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Abs tract .  

A theoreti ca l ana lys i s  of the reacti on forces on the h uman l eg d u r i ng car-pe
destr i an l a tera l  i mpacts i s  mad e .  The pos s i b i l i ty to m i n i m i ze these forces i n  
the knee by vary i ng the i mpact l evel  i s  i l l us trated . A mecha n i ca l  mode l  of 
the l ower extrem i ty has been used i n  exper i ments s i mu l a t i ng the l eg-bumper 
impacts . Based on these data the s i gn i fi cance of d i fferent bumper l eve l s  and 
types for l ower l eg and knee i nj u r i es seen i n  car-pedestr i a n  accid ents i s  
d i scussed . 

I ntroduc ti on . 

Ear l i er i nvesti gati ons of rea l and s imu l ated car-pedestr i an accidents have 
i nd i cated the pos s i b i l i ty to m i t i gate the i nj u r i es by mod i fyi ng the car ex
ter i or ( Epp i nger and Pr i tz 1 979 ) . These conc l u s i ons were based on exper iments 
w i th dummi es and cad avers and were corre l a ted to rea l acc i d ent d ata . Mathema
ti ca l  mod e l s of the human  body duri ng i mpact have been proposed ( Bacon and 
Wi l son 1 976 , Brun et a l  1 97 9 ,  Padgaonkar et a l  1 97 7 )  and s i mp l e  mechan i ca l  de
v i ces s i mu l a ti ng certa i n  body parts dur i ng  i mpact have been recommended for 
the eva l uati on of the aggress i veness of var i ou s  veh i c l e  des i gns ( Epp i nger and 
Pri tz 1 97 9 ,  Kramer 1 97 9 , Echav idre  and Gratadour 1 979 ) .  

Speci a l  i nterest has  been focused on i nj u r i es to the l ower l eg and knee caused 
by bumper i mpacts a nd d i fferent opi n i ons exi s t about the i nfl uence of the 
he i g ht  and comp l i ance of the bumper on the sever i ty of i nj ur i es . Accord i ng to 
some research groups a bumper he i ght be l ow 40 cm shou l d  be avoi ded because i t  
may i ncrease the i mpact ve l oc i ty of other par ts of the h uman body . However , 
other groups have recommended a l ow bumper l eve l  and a short bumper l ead 
d i s tance i n  combi nati on w i t h  a smooth and comp l i ant  front profi l e  to m i t i gate 
the l eg i nj ur i es as  we l l  as  the whol e body i nj ury sever i ty ( Ashton and 
Mackay 1 97 9 ) . 

Scope . 

The a i ms of th i s  s tudy was to i nvesti gate the i njury mechan i sm and the reac
t i on forces i n  the l ower l eg and i n  the knee j o i nt dur i ng i mpacts to the s ide  
of  the human l e g .  
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Methods . 

I .  Theoret i c a l  a n a lys i s .  

A theoret i c a l  a na lys i s  was made of the bumper- l eg impact sequenc e .  I n  th i s  ana
lys i s  a compound pendu l um model  wa s u sed ( Append i x ) . The  mas s  a nd d i mens i on s  
of th i s  pend u l um corres pond to a n  ad u l t  h uman l eg .  The mode l  i s  based o n  the 
res u l ts from ear l i er exper iments on human l eg s pec i mens ( Aldman et a l  1 979 ) . 
The mean bumper force at  the impact po i n t  a nd the l i gament  force i n  the knee 
j o i nt c a l c u l a ted on the bas i s  of thi s model  are i l l u s trated i n  fi g 1 a and b .  
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F i g  l a .  The mean  bumper force F ig  1 b .  The mea n  l i gament force 
for var i ou s  i mpact l eve l s for var i ou s  impact l eve l s  

