
ABSTRACT 

HUMAN TOLERANCE TO LOWER EXTREM ITIES  IMPACTS 

R .  L .  Stal na ker , Ph . D . , J .  W .  Mel v i n ,  Ph . D . *  

T h i s  paper presents the res u l ts of di rect i mpact test on both the knee 
of seated and l ower l eg of stand i ng u nembal med human cadavers . Vari abl es 
s tud i ed i n  the program i ncl uded i mpactor energy and momentum , i mpact force , and 
i mpact d i rection ( ax i a l , obl i qu e ,  frontal and l atera l ) .  Mu l ti p l e  s tra i n  gage 
rosettes were appl i ed to the femure to determ i ne the s tra i n  di stri bution i n  the 
bone . 

The test resu l ts i nd i cate that the u nembal med skel etal system of the 
l ower extrem i t i es i s  capa b l e  of carry i ng s i gn i f i cantly greater l oads than 
those determined i n  tests wi th embal med subj ects ( the only s im i l ar data re
ported i n  the present l i terature ) .  The strai n analys i s  i nd i cated that s i gn i 
fi cant bend i n g  moments a re generated i n  the femur wi th axi a l  knee i mpact . 

THE BONES OF THE LOWER EXTREM I T I ES ( p e l vi s ,  femur ,  pate l l a ,  ti b i a ,  fi bu l a ,  and 
the bones of the foo t )  can be subjected to a vari ety of types of l oads i n  auto
mobi l e  crashes . Th is  i s  true for both u nrestrai ned and restra i ned veh ic l e 
occupants . Improvements i n  the des i g n  of au tomobi l e  i n teri ors have s i gni fi
cantly  reduced some forms of  l ower extremi ty i nj u ri es ( l )*� However , as  the 
crashworthi ness of vehi c l e  s tructures i s  upgraded , the protective requi rements 
of the vehi c l e  i nteri or mu s t  a l so be upgraded a nd optim i zed .  The proper use 
of bel t  restrai nt systems has been shown to reduce l ower extrem i ty i njur ies . 
Recent devel opments i n  pas s i v e  restrai nt systems ( the Vol kswagen RA pass i ve 
s hou l d er bel t ( 2 )  and the a i r  cushion restra i nt system) uti l i ze the knees 
and u pper l egs as a means of restra i ni ng the l ower body i n  l i eu of a l ap bel t .  
Optimi zation of such methods of occupant restra i n t ,  a nd the m i nimi zation of 
l ower extremi ty i nj ury i n  general , requ i res a thorough knowl edge of the b io
mechan i cs of  the l ower extremi ty s ke l etal system . The on ly  i nj ury cri teri a 
p resently appl i ed to the l ower extremi t i es i n  occupant  protection eval uation i s  
the 1 700 l b .  ( 7 560 N )  maximum axi a l  femur force l i m i t l evel set forth i n  FMVSS 
208. 

The fi rst research on the i mpact tol erance of the l ower ex Lrem i ties wi th 
respect to the automobi l e  occupant was the work of Patri c k ,  Kroel l ,  and Mertz 
( 3 ) .  U nrestra i ned seated embalmed cadavers were i mpacted i nto i nstrumented 
ehes t ,  head , and knee targets to s imul ate a veh i cl e i nterior .  The knee targets 
were covered wi th 1 . 44 i n .  ( 3 . 65 cm . )  of paddi ng i n  mos t cases . Fractures of 
the femur were produced a t  a l oad as l ow as 1 500 l bs .  ( 6670 N )  whi l e  l oads as 
h i gh as 3850 l bs .  ( 1 7 , 1 30 N )  were susta i ned w i th no fracture of the femu r ,  but 
wi th a fractured patel l a  and pel v i s .  The majori ty of the femoral fractures 
were found to occur at the d i s ta l  end of the bone . The authors concl uded that 
fa i l u re of the femur occured at s l i ghtly l ower l oad l evel s than those of e i ther 
the patel l a  or pel v i s .  They su ggested a conservati ve overa l l  i njury thresho l d  
l oad l evel of 1 400 l b .  ( 6230 N ) . I n  a l ater paper ( 4 )  they ra i s ed t h i s  esti
mate to 1 950 l bs .  ( 8675 N ) . A feature of much of the fractu re l oad data pre
s ented i n  that work was that mu l ti p l e  h i gh- l oad-l evel tests were run on the 
subj ects pri or to obtai n i ng fractu res . Th i s  tech n i qu e  i ntroduces the uncer
ta i n ty of poss i b l e  progress i ve predamage to the skel etal s tructure , particu
l ar ly  to the pel v i s .  

*From The Un i vers i ty o f  M i ch i ga n ,  Ann Arbor , M ichi gan , USA 
**Numbers i n  parentheses desi gnate References at end of paper . 
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The mos t  recently reported s tudy of knee i mpact i s  that of Powel l ,  Advani , 
et a l . ( 5 ) .  Us i ng seated embal med cadavers , an i mpact l oad was appl i ed to one 
fl exed l eg at  a time by means of a s tri ker pendul um wi th a 34 . 3  l b .  ( 1 5 . 6  kg)  
s tri ker head . The impact face of the s tri ker head was a ri g i d  fl at  surface . 
The cadaver was s eated i n  a mod i fi ed barber 1 s  chai r wh i ch i nc l uded back s upport. 
A total of s i x  tests on four cadavers were reported . Al l but one fracture i n
vol ved the femoral condyl es or patel l a .  The average fai l ure l oad was 2360 l bs .  
( 1 0 , 490 N )  w i th a range of 1 960- 281 0 l bs .  (8730 - 1 2 , 5 1 0 N ) . The authors i ndi 
cated that bendi ng effects i n  the shaft of the femur p l ay a s i gn i fi cant rol e  i n  
femur response to l ongi tudinal  i mpacts ; however these effects were not measured 
i n  the s tudy . 

