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The response and to l erance of the femur  to a x i a l  impact has been the subject 
of cons i derabl e i nterest  i n  occupant protecti on researc h .  Th i s  i s  due to the 
poss i bi l i ty of a w i de range of l ower extremi ty l oadi ngs duri ng the management 
of occupant energy i n  an automob i l e  acc i dent .  Conti nued research has provi ded 
new i n format ion  i n  fou r maj or  a reas : l )  f i e l d  acci dent i nj u ry [ l - 7 ] , 2 )  
mechani sms of femora l fracture [ 2 ,8] , 3 )  femora l fracture to l e rance [8- 1 6 ] , 
and 4 )  methods of l a boratory eva l uat i on of femora l fracture potenti a l  [ 1 7-27] . 
Al though cons i derabl e research has  been devoted to improv ing  our  unders tand i ng 
of the response of  the l ower extremi ty to i mpact l oad i n g ,  the l a rge number of 
i n terdependent factors associ ated wi th the occu rrence of l ower extremi ty 
i nj u ry s i g n i fi cant ly  comp l i cates the study of i nj u ry mechan i sms . 

The purpose of th i s paper i s  to rev i ew the current frequency of f i e l d  acc i dent 
i nj u ry of the l ower extrem i ty in  re l at i o n  to other body i nj u ry and  to the 
d i s t r i bu t i on w i t h i n  the l ower extremi ty .  Mechan i sms o f  femora l fracture and 
to l erance i nformat ion  from cadaver tes ts a re rev i ewed w i th part i cu l a r empha s i s  
o n  thei r re l at i ons h i p  t o  current safety standards and methods for eva l uat i ng  
car  occupant protect ion .  

F ie ld  Acc i dent Stud i es 

The Nati onal  Crash Severi ty Study [23]  prov ides bas i c  i nformat ion  on the 
sever i ty of occupant i nj u ry accordi ng to body reg i on and l e s i on type ( Ta b l e  1 ,  
entri es i n  each col umn total 1 00% ) . I n  our  bas i c  eva l uat ion  of the a va i l ab l e  
acci dent s tati s t i cs , s ke l etal  fracture and soft ti ssue i nj u ry a re catal oged 
separate ly by body reg i o n .  The stat i s t i cs a re for c a r  occupants recei v i ng a n  
i nj u ry o f  moderate or  greater severi ty .  l t  i s  i n teres t i ng  to note that approx
i mately 20% of the A I S  2-4 i nj u ry appears to be to the l ower extrem i ty ,  where 
the primary l es i on i s  ske l etal fracture or d i s l ocati on . As such , i nj u ry to 
the l ower extremi ty appears to be a maj or  fract i on of occupant i nj u ry i n  th i s  
range of i nj u ry severi ty .  Occupant i nj u ry can be further ran ked accord i ng to 
the rel at i ve frequency of fracture/d i s l oca t i on i nj u ry ( Ta b l e  2 ) .  Of the 
moderate to ser ious  fracture/di s l ocati on i nj u ry ,  the l ower extremi ty ranks 
f i rst  for A I S  2-3 i nj ury and second for A I S  4 i nj u ry from t h i s  dat a .  I n j ury 
to the l ower extremi ty a l so ranks h i gh accord i ng to i n c i dence by body reg ion , 
and a s  such , appears to represent a maj or  occurrence i n  non l i fe-threaten ing  
occupant i nj u ry .  
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Table l :  Distribution of occupant crash i njury 
(evaluation of NCSS Data (23]) 

8ody Region Lesion System/Organ 
Injury Severity (AIS) 

2 3 4 5 

Head Fracture Skeletal 1 1 %  6% 15% 
Cont./Conc./Lac. Nervous System 29% 3% 14% 35% 