The dotted curve i n  f i g  1 a i l l u s trates a hypotheti c a l  dev i ati on from the r i 
g id  model  caused by a non-r i g i d  connecti on of the knee j o i n t between the 
more r i g i d  t h i g h  and l ower l eg .  Near th i s  j o i n t  a l ower i mpact force should  be 
expected when compared to the force i n  the r i g i d  model . For purely l ateral  
i mpacts th i s  dev i at i ons depends on the rel a t i ve bend i ng s t i ffness of  the leg 
i n  th i s  d i recti on . Th i s  bend i ng st i ffnes s i n  the non-r i g i d  model  i s  governed 
by the f l ex i on-extens i on a n g l e  a nd a poss i b l e  ax i a l  rotat i on of the knee , 
s i nce when the knee i s  hyperextended or the l ower l eg i s  rotated i n  re l at i on 
to the femur the co l l a tera l l i gaments are ti ghtened . The knee reac t i on forces 
c a n  be con s i dered as a comb i nat ion  of a s hear force component a nd a bend i ng 
force cou p l e  con s i st i ng of a l i gament  ten s i on force a nd a j oi nt s urface comp
res s i on force.  An a x i a l  rotat i on force and a n  a x i a l  ten s i l e force of the l i ga
ments can  a l s o  appear a s  a res u l t  of  the  impact . The tota l l i gament force 
approx imately equ a l s the bend i ng force p l u s  the axi a l  tens i l e  and rotat iona l  
forces . T he  axi a l  tens i l e  force wi l l  l ower the  s urface compres s i on force .  

Res u l ts I .  

Th i s  theoreti ca l  a na lys i s  i nd i ca tes  the poss i b i l i ty of m i n i mi z i ng the reac
ti on forces on certa i n  parts of the l ower extrem i ty dur i ng l a tera l  i mp acts by 
chos i ng a s u i ta b l e  i mpact l eve l . The bend i ng force at  the knee jo i nt  l evel of 
th i s  mode l  h as a we l l  def i ned mi n i mum near the center of grav i ty of the l ower 
l e g .  On the other h and the d i rect i mpact force wou ld be h i gher at th i s  l evel 
than at the knee j o i nt l evel . The sum of the d i rect i mpact force and the knee 
reac t i on forces probably h a s  a m i n i mum v a l ue somewhere between the m id- t i b i a 
and the knee joi nt l evel . Th i s  mi n i mum wi l l  be j u s t  above the center of gra-
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v i ty of the l ower l eg .  Th i s  i s  i l  l us trated i n  f i g  2 .  

o.� Knec 

F i g  2 .  Hypothetical  sum of impact force and knee reacti on forces for 
varyi ng impact l e ve l s  ( j oi nted l eg ) .  

I I .  The mecha n i ca l  mode l .  

A mechan i ca l  model  of the adu l t  human l eg and knee was constructed . The u pper 
and l ower components are made of a turned bace l i te core and the centre of 
grav i ty was adjusted to i ts correct pos i t i on by add i ng sheet l ead on the out
s i d e .  Thi s i s  then covered by a few centi metres of p l a s t i c  foam to s i mu l ate 
the soft ti ss ues ( f i g  3 a and b ) . 
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Fi g 3 b .  The knee j o i n t .  

The we i ght  of the u pper component i s  7 k g  and the l ower component  i s  5 kg . 
The knee j o i n t  i s  s i mu l a ted by a sta i n l ess s tee l bal l and socket j o i n t .  On the 
attachment s haft of the bal l stra i n  gauges for shear force record i ngs are 
g l ued .  The col l ateral l i gaments are s imu l ated by copper wi res wh i ch are con
nected to the upper and l ower l eg components by attachment  fi tti ngs w i th 
s tra i n  gauges for tens i l e  force measurements . The col l atera l  l i gaments 
restr i ct  bend i ng of the knee i n  one p l ane . The l eg i s  l oaded by a s imu l ated 
body mas s .  Th i s  mass i s  connected wi th the l eg by an u n i versal j o i nt wh i ch 
permi ts a 25° pend u l um ang l e  before contact i s  made wi th the s i de of the body 
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mas s .  Th i s  ang l e  approx imately corresponds to the adduct i on ra nge of the hu
ma n h i p  Jo i nt . The leg  i s  ver t i c a l ly mounted on a p l a tform wi th a h i gh fr i c 
t i on surface and struck  by a test c art  carry i ng a r i g i d  meta l c a r  bumper 3 cm 
wi de  ( F i g  4 ) . 

F i g  4 .  The exper i menta l set u p .  