ACC IDENT I NVESTIGATION DATA ON LOWER EXTREM ITY I NJUR I ES 

The Col l i s i o n  Performance and I njury Reports ( C P I R )  ( 6 )  fi l e  at HSRI was 
searched for cases wi th pel v i s  and l ower extremi ty i njuri es whi ch sati s f i ed the 
fol l owi ng condi tions : 

( a )  Pri mary damage of case veh i c l e  - front.  
( b )  Case vehi c l e  d i rection  of pri mary impact force - 1 1  o ' c l ock  

to 1 o ' cl oc k .  
( c )  Case vehi c l e had to b e  a passenger car .  
( d )  Cas e  veh i c l e  col l i s i on deformati on c l as s i fi cation ( CDC ) had to be  

1 through 5 .  Note : CDC of s i x  means w i nds h i e l d  i nvol veme n t .  
( e )  Only front and rear seat s i tti ng u nbel ted passengers 1 2  years or 

ol der cou l d  be i nc l uded . 
( f )  A I S  i njury l evel s of 0 ,  8 ,  and 9 fo r the l egs  and pel v i s  were ex

c l uded . 

Out of the 1 3 ,088 cases i n  the CP IR  fi l e ,  there were 2 , 024 cases wh i ch 
sati s fi ed the above requi rements . These cases i nc l uded i njur ies to the l ower 
l egs  and the feet .  Three hundred and ei ghty two of  the cases had an  AIS  of 2 
or more for at  l east  a l eg or the pel v i s .  The ori gi nal Mul ti d i s c i p l i na ry Acc i 
dent I nvesti gation ( MDAI ) ( 7 )  data fi l es were exami ned for these cases , and 
thos e  whi c h  i nvol ved e i ther knee fractures , femur fractures , or pel vi s  frac
tures were s e l ected for an  i n-depth s tudy . 

The deta i l ed s tudy reveal ed 1 42 cases of i nterest ,  and add i t i onal  i nforma
tion  on occupant ki nemati cs  a nd detai l s  of upper l eg and pel v i s  i njuri es were 
obta i ned . Wherever pos s i bl e ,  deta i l ed l ocation and type of fractures were 
noted . The rel ative  frequency of the vari ous i nj ur i es i s  outl i ned bel ow :  

Pel v i s  and both femurs fractured - 2 . 7%  
Pel vi s  and  one  femur fractured - 6 . 3% 
Only pel v i s  fractured - 1 9 . 8% 
One femur fractured - 46 . 8% 
Both femurs fractured - 8 . 1 %  
Only patel l a  fractured - 1 6 . 2% 

From the i nformation obtai ned , i t  appeared tha t :  
( a )  D i s ta l  femoral a nd patel l ar fractures occur when the occupants ' 

ki nemati cs cause the u pper l egs to move genera l l y  s trai ght ahead , impact i ng 
the i ns trument panel or seat back ( rear passengers ) wi th l i tt l e s ubsequent 
upper body forward pi tchi ng . 

( b )  H i p  d i s l ocations occur when there i s  frontal impact comb i ned wi th 
torso rotati o n  to the l eft or r ight .  
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( c )  Pel v i s  fractures and prox imal femur fractures probably occur when 
there i s  s teeri ng wheel i nvol vement and forward torso rotation . Th is  i s  d i ffi 
cu l t  to assess  s i nce exact occupant ki nemati cs are not known . Another s i g n i fi 
cant factor i s  that of havi ng the femu r ax i s  a t  other than 90° to the torso and 
i ns trument panel . 

( d )  There seems to be no s i gn i f i cant d i fference i n  the d i s tri bution of 
d i fferent i njur ies by VD I .  This suggests that the l ocation of femur fracture 
i s  ma i nl y  dependent on occupant k i nematics and not severi ty of i mpact . 

EXPER I MENTAL METHODS 

I MPACT TESTS - A l l i mpact tests i n  th i s  program were conducted us i ng a 
pneumati c ally operated testi ng mach i ne speci a l l y  cons tructed for impact s tud i e s . 
The mach i ne cons i s ts of an  a i r  reservoir and a ground and honed cyl i nder wi th 
two carefu l ly fi tted p i s tons . One p i s ton i s  a transfer p i s ton whi ch i s  pro
pel l ed by compressed a i r  through the cyl i nder from the a i r  reservo i r  chamber and 
transfers i ts momentum to the i mpact pi s ton . A s tri ker s urface wi th an  i nert ia
compensated l oad cel l i s  attached to the i mpact p i s ton . The i mpact pi s ton i s  
a l l owed to travel u p  to 6 i nches ( 1 5 . 2  cm . ) and then i ts moti on i s  arres ted by 
an i nvers ion  tube whi ch absorbs the rema i n i ng k i neti c  energy of the p i s ton . The 
des i red i mpactor s troke can be prec i sely control l ed by i ni ti a l  pos i ti o n i ng of 
the i mpact p i s ton wi th respect to the i nvers i o n  tube . The i mpactor vel oc ity i s  
control l ed by reservo i r  pres s u re and the rati o  of the masses of the transfer and 
impact p i s tons . The l oad cel l i s  a Ki stl er 904A p i ezoel ectr i c  l oad washer wi th 
a Ki s tl er 805A p i ezoe l ectri c accel erometer mou n ted i nternal l y  for i nerti a l l y  
compensati ng the l oad cel l for the s tri ker mass between the l oad cel l and the 
i mpact s u rface . The mass of the i mpact- p i ston l oad-ce l l s tri ker assemb l y  was 
45 . 9  l bs ( 20 . 9  kg ) or 1 2 . 3  l bs ( 5 . 5  kg ) .  The s tri ker was a 6- i nch ( 1 5 . 2  cm) 
d i ameter ri g i d  d i sc faced veri om padd i ngs . The output of the l oad cel l  was 
fi l tered at channel c l ass  1 000 ( SAE Standard J 21 1 ) . Hi gh-s peed mot ion  pi ctures 
( 3 000 frames/second ) were taken i n  many of the tests w i th a HyCam movi e  camera . 