Neck Fracture Skeletal 3% 3% 
Lac. /Di s l .  Nervous System 

Thorax Fracture Skeletal 7% 23% 8% 
Cont./Lac. CV/Resp. 5% 3% 21% 

Abdomen Lac./Rupt. Digestive 5% 12% 30% 
Lac./Rupt. cv 1 9% 2% 

Upper Extremity Fx./Di s l .  Skeletal 14% 10% 4% 
Lower Extremi ty Fx./Di s l .  Skeletal 19% 24% 12% 
Other 

% AIS > 1 

Accident 
Investigation 

UCLA-TRG [4] 

UM-MVMA/CPIR [5] 

U8-DTEP/ARU (6] 

NCSS-2 (7) 

NCSS-3/4 (7] 

Table 2 :  

FracturelDislocation 

1 
2 
3 

Al l Lesions 

l 
2 
3 

20% 21% 1 3% 

1 4 . 0% 9.0% 2 . 8% 

Rank order of fracture/dislocation and lesion frequency 
by body region and i njury severity (adapted from Table l )  

Injury 
AIS 2 

L. Ext. 
U.  Ext. 
Head 

He ad 
L. Ext. 
U. Ext. 

19% 
14% 
1 1 %  

40% 
19% 
14% 

AIS 3 AIS 4 

L. Ext. 24% He ad 
Thorax 23% L. Ext. 
U.  Ext. 10% Thorax 

Thorax 28% Abd. 
L.  Ext. 24% Head 
U. Ext. 10% L. Ext. 

Table 3: Accident investigations of lower extremity injury ( L E I )  

% 

9% 

2.0% 

15% 
12% 
8% 

31 % 
29% 
12% 

LEI 
Col l ection Most (Equal ) 

Years % Frontal '.% Male % Driver # Occupants # LEI I LEl/Occ. Severe I njury 

1962-1968 85% 74% 69% 186 375 2.02 

1965-1979 76% 63% 72% 175 340 1 . 94 44% 

1 970-1978 Al l 76% 70% 101 123 1 .22 

1977-1978 62% 43% 69% 382 538 l .41  50% 

1977-1978 71% 59% 64% 371 419  1 . 1 3  60% 

Table 4 :  Distribution of l ower extremity inj ury 

Accident 
Body Region 

Hip  and Ankle 
Investigation Pelvis Thigh Knee Leg and Foot 

RRL (2) 24.5% 32.4% 1 4 . 0% 1 9 . 6% 9.5% 

UCLA-TRG [4] 14 .0% 1 2 . 0% 52.0% 1 6.0% 6.0% 

UM-MVMA/CPIR (5) 20.0% 1 4 . 0% 26.0% 21 .0% 1 9.0% 

U8-DTEP/ARU (6) 27.6% 27.6% 9 .8% 1 4 .  7% 20.3% 

NCSS-2 [7] 21 . 4% 1 5 . 4% 1 7 . 3% 1 6 .5% 29.4% 

NCSS-3/4 (7) 25.4% 23.4% 1 1 .  7% 22.5% 1 7 . 0% 

6 

23% 

35% 
9% 

22% 

1 1 %  

0.8% 

% LEI/ 
lnjured Occ. 