I n  s ome cases the bumper was covered by a 5 c m  o r  a 1 0  c m  th i ck padd i ng o f  po
lyuretha n  foam.  The coeffi c i en t  of resti tuti o n ( e )  for th i s  padd i ng was . 4  at 
the impact ve l oc i t i es used i n  these exper iments . In  two exper iments a some
what harder p l asti c foam mater i a l  were used . The i mpact d i rect ion  was chosen 
to get the max imum of l i gament  stra i n .  The equ i pment wa s a l so i n strumented 
wi th hor i zonta l and vert i ca l  force transdu cers i n  the bumper attachment 
brac kets a nd i n  the frame of the su pport p l a tform. By th i s  techn i q ue the ten 
s i  l e  l i gament force and the s hear force on the knee jo i n t  cou l d  b e  recorded 
and c ompared to the bumper a nd ground forces at a ny moment  dur i ng the irr.pact . 

The i mpact v e l oc i t i es , the bumper l evel  and the padd i ngs were var i ed . The i m
pact sequence was documented by h i gh - speed ci nematography .  The max i mum knee 
def l ex i on ang l e  and the angu l ar ve l oc i ty of the who l e  l eg after impact were 
der i ved from ana lys i s of the h i gh - speed fi l ms .  

Resu l ts I I . 

39 tests were made .  The tes t  data are s hown i n  tab l e  r · . At 42 cm i mpact l evel 
the 11 l i gament 11 opposi te the impact s i d e  broke i n  three ca ses ( no 30, 3 1 , 36 ) ; 
the i mpact vel oc i ti es i n  these cases were 1 2 ,  1 2  a nd 9 km/h respecti ve l y .  I n  
another case ( n o  38) a t  1 8  km/h a nd wi th a 3 4  c m  impact l evel the 1 1 l i gament 1 1  
a ttachment  oppos i te the impact s i d e  broke . 

The fol l owi ng bumper types were u sed . 

I .  Meta l bumper ; n o  padd i ng ;  3 cm i mpact w idth 
I I .  - 11 - 5 cm polyuretha n padd i ng ;  5 cm impact width 

I I I .  - " - 1 0  cm - 1 1 - ; 5 cm - 11 -

I V .  - 1 1 - 1 0  cm  polyv i ny l c h l or i de  padd i ng ;  5 cm  impact width 
V . - 11 - 1 0  cm - " - 5 cm - 11 -
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Ta b l e  I .  Exper i menta l  test data . 
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The mean bumper forces for d i fferent i mpac t l eve l s  and padd i ngs  at  1 2  km/h 
are i l l u strated i n  f i g  5 .  
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Fi g 5 .  Mean bumper force B for d i fferent i mpact l eve l s  and padd i ngs  at 1 2  km/h .  

The peak " l i gament"  forces for pure bend i ng and for vary i ng impact  l eve l s  and 
pad d i ngs at 1 2  km/h are i l l u s trated i n  f i g  6 .  I n  th i s  fi gure a l i ga�ent  force 
va l ue at  42 cm i mpact l evel  i s  i nd i ca ted i n  brackets wh i ch was ca l c u l ated by 
l i near extrapo l at i on from exper iments nr  35 a nd 3 7 . 
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F i g  6 .  Pea k knee l i gament force L f or vary i ng impact l ev e l s  and padd i ngs at 
1 2  km/ h .  

The quotient  between the knee s hear force H and the bumper force B for 
vary i ng i mpact l eve l s  and padd i ngs  a t  1 2  km/ h  are i l l u s trated i n  fi g 7 .  

185 



� t llll [ o•r ] 0 & tlf • II'  
� •'!!r 0 

O.S' + 
� u  

� 
� 
� 

„ � + 
... � 2.� 
0 

fO eo 30 Jio In-.� le�cl (cm) 

F i g  7 .  The quoti ent between the knee s hear force and the bumper force for 
vary i ng impact l evel s and padd i ngs at 1 2  km/h . 

The l eg ang u l a r  ve l oc i t i es after i mpact for var i ou s  impact l evel s and pad
d i ngs at 1 2  km/h  are shown i n  f i g  8 . 
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F i g  8 .  Leg angu l ar ve l oc i ti es after i mpac t  for vary i ng i mpac t l evel s a nd 
padd i ngs  a t  1 2  km/ h .  