KNEE IMPACTS 

The tes t  subjects i n  the knee i mpact program were u nembal med human cadavers. 
Pre parat ion of the cadavers for testi ng cons i s ted of maki ng a careful l ongi tu
d i na l  i nc i s i on i n  the soft ti s sue of the upper l eg near the d i s ta l  end of the 
femur and s pread i ng the t i ssue  to expose the shaft of the femur ,  app l y i ng s tra i n  
gages to the surface o f  the femur wi th a cyano-acry l a te adhes i ve ( M-Bond 200 ) , 
a nd the waterproofi ng the i ns ta l l ati on . The gages were appl i ed approxi mately 
4 i nches ( 1 0 . 2  cm) from the d i stal  end of the femur to approxi mate the l oad cel l 
l ocati on i n  test dummies . I n  many of the tests , two s tra i n  gage rosettes and 
one u n i ax i al gage were i ns ta l l ed to a l l ow the stra i n  d i s tri buti on to be deter
mi ned at three poi nts on the peri phery of the femoral shaft . Fol l ow i ng prepara
t i o n ,  the cadaver was seated i n  front of the i mpactor and pos i ti oned wi th the 
th i gh hori zonta l and i n  l i ne wi th the i mpactor ax i s  w i th the knee fl exed to 90° 
( Fi gure 1 ) . In some tests the th i gh was not l i ned up  a l ong the i mpactor axi s 
but was abducted ( rotated l ateral l y )  rel at ive to the a x i s  to s tudy obl i que 
fronta l i mpacts . Another vari ation was to abduct the th igh but  ori ent the 
cadaver such that the i mpact ax i s  was a l ong the femoral axi s  rather than the 
A-P a x i s  of the cadaver . I n  a l l  knee tes ts the cadaver was s upported such that 
the l ower torso was free to trans l ate rearward whi l e  bei ng i mpacted . To i nsure 
rel ati vely free moti on , the cadaver was sea ted on two l ayers of pol yethyl ene 
sheeting  ( F i gure 2 ) . 
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F I GURE l :  STRAI N  GAGED FEMUR 

F I GURE 2 :  TEST- SET-UP FOR KNEE IMPACTS 

LOWER LEG IMPACTS - Unembal med cadavers were a l so used i n  th i s  s tudy . The 
cadavers were su pported i n  the stand i ng pos i t i o n  by the use of a Ferno Was h i ng
ton Model 69X Bu i l d-A- Board Orthoped i c  s tretcher . The i mpact was approx i 
mate ly  one-quarter of the way d own the t i b i a  a s  measured from the mi dd l e  of 
the knee . A shoe was p l aced on  the foot and the cadaver ' s  foot pl aced o n  a 
concrete su rfac e .  The i mpactor for these tests was a 6- i nch ( 1 5 . 2  cm ) d i amete r ,  
6- i nch  ( 1 5 . 2  cm ) l ong cyl i nder spl i t  a l ong i ts l ength and mou nted to the Cannon 
Impactor 1 s  shaft . The contact surface was the c�rved part of the cyl i nder ( F i gure 3 ) .  
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F IGURE 3 :  TEST S ET-UP FOR LOWER LEG IMPACT 

EXPERIMENTAL RESULTS 

KNEE IMPACT TEST - A total of fi fty-ei ght  i mpact tests to the knees of twenty
one c adavers have been performed i n  the program to date ( Tab l e  l ) .  The resu l ts 
of the i mpact tests are s ummari zed i n  Tab l e  2 for ax i a l  knee impacts , and 
Tab l e  3 for thi gh abducted i mpacts . The mos t outs tand i ng feature of the test 
resu l ts i s  the h igh  val ues of impact l oads to l erated by the unemba l med knee
femur-pel vi s  compl ex when compared to the ex i s ti ng data on embal med s ubjects 
( 3 ,  4 ,  5 ) . No detecta b l e  fa i l ure of the pate l l a  femu r ,  or pel v i s  have occurred 
for peak l oads be low approximately 3000 l bs ( 1 3 . 3  knt . ) w i th the exception of 
two h i gh l y  osteoporot ic  s ubjects (Test Nos . 7 6Al 43 , 7 6Al 57 , 76Al 6 3 ,  76Al 64 , 
and 7 6Al 59 ) ,  and one test s eri es wi th femurs havi ng target sc rew hol es i n  the 
femoral shaft ( Test Nos . 7 5A069 and 7 5A07 0 ) . 

A s u bfai l u re impact character i s t i cal l y  produced a doubl e peaked wave form 
cons i st i ng of an i n i ti a l  h i gh l oad peak fol l owed by a l ower ,  l anger dura tion  
pea k .  I n  a frac ture-prod uc i ny i 11 1pac L ,  the s econd peak i s  greatly d i mi n i s hed 
or mi s s i ng a l together .  

The impu l s e  ( the area u nder the force-time curve ) was cal cu l a ted for each 
i mpac t .  

LOWER LEG IMPACT TEST - A total o f  n i neteen i mpact tests to the l ower l egs  of 
n i ne cadavers have been performed i n  the program to date ( Tabl e l ) .  The resu l ts 
of the i mpact tes ts are s ummari zed i n  Tab l e  4 .  

D I SCUSSION 

Al l of the fractures produced i n  the s tudy to date have been i n  the d i s ta l  
th i rd and  su pracondy l a r  reg i on of  the femur and the patel l a .  A typi ca l  fracture 
i s  shown i n  Fi gure 4 .  N o  d i scerni b l e  damage has been produced i n  the prox i mal 
end of the femur or pel v i s  as determi ned by x-ray and d i ssecti on . In v i ew of 
the fi ndi ngs of the acc ident data a na l ys i s  presented earl i e r  i n  th i s  paper , the 
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F IGURE 4 :  A TYPI CAL FEMUR FRACTURE 

wel l control l ed geometry of the test s i tuation used i n  thi s s tudy shou l d  tend 
to produce d i s tal  reg i on fai l u res . I n  those tests where obl i que impacts were 
appl i ed to the knee , i t  was not poss i b l e  to trans fer a great deal of impact 
momentum to the knee u s i ng the present test techni ques . I ns tead , the upper l eg 
wou l d  j u s t  rotate away from the i mpactor . Ax i a l  impacts to abducted l egs s ti l l  
produced di stal  fa i l ures wi th no apparent damage or fractu re to the pel v i s  or 
proximal end of  the femur .  