46% 

39% 

38% 

23% 
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An eva l uati on of acci dent i n ves ti gat ion data a va i l ab l e  i n  the pub l i shed l i tera
ture of l ower extremi ty i nj u ry ( Tab l e  3 ) i nd i cates a s i gn i fi cant reduct i on i n  
the frequency of l ower extrem i ty i nj u ry .  The number of l es i ons  per i nc i dence 
of l ower extremi ty i nj ury has been reduced from 2 . 0  i n  an  early 1 960 study 
[4 ] ,  to a current  l eve l  of 1 .  l i n  the most  recent eva l uat ion  of the NCSS 
i nj uri es of A I S  3-4 severi ty [ 7 ] . T h i s  has s i mi l a rly res u l ted i n  a reduction  
in  the  rel ati ve frequency of  l ower extremi ty i nj ury for an i nj ured occupant 
from an  i n i t i a l  occurrence of 46% in the early UCLA s tudy [4]  to a current 
l e ve l of 23% [ 7 ] . Al though i t  i s  di ffi cu l t  to assess  the i nd i v i dua l  ro l e  of 
a l l  the potent i a l  factors l ead i ng to such  a s i g n i fi cant  reduct i on i n  the 
n umber and re l at i ve frequency of l ower extremi ty i nj u ri e s  to occupants exposed 
to crash  s i tuati ons , several  i n vesti gators [ 2 , 4 , 6 , 26 ]  have i nd i cated that 
des i gn i mprovements have contri buted s i gn i fi cant ly  to a reduct ion  i n  the 
frequency and severi ty of l ower extremi ty i nj ury . From the ava i l a b l e  fi e l d  
stud ies  i t  i s  c l ear that approxi mately 70-80% o f  the i nj ury to the l ower 
extremi ty occurs i n  frontal  acci dents where approxi mate l y  60-70% of the front 
seat i nj ured occupants a re dri vers . The stud ies  a l so poi n t  out that i nj ury of 
the l ower extremi ty i s  frequently equal to or  the most  severe i nj u ry of the 
body for A I S  2 -4  trauma when a l ower extremi ty i nj u ry occurs , thus accounti ng 
for 50-60% of  the most seri ous i nj u ry i n  th i s  se l ect ion  of current NCSS data 
[7 ] .  

The d i stri buti on of l ower extremi ty i nj u ry accord i ng to the three maj or arti cu
l a ti ng j o i nts and two l ong connecti ng bones ( T a b l e  4)  i nd i cates a rather 
u n i form frequency of i nj ury .  Di s tri buti on of i nj u ry to the l ower extremi ty 
prov i ded  i n  t h i s  tabl e i s  on the bas i s  of moderate to serious  i nj u ry as re
corded i n  vari ous acc i dent i nves t i ga t i ons  dur i ng the l a s t  20 years . Howeve r ,  
the se l ect ion  o f  acci dents for i nc l u s i on i n  the i n ves t i gat i ons a n d  the detai l s  
of i nj ury c l ass i f i ca t i on are d i fferent [see 2-7] , and shou l d  be con s i dered 
carefu l ly i n  a ny i n terpretati on of the acc i dent s ta t i s ti c s .  I n  part i cu l ar ,  
the  defi n i ti on of i nj u ry by body reg i on i s  q u i te subject i ve  for each study , 
s i nce a prec i se anatomi ca l  defi n i ti on of the j o i nts i s  not pos s i b l e  and must  
i nc l u de some porti on of  l ang connect i ng bones , the femu r a nd  t i b i a/fi bu l a .  
Thus , the actual  d i v i s i on between the th i gh - knee - l eg body reg i ons can  l ead to 
con s i dera b l e  vari a t i on i n  the overa l l reported frequency of i nj u ry to the 
vari ous l ower extremi ty reg i ons . Th i s  i s  qu i te c l ear when the frequency of 
knee j o i n t  i nj u ry i s  revi ewed for the various  acc i dent i nves t i gat i on s .  The 
occurrence of i nj u ry to the knee ranges from a l ow of 9 . 8% to a h i gh of 52%.  
The maj ori ty of l ower extremi ty i nj u ry ( 50-60%) i s  d i rected toward the knee
th i gh- h i p  comp l ex where d i rect fracture of the femur represents a mi nor 
fract ion  i n  the overa l l  spectrum of l ower extremi ty i nj u ry .  