I n  f i g 5 ,  6 ,  7 and 8 tests n o  25  and 27  are i nd i cated because i n  test 25  the 
leg was hangi ng wi thout ground contact and i n  test 27 an extra l oad of 20 kg 
was added to the body mas s .  

Di scuss i o n .  

�YE.O!h!t.:!_c�l_l�J�rx_ �e�h�nj_s�s_a�d_cli�i�al �ele�a�c!· 

Impacts on the l ower extremi ty may cause i nj ur i es to the a n k l e  j o i n t ,  the l o-
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wer leg  or the knee . The a n k l e  j o i n t  i njur i es cau sed by bumper impacts often 
are und i s p l aced ma l l eo l ar  fractures or l i gament i njur i e s caused by i nd i rect 
react i on forces due to the ground contact .  The sever i ty of these i nj ur ies  were 
moderate i n  a prev i ous s tudy ( Aldman et a l  1 979 ) . These i nj u r i es occurred more 
often a t  l ow i mpact l ev e l s  (25  cm) . 

The l ower l eg i nj u r i es cau sed by burnper i rnpacts are soft t i ssue i nj ur i es and 
fra ctures a t  the i mpact l eve l . A r i g id  and narrow i mpact surface concentrates 
the b l ow on the l eg  to a shorter t i me and a sma l l er area a nd a " h i g h  energy" 
fra cture may occu r .  The s k i n  and muscu l a r  i nj ur i e s adj acent  to a l ower l eg 
fracture are s i gn i f i cant  and the hea l i ng t i me i s  l onger for th i s type of i n
j ur i es compared to a " l  ow energy" frac ture ( Bauer and Edward s 1 965 )  . 

Knee i njur i es are cau sed by d i rect or i nd i rect forces . Hypotheti ca l l y the im
pact react i on forces wi l l  i ncrease w i th i ncreased ground fr i c t i o n .  Th i s  i n 
f l uence i s  parti cu l ar l y  i mportant a t  l ow vel oci t i es a t  wh i ch a l i gament rup
ture or a knee condy l ar compres s i on fracture can be seen even near zero vel o
c i ty .  As c a n  be seen i n  f i g  6 ( Exp no 25 and 27 ) the knee l i gamen t  force i s  
on ly s l i ght ly  i nf l uenced by vary i n g  the fr i c t i on forces on the p l a tform a t  
moderate i mpact v e l oc i ty .  A l ower bend i ng s t i ffness of the l eg i n  the impact 
d i recti on at  the knee l evel  w i l l  reduce the bumper i mpact force and the knee 
shear force . I f  the extended l eg i s  h i t  from the a n ter i or s i de not far b e l ow 
the knee l evel the poster i or capsu l e  a nd the posteri or cruc i a te l i gament of 
the knee are most heav i ly l oaded ( Kennedy a nd Grai nger 1 9 67 ) .  If the l ower 
leg  i s  h i t  i n  the oppos i te d i recti on the anter i or cruc i a te l i gament  i s  maxi 
ma l l y s tra i ned . For i n termed i a te impact d i recti ons m i xed l i gamentous and me
n i sceal  i nj ur i e s  are poss i b l e  ( Kennedy et a l  1 9 7 4 ) . The knee joi nt  surface 
compres s i on force a l s o  depend s on the parameters ment i oned above . A fl exed 
knee seems to be more v u l nerab l e  for compres s i on fractures compared to an ex
tended knee accord i ng to a b i omechan i ca l  s tudy by H i rsch  a nd Su l l i v an ( 1 965 ) .  
B l ow fractures of the t i b i a l  or femoral  condy l es comb i ned w i th i nj u r i es i n  the 
knee j o i n t  caused by bend i ng ,  s hear i ng and compress i ve forces are severe . There 
i s  a h i gh r i s k for cron i c a l  j o i n t  i ns ta b i l i ty and arthros i s  but the l ong term 
effect of these i nj ur i es are not fu l ly know n .  