A p l ot of pea k impact force versus ava i l abl e impactor momentum i s  shown 
i n  Fi gure 5 .  Exami nation of thi s pl ot i ndi ca tes that peak l oad a l one i s  not 
an adequate i ndi cator of i mpend i ng fractu re . l t  appears that a suff i c i ently 
h i g h  energy or momentum l evel must be assoc iated w ith the impact to produce 
fracture . I n  the data shown i n  Fi gure 5 ,  the threshold momentum l evel appears 
to be between 40- 50 l b-sec . ( 1 78-2 20 N-sec . )  and the correspond i ng force thresh
old  l evel i s  about 3000 l bs .  ( 1 3 , 3 50 N ) . Impactor energy cou l d  have been used 
i n  pl ace of  momentum , but i n  crashworth i ness test ing  wi th dummi es , only forces 
are recorded i n  femur impacts and the impu l se of the res u l t ing  femur l oad-time 
trace can be obtai ned eas i l y .  I n  a l l  o f  the h i gh-energy impacts conducted i n  
thi s s tudy , the avai l ab l e  impactor momentum was transferred to the knee , as 
i ndi cated by the impu l s e  cal cul ati ons , i n  those cases where fractu re d i d  not 
occu r .  When fractu re occurs i n  the cadaver knee , i ts l oad-carry i ng abi l i ty 
i s  d i mi n i s hed and , wi th the tes t procedures used i n  thi s s tudy , only part of  
the  a vai l ab l e momentum is  i ndi cated by the impu l se ca l cul ation . Di rect appl i 
cation o f  the data generated i n  th i s  study to the i nterpretati on of test dummy 
resu l ts cannot be made , however . Prel imi nary tests on a dummy i ndi cate tha t ,  
u nder the same tes t condi ti ons used i n  the cadaver tests , the l ack  o f  b i omecha
n i ca l  equ i val ence of the dummy knee-femur-pe l v i s  compl ex produces con s i derably 
h i gher forces for a g i ven impu l se l evel . 

Anal ys i s  of the s tra i n  gage data has shown pronounced bend i ng stra i n  d i s 
tri buti ons i n  the shaft o f  the femur u nder a x i a l  knee impact . The res u l ts of 
such an analys i s  are shown i n  Fi gure 6 i n  terms of the orientation of the 
neutral ax i s  of the stra i n  d i s tri bution wi th respect to the axis  of the femoral 
nec k .  The eccentr i c i ty produced by the femoral neck appears to be res pon s i b l e  
for the resul t i ng bending  stra i ns . Dri v i ng poi nt impedance data ( 7 )  s uggest 
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that ,  for a utomoti ve- type i mpacts on  the order of 5 - 1 0  msec and l anger i n  dura
t i on ,  resonance effects i n  the femur need not be con s i dered . The character i s 
t i c  pattern shown i n  Figure 4 i s  much l es s  commi nuted than those s hown by Powe l \ 
Advani , et a l . ( 5 )  for embal med bones . Th i s  may i nd i ca te the bas i c  reason for 
the h i gher fracture l oads i n  th i s  s tudy u s i ng embal med s ubjects . The degree 
of commi nut ion  or shatteri ng of the bone ma teri a l  cou l d  be i nterpreted as an  
i nd i cator of the  fractu re toughness of  the  bone mater i a l . That i s , the fracture 
toughness of the bone mater i a l . Moreover ,  the fracture toughness of embal med 
bone may be much l ower than that of embal med bone and thus emba l med bone may 
not be a good model of the l i vi ng human femur for purposes of determi n i ng l oad
beari ng to l erance . The embal mi ng process repl aces the water i n  bone wi th the 
emba l m i ng c hemi ca l s  and i n  th is  way cou l d  mod i fy the bond i ng of the bone mi cro
s tructure . Such effects wou l d  i nfl uence the fractu re toughness of the bone 
ma ter ia l  more s i g n i fi cantly than i t  wou l d  the u l ti mate tens i l e  s trength or 
s t ra i n  ( 8 ) . 

CONCLU S I ONS 

The resu l ts of the tests performed to date i n  th i s  program i nd i cate that 
the unemba l med skel etal sys tem of the l ower extremi t i es i s  capabl e of carry i ng 
s i gn i fi cant ly  greater l oads than those determi ned i n  tes ts wi th embal med sub
jects . The tes t res u l ts a l so i nd i cate that  l oad l evel a l one i s  not  a suff i c i ent  
i ndi cator o f  i mpend i ng fracture condi ti ons . l t  i s  s uggested that the i mpul se 
associ a ted wi th the force-time h i s tory of the i mpact i n  conj unction w i th the 
pea k force produced wou l d  be a reasonabl e means of asses s i ng the i njury poten
t i a l  to the knee- femu r- pel v i s  compl ex i n  dummy tes ts . However , d i rect appl i ca
t i on of data produced i n  cadaver tes ts to assess  dummy tes t  data cannot be made 
due to a l ac k  of b i omechan i ca l  equ i val ence i n  the knee i mpact response of exi s t
i ng dunvn i es . 

Ana l ys i s  of the s tate of s tra i n  ex i s t i ng i n  the femoral shaft dur ing  ax ia l  
knee i mpact i ndi cates that s i gn i fi cant bend ing  moments a re produced , whi l e  
dri v i ng poi nt i mpedance data of the femur i nd i cate that femu r s tructural reso
nances are not produced i n  padded i mpacts characteri s t i c  of automoti ve-type 
knee i mpacts i nto effecti ve ly  des i gned veh i c l e  i n terior  s tructu res . 

The l ower l eg i mpact tests i nd i cate l ower fracture l evel s ( approxi mately 
by 30%)  than those for the knee . Impacts to the s i des of the l ower l egs  
resul ted i n  fractures much l ower than those for front i mpacts to  the l ower l egs . 

REFERENCES 

1 .  R .  Wi l son , 1 1 Eva l uati ng Knee-to- I ns trument Panel Impacts , 1 1 Proceed i ngs  
of the Th i rteenth Strapp Car Crash Conference , SAE Pa per No . 690801 , Dec . 1 96 9 .  

2 .  U .  Sei ffer t ,  and W .  Schwa n ,  1 1 Performance Matri ces o f  Four Res tra i nt 
Systems , 11 Proceed i ngs of the Th i rd I nternational Conference on Occupant Protec
t i on , SAE Paper No . 740583 , J u l y ,  1 974 . 

3 .  L .  M .  Patri c k ,  C .  K .  Kroel l ,  a nd H .  J .  Mertz , 1 1 Forces on the Human 
Body i n  S imu l a ted Crashes , 1 1 Proceed i ngs of the Ni nth Strapp Car Cras h Conference 
1 96 6 .  

