g .  9 .  Mat herna t i ca l s i mu l a t i on o f  a veh i c l e - pede s t r i a n  a c c i dent 1 6 ] .  

VEH I C LE STI FFNESS 

I n  t h e  t e s t s  830 7 / 8308 the dens i t y  of t h e  PUR- foam s i mu l a t i ng t he bumper and 
g r i l l  was 35 k g / m 3 , i n s t e a d  of 50 k g / m 3  in the s t a n d a r d  t e s t s  (8303/ 8306 ) .  
The i n f l uence o f  t h i s va r i a t i on on t he knee and foot a c ce l e ra t i on - t i me h i s ­
t o r i e s i s  n o t  c l ea r ,  because t h e s e  h i s t o r i e s  we re d i s t u rbed by me t a l - to ­
m e t a  1 c o n t a c t s .  T h e  i n f l uence on t he a c c e l e ra t i on - t i me h i  s t o r i es o f  the 
hea d , t h o r a x  and p e l v i s ,  howeve r ,  was on l y  m i no r .  The t ra j e c t o r i e s  of the 
head and t h o r a x  a l s o  were not i n f l uenced by t h i s  va r i a t i on .  
The veh i c l e  s t i f f n e s s  a l s o  w i l l  be va r i ed i n  the ma t h ema t i ca l  mode l s ,  wh i ch 
w i l l  be developed i n  t he n e x t  pha s e  o f  t h e  resea rch p ro g ramme . These mode l s  
c a n  con t r i b ute t o  a b e t t e r  unde r s t a nd i n g  o f  the e f fe c t s  o f  veh i c l e  s t i f fn e s s  
va r i a t i o n s . 
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D l SCUSS I ON AND CONCLUS I ONS 

Pedes t r i a n s  a s  we l l  a s  c-yc l i s t s ,  a re among L he mo s t  vu l ne ra b l e  t ra f f i c  p a r ­
t i c i pa 1 1 t s .  The a g g r e s s i vene s s  o f  p a s senge r c a r s  s t r i k i ng pedes t r i a n s  o r  
cyd i s t s  c-an be redu c-ed b y  i mp rovement o f  t h e  veh i c l e  de s i gn .  
Twe n t y  fu l l - s c a l e  t e s l s  a re p e r f o rme d ,  i n  wh i ch a dummy-cy d i s t  i s  l a t e ra l l y  
impa c t e d  l>y a s i mu l a t e d ve h i c l e  f ron t . Dependent on t he p os i t i o n  o f  t he 
dummy ' s  l e gs au a l mo s t  p u r e  l a t e ra l  m o t i o n  u f  t h e  dummy can o c c u r .  The ve­
h i c l e  geomet ry ,  espe c i a l  l y  t he hood - e clge h e i gh t , i n f l uences t he k i nemat i c s 
and L h e  a c ce l e ra t i on s  o f  t h e  c.lununy - cy c l i s t . M a x i m um h e a d  a c c e l e ra t i on s  and 
H I C  a re i n c reased by a f a c t o r  1 . 5 up t o  2 i f  the f ront h e i ght is dec reased 
by 2 0  cm . T h e s e  chauges can a l s o resu l t  i n  d i f f e r e n t  h e a d  i mp a c t  l o c a t i ons 
011 l he veh i c l e ;  e . g .  p l u s 30 cm 011 the hood i f  t h e  f ro n t  h e i gh t  i s  dec reased 
f rom 80 L o  60 cm . Th i s  makes hea d / w i n d s h i e l d  contact more l i ke l y .  
The i mp a c t  s peed o f  t h e  b ra ked ve h i c l e  a l s o s t rong l y  i n f l u e n c e s  the k i ne­
ma L i cs a nd a c ce l e ra t i o 1 1s  of the d wnmy- c y c l i s t .  l n  f u t u re t h e  i n f l uence o f  
the h i cyc l e  s p e e c.l o n  t h e  t e s l  resu l t s w i l l  be d e t e rm i ned a l s o .  The d i f fe r ­
ence i n  dens i t y o f  t h e  u s ed PUR- foams , howeve r ,  doesn ' t  i n f l u ence t h e  t e s t  
resu l t s  very 1nuch . 
The k i nema t i c s o f  pede s t r i a n s  and cyc l i s t s ,  J a t e ra l l y  s t ru c k  by i d en t i ca l  
ve h i c l e  f ro n l s , a re ve ry much a l  i ke .  The pos i t i on o f  L h e  l e g s , howeve r ,  i n ­
f l uences L h e  k i nema t i c s i n  h o t h  c a s e s . The head i m p a c t  l o ca t i on o n  t h e  hood 
seems t o  l i e  f u r t h e r  away f rom the hood-edge for L h e  c y c l i s t , due to the 
h i gher po s i t i on o f  i t s  c . g .  
The p e r f o rmance o f  t he mod i f i ed S t a nda rd Pa rt 5 7 2  dummy was s a t i s fa c t o ry f o r  
t h e  f i r s l  p h a s e  o f  t he r e s e a r c h  p ro g ramme . More rep r e s e n t a t i ve human s u b s t i ­
t u t e s w i  l J be 

·
u s e d  l a t e r  on i n  t he r e s e a r c h  p ro g ramme . Conce r n i n g  dumm i e s , 

i L  i s  p ro ba b l y  be t l e r  t o  a s s e s s  t h e  seve r. i ty o f  l e g  i mp a c t  by cons i d e ra t ion 
of t h e bend i ng mome n l s  in t he bones anrl  knee j o i n t , in stead of a c c e l e r a ­
t i ons . 
The resea rch p ro g ramme w i l l  be co n t i nued by p e r fo r m i n g  i d e n t i ca l  f u l l - s ca l e  
t e s t s  w i t h dummy -pede s t r i a ns . Th i s  makes comp a r i son o f  k i nema t i c s and " i n ­
j u r i e s ' '  o f  pede s t r i a n s  and cy c l i s t s ,  s t ru c k  by i dent i c a l  veh i c l e s ,  po s s i b l e .  
The p rog ramme w i l l  he extended i n  f u t u r e  by us i ng o t he r  human s u b s t i t u t e s  
( e . g .  cadave rs , c h i l d  dumm i e s )  a n d  rea l p a s s enge r ca r s , w h i l e  i n  conj u n c t i on 
w i l h t h i s  expe r i me n t a l  resea rch , mat hema t i c a l  mode l s  o f  b o t h  pedes t r i a n and 
cyc l i s t  i mpa c l s  w i l l  he f o rmu l a t ed w i t h  L h e  MADYMO CVS p ro g ram p a c kage . 
These mode l s  ca1 1  c o n l r i b u l e  Lo t h e  i n s i gh t  i n  t h i s  comp l ex i mp a c t  s i t ua t i on 
and t h ey can be e x t e nded t o  cond i t i o n s  f o r  wh i c h n o  t e s t s  a re ava i l a b l e .  
I n t e rn a t i ona l co-ope ra t i on i s  s t ro ng l y  reconunended f o r  s u cce s s f u l l y  a t t a c k ­
i n g t h e  p r o h l ems i n  t h i s  r e s e a r c h  f i e l d .  
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