Leg i njur i es c au sed by bumper irnpacts have been stud i ed exper i menta l l y u s i ng 
human l eg s pec imens ( Aldman et a l  1 979 ) .  The resu l ts i nd i ca ted a h i gh knee i n
jury r i s k  when the l eg was h i t  by a bumper at  45 cm l evel . At a 25 cm bumper 
l eve l  no knee i nj ur i es occurred . The A I S  rati ngs of the i nj u r i es cau sed by 
the bumper at 45 cm i mpact l evel were s i gn i f i cant ly  h i gher than  those caused 
by the bumper at  25 cm l eve l . 

The resu l ts from the theoreti ca l  ana ly s i s  a nd the exper i mental  tests i nd i ca te 
that the force cau sed by the d i rect  b l ow of  the bumper w i l l  have a maxi mum at  
the center of  grav i ty of  the  l ower l eg a nd a m i n i mum at  the knee l evel . On  the 
other h a nd the knee reac t i on forces are m i n i mum for an impact at the m id-t i b i a 
l evel  a nd the knee reac ti on forces i ncrease for a n  i mpact near knee l evel . 
Th i s  i s  c l ear ly  shown by the force d ata as  we l l  as  by the c i nematographi c 
data . 

An i mpact l evel  where the l eg i nj ur i e s are l east  ser i ous  proba b l y  exi s t .  l t  i s  
not c l ear  from the res u l ts presented so f ar what  t h i s l evel  wi l l  b e .  Ear l i er 
i nvest i gati ons on l ower l eg and knee i nj u r i es cau sed by bumper i mpacts are not 
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fu l ly conc l u s i ve .  The i njury mechan i sms of the var i ous  parts of the l ower ex
tremi ty under i mpact l oad has to be understood and the to l erance l evel s of the 
l i gamentous and skel eta l  ti s sues as wel l as of the soft t i ssues has to be con
s i dered . Acc e l erati on data for var i ou s  body parts dur i ng i mpact are not suffi 
c i ent for th i s  purpos e .  

The i mpact force can b e  suffi c i ent ly  reduced by i ncorporati ng deformable  ma
ter i a l  i n  the i mpact area . However , a hi gher angu l ar vel oc i ty of the body rota
ti on after the pr i mary i mpact may fol l ow and resu l t  i n  an i ncreased head i nju
ry r i s k .  Th i s  has been feared if  the bumper l evel i s  l owered . I n  the l eg model 
an i ncreased l eg rotational  v e l o c i ty has not been ver i f i ed for the 34 cm im
pact l evel  compared to the 42 cm l evel . Qu i te the contrary at i mpact l evel s 
bel ow 34 cm the angu l ar vel oc i ty of the l eg seems to d i mi n i sh .  

A s i m p l i f ied l eg model  has been used i n  th i s  s tudy . The s hear s t i ffness of a 
real  knee j o i n t  i s  l ower . No attempt was made so  far to adopt real i s t i c  el on
gati on character i s t i cs of the co l l atera l  l i gaments . lt has to be consi dered 
as a f i r st  prototype of a dummy l eg for acc i dent i nvest i gations  and a more 
soph i st i cated model  i s  sched u l ed .  The res u l ts from thi s  s tudy , on the other 
hand i nd i cate an opt ima l  i mpact l evel some smal l d i s tance above the center of 
gravi ty of the l ower l eg .  

l t  a l s o  i nd i cates the pos s i b i l i ty to m i t i gate the d i rect bumper i mpact forces 
on the l ower l e g  by i ncorporati ng  a 5- 1 0  cm energy absor b i n g  s tructure to the 
bumper . 

A synthes i s  of the theoreti ca l  and exper imenta l resu l ts obta i ned so far wi th 
c l i n i ca l  facts of real  car-pedestr i an accidents may g i ve some so l u t i ons for 
pedestr i an safety prob l ems . In order to ver i fy these theoreti cal  and exper i 
menta l resul ts real  accident data are i mportant.  I n  order to arri ve at an 
optimal  car des i gn for pedes tri an protect ion one has to take i nto cons i dera
ti on the sever i ty of a l l i nj u r i es and the l ong terms effect of var i ous i n
jur i es . 

Conc l u s i o n s .  