4 .  L .  M .  Patri c k ,  H .  J .  Mertz , and C .  K .  Kroel l ,  1 1Cadaver Knee , Chest and 
Head Impact Loads , 11 Proceed i ngs of the Tenth Strapp Car Crash Conference , SAE 
Paper No . 67091 3 ,  Octobe r ,  1 967 . 

369 



REFERENCES ( CONTI NUED)  

5 .  W .  R.  Powel l ,  S .  H .  Advani , R .  N .  C l ar k ,  S .  J .  Oj al a ,  a nd D .  J .  Hol t ,  
11 I nvest i gation o f  Femur Response to Longi tudi na l Impac t , 11 Proceed i ngs o f  the 
E i ghteenth Strapp Car Crash Conference , SAE Paper No . 7 41 1 90 ,  December 1 97 4 .  

6 .  1 1Col l i s i on Performance and Injury Report Long Form, Rev i s i on 3 , 11 
Mi l ford , M ich i gan , General Motors Provi ng Ground . 

7 .  J .  W .  Mel vi n ,  R .  L .  Sta l naker , N .  M .  A lem,  J .  B .  Benson a nd D .  Mohan , 
" Impac t  Response a nd Tol e ra nces of Lower Extremi ties , 11 Proceedi ngs of N i neteenth 
Strapp Car Crash Conference , SAE Paper N o .  75 1 1 59 ,  November , 1 97 5 .  

370 



TABLE 1 

TEST CAOAVER 
NUMBER NU MB ER 

VRJC-1 LOO* 
VR!C-2 LOO 
VR!C-3 LOD 

VR!C-4 LOD 

VR!C-5 LOO 

MVMA-2-
MVMA-4 20033 

74A006-
74A009 20089 

75A033-
75A036 20122 

75A037-
75A041 20117 

75A055-
75A059 20166 

75A060-
75A064 20185 

75A065-
75A066 20208 

75A067-
75A070 20218 

75A071-
75A072 20219 

75A073-
75A074 20225 

75A075-
75A078 20229 

75A097-
75A098 20272 

75A099-
75A100 20282 

75Al01-
75A102 20291 

75A103-
75A104 20289 

75A113-
75A1 1 5  20332 

75A116-
75A120 20333 

76A1 21-
76A124 20375 

76A126· 
76A132 20401 

76A133 20404 

76Al34 20407 

76Al35 20413 

76A136 20418 

76A137-
76Al43 20429 

76A144 20447 

76A145· 
76A151 20459 

76Al52-
76A158 20460 

76Al59 20468 

76A160· 
76A166 20474 

*LOSS OF DATA 

TEST SUBJECT DATA 

- --- -- . · - - - .  
HEIGHT 
i n  (cm) 
66 ( 1 68)  
LOD 

69.5 (1 77)  

LOD 
LOD 

LOD 

64 (163) 

64 (163) 

70 (178) 

65 ( 165)  

70 (178) 

LOD 

67 (170) 

LOD 

70 (178) 

68.4 ( 174) 

65.2 ( 1 66) 

67.6 (172) 

64.3 (163) 

64.4 ( 1 64) 

70.5 (179) 

60 (152) 

LOO 

71 ( 1 80 )  

69 (175)  

67 (170) 

53 (135) 

67 .2 (170.6) 

60.3 (153) 

66.3 (168.3) 

62.8 (159.5) 

63.1 (160) 

69.5 (177) 

59 ( 1 50 )  

WEIGHT lbs (kg) 

149 (55.6) 
1 33 ( 49.  6) 

178 (66.4) 

128 (47 .8) 

184 (68.7) 

LOD 

237 (88.5) 

1 50 (56.0) 

106 (39.6) 

155 (57.9)  

135 (50.4) 

LOD 

1 1 8  (44.0) 

116 (43.3) 

198 (73.9) 

188 (70.2) 

81 (30.2) 

1 68 (62.7) 

177 (66. 1 )  

125 (46.7) 

183 (68.3) 

97 (36.2) 

LOO 

179 (66.8) 

180 (67.2) 

104 (38.8) 
140 (52.3)  

198 (73.9)  

48 (21 .9) 

166 (61 . 9 )  

1 77 (65.9) 

LOD 

108 (40.3) 

107 (39.9) 

AGE 
yrs. SEX 

90 M 

57 M 

51 M 

85 

77 M 

62 M 

55 M 

45 

66 M 

67 

46 M 

49 M 

60 M 

74 

57 M 

68 M 

69 

64 M 

72 " 

55 

54 " 

66 F 

53 " 

65 " 
54 " 
72 F 
58 F 
88 " 

89 F 
45 M 

78 F 

66 F 
41 M 

76 

371 



w
 

-.
..) 

f\.
.) 

lllP
A

CT
OR

 
TE

ST
 

YE
LOC

 IT
Y 

IUIBE
R 

LE
G

 
ft

/s
ec

 
(II

/s
e

c
) 

Y
-l

l
 

l
 

22
.6

 (
 

6
.9

) 

Y
-

lR
 

R
 

2
3

.3
 (

 
3

.1
) 

Y
-2

 
l

 
20

.7
 (

 6
.3

) 

Y
-3l

 
L

 
2

1.
9

 (
 6

.7
) 

Y-
3R

 
R

 
3

5
.8

 
(1

0
.9

) 

Y-
4 

R
 

38
.l

 
(1

1.
6

) 

Y
-5

 
R

 
34

.2
 

(1
0

.4
) 

K
-2

 
R

 
LOO*

 

K
-3

 
R

 

K
-4

 
R

 

74"0
06 

R
 

74Nf0
7 

R
 

7
4A

008
 

L
 

74
N

f09
 

75A
0

33
 

R
 

7
5A

0
34

 
R

 

75A
06

9 

75
A

0
70

 
l

 

75A
0

71
 

R
 

75NJ
72

 
l

 

75A
07

3 
L

 

75N
J

74
 

R
 

7
5NJ

7
5

 
R

 

7
5NJ

7
6

 
l 

75N
J

77
 

l
 

75A
0

78
 

l
 

75NJ9
7 

l 

75
A

09
8

 
R

 

75A09
9 

R
 

75A
l00

 L
 

*L
OS

S 
Of

 M
TA 

30
.0

 (
 

9
.1

) 

38
.1

 
(1

1.
5

) 

12
.4

 (
 

3
.8

) 

3
1.

8
 (

 9
.7

) 

2
4

.6
 (

 
7

 .5
) 

3
7

.7
 (

11
.5

) 

2
4

.5
 (

 
7

.5
) 

4
3

.4
 (

13
.2

) 

3
1.

8
 (

 9
.7

) 

2
3

.8
 

( 
7

.3
) 

3
5

.4
 (

10
.8

) 

3
4

.9
 (

10
.6

) 

3
3

.7
 (

10
.3

) 

3
7

 .8
 (

11
.5

) 

26
.9

 (
 8

.2
) 

2
6

.9
 (

 8
.2

) 

30
.6

 (
 

9
.3

) 

3
4

.2
 (

10
.4

) 

3
1.

5
 

( 
9

.6
) 

2
9

.9
 (

 9
.1

) 

38
.8

 (
11

.8
) 

3
3

.3
 (

1
0

.1
) 

PEA
K 

FORC
E 

lb
 

(N)
 

230
0 (

102
3

1)
 

2
7

00
 (

120
10

) 

40
00 (1

7
7

9
2

) 

33
76

 
(1

50
17

) 

4
96

1 
(2

2
0i8

) 

440
0 (1

9
5

7
2

) 

550
0 (

2
4

4
5

5)
 

860
 ( 

38
Z5

) 

TABL
E 2

 

Tl
lTra[ 

FORC
E 

DUR
A

T
IOl

l 
llS

K
 

8
.5

 

9
.0

 

9
.5

 

14
 

11
 8
 

10
 

18
 

380
0 (

16
91

3
) 

14
 

4050
 (1

80
15

) 
8

 

60
0 (

 
266

9)
 

2
2

 

3540
 (1

57
4

7
) 

11
 

2980
 (1

32
56

) 
14

 

5
5

10
 

(2
4

5
10

) 
11

 

14
80

 (
 6

58
3

) 
9

.4
 

350
0 (

15
56

9
) 

15
.9

 

16
90

 (
 7

5
17

) 
10

.0
 

16
00

 (
 

7
11

7
) 

12
.0

 

4050
 (1

80
15

) 
2

.6
 

330
0 (1

4
6

78
) 

LOO
 

3840
 (1

7
0

30
) 

6
.6

 

53
30

 
(2

3
7

)8
) 

6
.3

 

5100
 (22685

) 
5

.6
 

3640
 (1

6
19

2
) 

7
.0

 

4
7

20
 (209

95) 
6

.0
 

4
4

10
 (

19
6

16
) 

5
.2

 

lOO
 

LOO
 

LO
O

 
lOO

 

44
70

 
(1

98
83

) 
8

.2
 

3050
 (1

3
56

6) 
7

 .3
 

CADA
YER

 A
X

IAL
 ICl

lEE
 IMPACT

 M
TA 

ENE
RGY

 
f

t
·l

b
 (

J
ou

le
s

) 

36
5 

( 
4

9
4

) 

38
8 ( 

52
6

) 

306
 ( 

4
15

) 

34
4 ( 

46
6) 

9
17

 
(1

2
4

3
} 

10
3

7
 

(1
4

06
) 

834
 (1

13
1)

 

LOO
 

63
8

 
( 

86
5

) 

10
3

1 
(1

3
9

8
) 

11
1 

( 
150

) 

7
18

 (
 9

7
3

) 

4
3

1 
( 

584
) 

10
12

 
(1

37
2

) 

4
2

8
 

( 
580

) 
13

4
1 

(1
8

18
) 

72
0

 
( 

9
76

) 

4
0

3
 (

 
54

6
) 

8
9

2
 

(1209
) 

86
7

 {
11

7
5

} 

806
 (1

09
3

) 

10
14

 (
13

7
5

) 

5
12

 (
 6

94
) 

5
12

 (
 6

94
) 

664
 ( 

90
0) 

8
2

8
 (

11
2

3
) 

705
 (

 
9

56
) 

6
3

5 
( 

86
1) 

106
9

 (
14

4
9

) 

7
8

7
 (

106
7

) 

IOIE
NTlM

 
s

lu
g

·f
t

/s
e

c 
(k

g
·ll

/s
e

c
) 

3
2

.3
 (

14
3

.7
) 

3
3

. 3
 (

148
. 1

)
 

29
.6

 
(1

3
1.

7
) 

3
1.

3
 (

13
9

.2
) 

5
1.

2
 

(2
2

7
.7

) 

5
4

.4
4

(2
4

2
.2

) 

48
.8

7
(2

17
 .4

) 

lO
O 

4
2

.5
 (

18
9

.0
) 

5
4

.1
 

(2
4

0
.6

) 

17
.7

 (
 

7
8

.7
) 

4
5

.2
 

(2
0

1
.1

) 

3
5

.0
 (

15
5

.7
) 

5
3

.7
 (

2
38

.4
) 

3
4

.9
 (

15
5

.2
) 

6
1.

8
 (

2
7

4
.9

) 

4
5

.3
 (

2
0

1
.5

) 

3
3

.9
 (

15
0

.8
) 

5
0

.4
 (

2
2

4
.2

) 

4
9

.7
 

(2
2

1.
 l

)
 

4
7

.9
 

(2
13

.l
) 

5
3

.7
 

(2
38

.9
) 

38
.1

 
(1

6
9

.5
) 

38
. l

 
(1

6
9

.5
) 

4
3

.4
 

(1
9

3
.1

) 

4
8

.5
 

(2
15

.7
) 

4
4

.7
 (

198
.8

) 

4
2

.5
 (

18
9

.0
) 

5
5

.1
 

(2
45

.1
) 

4
7

 .3
 (

2
10

.4
) 

CfMIE
NT

S 

No
 

fr
ac

tu
re

. 
One

 in
ch

 
E

n
so

li
t

e
. 

No
 f

r
a

ct
ur

e
. 

One
 1n

c
h

 E
n

so
li

t
e

. 

No
 f

r
ac

tu
r

e
. 

One
 in

c
h

 E
ns

o
11

t
e

. 

No
 f

r
a

ct
ur

e
. 

O
n

e
 i

 n
ch

 
En

so
 l 

i t
e

. 

N
o

 f
ra

ct
u

r
e

. 
One

 in
c

h
 E

ns
o

li
t

e
. 