The bumper force h a s  a max imum when the i mpact occurs near the center of gra
v i  ty of the lower l eg and a m i n i mum near the knee l eve l . 

The knee reacti on forces have a m i n i mum near the center of grav i ty of the l o
wer l eg .  

The knee l i gament forces are h i ghest for i mpact a t  the knee l eve l . 

A deformab l e  bumper structure can reduce the bumper force but  not a l l the 
knee reacti on forces . 

Th i s  phys i c a l  mode l  can probably be devel oped i n to an  i nstrument for rating  
bumper aggress i veness i n  car-pedes tri an acc idents . 
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Append i x .  

A mathemat ica l  mode l  of the human  l eg dur i ng l a tera l i mpac t .  

Approx imati on : The l e g  i s  represented by a homogenous rod p i vot i ng verti ca l ly 
from-an axTs-at i ts u pper extrem i ty .  I ts mass and l ength are known . It i s  
s truck  by a force at some d i stance from the axi s .  

Prob l em :  What are the reacti on forces at  the i mpact poi nt  a nd at the knee 
TeveT?-

fi. 

• c.,. 
1 '- - - .l 

a A 

+ H.Ji. 

). 

F i g  A 1 .  Mode l  F i g fl. 2 .  De  ta i 1 11A11 

�e..f.i�i_!i�n� �n� .e.r!s�m.e.tj_o�s...:.. 

lr = bumper l eve l  ( =  i mpact l eve l ) 
.A = impact d i stance ( the d i stance from the p i vot po i nt )  "( = rotct i on at  the p i vot po i nt 

8 = i mpact force ( =  bumper force )  H0 = reacti on force at  the p i vot ( h i p  j o i nt ) H� = transverse force a t  a d i s tance k from the p i vot 
11« =  bend i ng momen t  at  a d i s tance k from the p i vot 
IW'I = the l eg  mas s  
1- = the l e g  l ength 
I. = moment  of i nert i a  of the l eg ( rod ) for the p i vot poi nt �= moment of i nert i a  of part I for the p i vot poi nt .  

The i mpact force i s  c a l cu l ated out of the mean angu l a r  acce l erat ion  and the 
d eformati on of the l eg d u r i ng i mpact .  Dur i ng  the f i rst  30 msec from impact no 
s i gn i f i cant trans l at i on a l  movement occurred of the body mas s  i n  ear l i er expe
r i ments on human l eg spec imens ( Al dman et  a l  1 97 9 )  and so the pi vot poi nt was 
cons i dered at rest  d ur i ng th i s  per i od . 

Ca l cu l a t i ons . 

A .  

( 1 ) 

( 2 )  

lh� j_m.e.aft_f�r�e_a�d_t_b.e_b!n�i�g_m�m!n_!s . 

The c . g . movement :  
J,. •• H 0  + B = m • 2 '( 

The angu l a r  movement :  � 
B · s = I � where I = � � • dr  r2 = o o ot 
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( 1 ) . ( 2 ) : 
( 3 )  Ho = 3s

2� 2
1- . B 

The c . g .  movement . part I :  
k ,. k ( 4 )  H0 - Hk = 2·'(· i. • m 

( 1 ) . ( 2 ) .  ( 3 ) . ( 4 ) : I f  k = II. 2 ( knee ) 

( 5 )  9s - 8.l  Hknee = 8( ' 
B 

The angu l a r  movement .  part I :  
•• 

( 6 )  Mk - Hk • k = Ik• r  where I k 
( 5 ) . ( 6 ) : ( If k = � )  
( l ) M = l 1 s - 8./. , B knee 1 6  

The impact f�rce out of ( 2 ) : 
l „ ( ( 8 )  B = "3 m 't• s 

The acce l erati on of the impact po i nt  of the l e g :  
( 9 ) a = s • i  

„ 
Approximati ng  t and a as  constants ( i ne l a sti c i mpact )  g i ves  us  

( 1 0 )  v2 
a = 2.d where 
v = i mpact vel oc i ty 
d = deformati on and trans l at i on of the impact poi n t  dur i ng acce l erati on 

( 8) • ( 9 )  • ( l 0 ) :  
l m .t 2 2 l 2 - V m V ( 1 1 )  B = 5 • -d- • s2 or B = 6 .  Cf '  - E.) 2 where 