F
r

ac
tu

r
e

. 
O

ne
 i

 nc
h

 E
ns

o
 11

 t
e

. 

No
 F

r
a

c
tu

r
e

. 
One

 inc
h

 
En

so
li

t
e

. 

No
 F

ra
ct

ur
e

. 
O

n
e

 i
nc

h
 E

n
so

11
t

e
. 

No
 F

ra
ct

ur
e

. 
O

n
e

 i
nc

h
 E

ns
o

11
t

e
. 

Fr
ac

tu
re

. 
O

ne
 

in
c

h
 E

ns
o

li
t

e
. 

N
o

 F
r

ac
tu

r
e

. 
O

ne
 i

n
c

h
 E

n
so

li
t

e
. 

No
 F

ra
ct

ur
e

. 
O

n
e

 i
n

c
h

 
En

so
l

it
e

. 

No
 F

r
ac

tu
r

e
. 

On
e 

in
c

h
 E

ns
o

l
it

e
. 

N
o

 F
ra

c
tu

r
e

. 
On

e 
in

c
h 

E
n

s
o

li
t

e
. 

No
 F

r
ac

tu
r

e
. 

O
n

e
 i

n
c

h
 E

n
so

li
t

e
. 

R
i g

h
t

 f
emu

r 
fr

ac
tu

re
d 

a
t

 t
he

 n
e

ck
 a

t 
kn

e
e

 e
n

d
. 

P
a

t
e

ll
a

 u
ni

n
ju

r
ed

. 
O

n
e

 1
n

c
h

 E
n

s
o

lf
t

e
. 

F
emu

r
 f

ra
ct

ur
ed

 
at

 
ta

rg
et

 b
o

lt
 h

o
le

. 
l"

 E
ns

o
li

t
e

. 

Femu
r

 f
ra

ct
ur

ed
 a

t
 t

ar
ge

t 
b

o
lt

 h
o

le
. 

l"
 

En
so

li
t

e
. 

Fr
ac

tu
re

 o
f

 f
emu

r 
j

u
s

t
 a

bo
ve

 p
at

e
l l

a
; 

pa
te

l l
a

 
s

p
li

t
 v

e
r

t1
c

a
ll

y
 i

n
 2

 p
la

c
e

s
. 

R
ig

id
 i

ot
pa

c
to

r
. 

No
 f

r
a

c
tu

r
e

. 
One

 in
c

h
 

E
n

so
lf

t
e

. 

l
e

f
t 

pa
te

ll
a

 f
ra

ct
ur

ed
 

1n
t

o
 5

 p
ie

c
e

s.
 

R
ig

id
 i

m
pa

ct
o

r
. 

R
ig

ht
 

pa
te

ll
a

 f
ra

ct
ur

ed
 

1n
t

o
 

4
 p

ie
c

e
s.

 
R

ig
id

 i
m

pa
ct

o
r

. 

No
 f

r
a

c
tu

r
e

. 
R

ig
id

 i
oap

ac
to

r
. 

No
 f

ra
c

tu
r

e
. 

R
ig

id
 i

11p1
c

t
o

r
. 

No
 f

r
ac

tu
re

. 
R

ig
id

 
im

pa
c

to
r

. 

l
e

f
t 

pa
te

ll
a

 b
r

u1
se

d 
o

n 
fr

o
n

t
; 

gr
az

e
d 

o
n 

r
e

a
r

; 
1 e

ft
 

f
-

.r
 b

ro
ke

n 
i n

to
 3

 p
i e

ce
s

: 
l 

ho
r

1z
o

nt
a

 l 
fr

ac
tu

re
 i

n
t

e
rs

e
c

t
in

g
 w

it
h

 
l 

ve
r

ti
ca

l 
s

p
li

t
. 

R
ig

id
 i

..,
ac

to
r

. 

Su
pr

a 
cond

u
la

r
 

fr
ac

tu
re

s 
o

f
 f

eR
1r

 a
rou

n
d 

pa
te

ll
a

. 
No

 p
at

e
ll

a
 f

ra
ct

ur
e.

 
2

"
 1

111
11 

ho
ne

y
cO

llb
 

p
lu

s 
l 

• E
ns

o
li

t
e

. 

No
 p

at
el

la
 f

ra
ct

u
r

e
. 

Su
pr

a 
c

o
n

du
la

r
 f

ra
ct

ur
es

 
of

 f
..

.,r
 a

ro
und

 
pa

te
ll

a
. 

No
 p

at
el

la
 f

r
ac

tu
r

e
. 

2
• 

1
11

11
1 ho

ne
y

cOl
lb, 

p
lu

s
 

l"
 

E
ns

o
li

t
e

. 

Ho
r

iz
o

nt
al

 
fr

ac
tu

re
 o

f
 f

..
.,r

 j
u

st
 a

bo
ve

 p
a

te
ll

a
. 

l"
 E

ns
o

11
t

e
. 

20
° 

b
a

c
k.

 

1 
h

o
r

iz
o

nt
a

l 
1nd

 
1 

v
e

r
t1

c
al

 
fr

ac
tu

re
 o

f
 f

eR1
r

; 
b

r
o

ke
 i

n
t

o
 3

 p
ie

c
e

s
. 

1"
 

E
n

s
o

11
t

e
. 

20
° 

b
a

c
k.

 



TABU 2 CAOAVER AXIAL KNEE IMPACT OATA (CONT INUEO) 
---- . ---------------------------------

7SA101 R 32.5 ( 9.9) 3520 ( 15657) 6 . 3  750 ( 1017) 46 . 2  (205.5) No fr1cture . 2• tle•cel . 20• blck 
- -- - - ---- -- - -----

------------------3 1 . 6  ( 9 . 6 )  3080 ( 13700) 5.0 709 ( 961) 44.8 ( 1 9 9 . 3 )  No fracture. 2 •  tle•c•l 1 nd  1 •  Enso11te. 20• biet. 75A102 

75A103 
- - - - ----------------------------

75A104 

7SA1 17 R 

75A118 

75A122 

7SA1 23 R 

76"131 R 

76"132 

76"142 

76"143 

76"150 

76"151 

76"157 R 

40.5 ( 1 2 . 3 )  

40.1 ( 1 2 . 2 )  

3 1 . 7  ( 9 . 7 )  

32.0 ( 9.8) 

37.0 ( 1 1 . 3 )  