- ( l 
B = the mean impact forc e .  � 

I f  the impact i s  e l a s ti c  the constant i n  formu l a  ( 1 1 )  w i l l  be � i ns tead of �· 
Wi th 
m = 1 2  kg 
d = . 0 4  m 
v = 3 . 3  m/s ( 1 2 km/ h )  
t = l m 1 and u s i ng cons tant 6 the mean i mpact force wi l l  be 

( 1 2 ) B � . 5 1 
2 ( k N )  

( l  - b )  

F i g  C curve B i l l us trates the impac t force for vari ous poi nts o f  impacts 
accord i ng to the formu l a  ( 1 2 ) . 
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B .  The react i on forces i n  the knee . 

F i g  B i l l u s trates a frontal  v i ew of the knee where the l i gament and the condy
l ar  forces cau sed by a l a tera l  i mpact on the l ower l e g  are i nd i cated . 

. 

� ' '  

ll. V 

IB ' ' 4 c:;;- - - -· - - -
c 

Fi g B .  The knee react i on forces . 
8 I n  th i s  case s> 11 and the knee j oi nt i s  forced i n  a varus deformat i on when 

h i t from the l a tera l s id e .  

The bend i ng moment about the condyl ar contact po i nt e . i f  the contr i buti on 
from the hori zonta l force i s  neg l ected . i s :  

M = V • c wh i ch accord i ng to ( 7 )  g i ves the verti ca l  component of the 
l i gamentous force 

1 1  s - 8.l  B \ (..1 3 )  V = l 
• -

6 c 
The l i  amentous force can  be c a l c u l ated by ( 5 )  a nd ( 1 3 ) 

( 1 4 )  L = H2 + v2 
The verti ca l  component V approxi mate ly  equa l s  ihe condy l ar force C i f  the knee 
i s  not pushed or pu l l ed i n  ax i a l  d i recti oQ . 

Fi g C curve L i l l u s trates the knee l i gament force [ for vari ous i mpact l evel s 
on the l ower l eg accord i ng to the formu l a  ( 1 4 )  i f  c = . 1  m .  

F i g  C .  

0 
J;,oi 

OS 

8 

a' I 

�nte 1111� le11el (4/t) 
Forces a t  the impact poi nt  ( B  = r i g id , B# = j o i nted model ) and at  the 
knee j oi nt  ( L )  for var i ous i mpact l eve l s .  
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Comments . 
-

The bumper force B and the l i gament for�e L of the knee are i l l us trated i n  
f i g  C . ,  s o l i d  curves . The dotted curve s- i s  hypothet i ca l ly  v a l i d  for a 
joi nted l eg mode l . 

The e l as ti c deformat i on of the s ke l eton of the l eg and the l ower bend i ng 
s ti ffness of the knee have not been cons idered i n  thi s mode l . For a real l eg 
the deformati on and tra n s l a t i on d i s tance d ur i ng i mpact ( d )  i s  greater i n  
some ca s es . Th i s  i s  part i cu l ar l y  i mportant a t  the knee l eve l . Th i s  w i l l  i n
f l uence the bumper force and the knee s hear force and th i s  i s  to be stud i ed 
i n  an exper i mental model . Hypotheti cal l y  the d i fference between the s t i ff 
pend u l um model a nd a j o i n ted l eg model  wi l l  be m i n i mum near the center of 
grav i ty of the l ower l eg where the knee bend i ng i s  m i n i mum and i t  w i ll be 
maximum near the knee j o i n t .  Th i s  i s  i l l u strated by the dotted curve B- i n  f i g  
C .  Theoreti c a  l l y the knee shear force H knee shou ld  be . 5 · B<Hknee< l .  0 · B 
when the leg  i s  impacted a t  the knee l eve l . From thi s fol l ows tha t  the d i 
rect and i nd i rect react i on forces on the l ower extremi ty when impacted from 
the s i d e  shou ld  have a m i n imum between the l eve l s of the knee and the center 
of grav i ty of the l ower l e g .  

The fr i ct i on force from the ground has been ommi tted i n  these ca l cu l at i ons . 
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