55.6 (16.9)  

62.0 (18.9) 

58.8 (17 .9) 

76.0 (23.2) 

65.8 (20.1)  

39.4 (12.0) 

46.0 (14.0) 

35.5 (10.8) 

76"158 36 . 7  ( l l . 2 )  

76"163 45.6 (13.9) 

76"164 41 . 3  (12.6) 

*löss ÖF DATA 

lllPACTOR PEAK 
TEST VELOCITY FORCE 

2900 ( 1 2899) 1 0 . 7  

2320 (10319) 1 0 . 7  

2600 (11565) 8.5 

2400 (10675) 7 .3 

5400 (24019) 8 . 5  

6400 ( 2846 7 )  5.3 

3600 (16013) 4.7 
LOO LOO 
LOO LOO 

1660 ( 7384) 4.0 

LOO LOO 

3000 (13344) 7 . 4  

1800 (8006) 5.9 

1740 (7740) 4.3 

1400 (6227) 5 . 3  

1 540 (6850) 4. 7 

TABLE 3 

1165 ( 1 580) 44.9 (199.7)  

1142 ( 1 548) 57.0 (253.5) 

709 ( 961) 44.8 {199.3)  

740 ( 1 003) 45.3 (201 . 5 )  

965 (1308) 52.2 ( 232.2) 

1638 (2221) 58.9 (262.0) 

1026 (1391) 33.1 (147.2) 

923 ( 1251) 31.4 (139.7) 

1103 (1495) 29.0 (129.0) 

827 ( 1 1 2 1 )  25.1  ( l l l . 7 )  

1067 (1447) 54.2 (241 . 1 )  

1502 (2036) 65.3 (290 .5) 

895 (1213) 50.4 (224.2) 

957 ( 1 298) 52.1 (231.8) 

1430 (1939) 62.7 (278.9) 

1173 ( 1 590) 56.8 (252. 7 )  

A8DUCTEP KNEE IMPACT PATA 
INITIAL 
FORCE 
QURATJOH ENERGY MOMEHTIJ4 

No fr1cture . 1 • Enso1 1te. 20• blck. 

F...,r fr1ctu....i 1cross lowr llllf.  llo P1tel11 
1njury, fr1ctured 1n bend1ng. 2• He•c:el . 

No fractures , but contus1ons & hcerat1ons at 
po1nt of 1!lplct. 1 °  Enso1 1te. 

No fractures, but contus 1ons & hc:er1t1ons at 
po1nt of 111P1ct. 1 °  

No fracture . 1 •  Enso1 1te. 

Patella fractured 1nto 6 p1ec:es. Four fractures 
1n f-.r. 1 •  Enso11te. 

Patella fractured; •...,1s1f1ed. • 1• Enso11te. 

Patel la fractured ; •...,151r1ec1.· 1• Enso11te. 

Man,y fractures of condyles. l" Enso11te. 

Maey fractures of condyles. 1° Enso11te. 

Fractured P1tel 11. 1 °  Enso11te. 

Cn1shed patel la. 5 fractures of f1m1r aru 
around patel l 1 .  1 °  Enso1 1te. 

Sp11t patel la. 1/2 1nch Enso11te. 

Fractured patel la. F...,r fractured beh1nd 
knee . 1/2 1nch Enso11te. 

Fractured patella. Fracture of rur quarter 
of f.aral conclyle. 1/2 1nch Enso11te. 

Fractured patel la. Fracture of lowr ftlmlr around 
P1tell1. 1/2° Enso11te. 

IUllER LEG ft/HC (II/sec) lb ( N )  

PEAK FORCE 
AXIAL COMP. 
lb (H) 111ec ft-lb (Joules) slug .ft/sec (kg·•/sec) COlllENTS 

AllOUCTIOM 
AllGLE 

75"035 25.0 ( 7 .6) 

75A036 48.6 (14.8) 

75"037 18.7 ( 5.7)  

7SA038 45.8 (14.0) 

1200 ( 5338) 1088 ( 4838) 13.0 

3280 (14590) 2972 (13211) 1 3 . 1  

720 ( 3203) 706 ( 3140) 1 3 . 7  

1860 ( 8274) 1825 ( 8 1 1 8 )  10.9 

75"039 R 20.2 ( 6.2) 880 ( 3914) 864 ( 3843) 12.8 

75"040 

7SA058 

75A059 

75A062 

75A063 

49.6 ( 1 5 . 1 )  2400 (10676) 2356 (10480) 10.9 

32.4 ( 9.9) 4330 (19261) 4330 (19261) 35.0 

34.7 (10.6) 3400 (15124) 3400 (15124) 18.0 

51.25 ( 1 5 . 6 )  1250 ( 5560) 1 250 ( 5560) 45.0 

51.25 (15.6) LOO LOO LOD 

445 ( 603) 17.8 ( 79.2) 

1682 (2280) 34.6 ( 1 54.0) 

249 ( 338) 13.3 ( 59.3) 

1494 (2026) 32.6 ( 1 44. 7 )  

291 ( 395) 14.4 ( 63. 7 )  

1752 (2375) 35.3 (157 . 3 )  

750 (1017) 23.1 (102.7)  

858 (ll63) 24.7 (109.7) 

1873 (2539) 36.5 (162.8) 

1873 (2539) 36.5 (162.8) 

No leg fracture. 1 °  Enso1 1te. 25• 

No leg fracture. 1° Enso11te. 25° 
No leg fracture. 1 °  Enso11te. ll0 

Lefl patilla fracturw 6 iefl 11• f-.r fractured & sllltte....t at 
the knte end. Osteoporot1c. 
One 1 nch Enso11 te. 
No leg fr1cture . 1° Enso11te. 1 1 °  

Rlght patelh fractu....t & l l 0  
r1ght f-r fractured & 
shattered at the knte end. 
Osteoporotlc. 1• Enso1 1te. 

No fracture. 1" Enso11te. 25° 
(Axial) 

Rlght patel la lntact. F1m1r 25° 
fractured . 1 °  Enso1 1te. (Axial) 

No fracture . 4• Starf0111. 25° 
(Extra padd1ng) 1 • Enso11te (Axi a l )  

No fracture. 4 °  StarfOlll. 
(utra padd1ng) l "  Enso11te 

373 

25• 
(Axial) 
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