A deta i l ed ana lys i s  of acc i dent i nj u ry data co l l ected by the Un i vers i ty of 
Mi c h i gan  ( Tab l e 5 ,  entr ies  i n  each col umn total 1 00% ) shows the d i stri buti on 
of l ower extremi ty i nj u ry by body reg i on and  type of l es i on .  I t  i s  obv i ous 
that a maj or fract i on of the l ower extremi ty i nj u ry i s  fracture , account i ng 
for 75% of the AIS > 2 l ower extrem i ty i nj u ry i n  th i s  study .  As a fract i on of 
the total samp l e ,  fracture of the l eg ( t i b i a/f i bu l a )  accounts for 1 8 . 3% of the 
samp l e ,  fo l l owed by h i p  and pe l v i c  fracture- - 1 5 . 6% ,  foot and a n k l e  fracture--
1 4 . 4% ,  knee j o i n t fracture-- 1 3 . 8% ,  and  fracture of the th i gh-- ( femur )  1 2 . 6% .  
C l ear ly ,  from th i s  samp l e ,  fracture of  t he  femur  i s  the l east  frequent l ower 
extremi ty fracture l es i on .  Fo l l ow i n g  fracture i nj u ry of the l ower extremi ty 
bones i n  frequency of occurrence i s  l acera t i on of the knee j o i nt- - 9 . 1 %  of  the 
s amp l e  and d i s l ocati on of the h i p -- 2 . 4% .  In th i s detai l ed acc i dent i n vest i 
gat i on s tudy ,  the a rt i c u l ati ng j o i nt i nc l u des ± 5 cm of the l ong bones from 
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Table 5 :  Distribution of l ower extremity injury of 
AJS > 2 by type of lesion and body region 
(anaTysi s  of UM-MVMA/CPIR accident data [5] )  

Hip and 
Body Region 

Lesion 
Ankle 

Pelvis Thigh Knee Leg and Foot 

Fracture 75% 78% 90% 53% 87% 76% 

Laceration 12% 4% 35% 7% 4% 

Dislocation 4% 12% 2% 6% 

Cont. /Abr. 4% 9% 4% 5% 3% 3% 

Rupt./Avul . 3% 1 %  2% 5% 3% 3% 

Sprain 2% 8% 

% AIS � 2 20% 14% 26% 21% 19% 

Table 6 :  Distribution o f  lower extremity injury by location 
of body lesion and principal i mpact direction 
(analysis of UM-MVMA/CPIR accident data [5] ) 

Body Region 

Princieal lmeact Direction 
Hip and Ankle 
Pelvis Thigh Knee Leg and Foot 

frontal 

1 14% 15% 13% 18% 6% 1 5% 
1 2  41% 30% 50% 45% 57% 56% 
1 1  21% 6% 23% 23% 25% 19% 

Obli que 

2 6% 9% 4% 5% 2% 
1 0  6% 7% 4% 8% 6% 5% 

Lateral 

3 4% 1 3% 2% 3% 2% 
8 1 %  6% 1 %  2% 
9 7% 15% 4% 2% 

% AJS � 2 20% 14% 26% 21% 19% 

the j o i nt  center.  Inj ury of the knee i s  the most frequent l ower extrem i ty 
i nj u ry--26% ( 1 4% fracture and 9% l acerat i on ) ,  fo l l owed by the l eg-- 2 1 %  ( 1 8% 
fracture ) and h i p/pe l v i s--20% ( 1 6% fracture and 2 . 4% d i s l ocat i on )  i nj ury . 

I n j u ri e s  of the l ower extremi ty are a l s o  s hown d i s tri buted accord i n g  to the 
l ocati on  of  l es i on and the pri nc i pa l  i mpact d i rec t i on on  the veh i cl e ( Ta b l e  6 ,  
entries i n  each co l umn total 1 00% ) . I n  the samp l e ,  76% of the accidents are 
fronta l and account  for 80% of the l ower extremi ty i nj ury .  l t  i s  i nterest i ng  
to note the  rather even d i s tri but i on of  i nj u ry of  the maj o r  body reg i on s  of 
the l ower extremi ty for the frontal  i mpacts , where the knee-- 22% and l eg-- 1 8% 
a re most frequent ly  i nj ured . However , the rather u n i form d i s tri buti on i n  
i nj ury frequency accordi ng to the maj or j o i nts  and l ong bones for pri mari l y  
frontal  i mpact i s  contrasted b y  a more s pec i fi c  d i stri but i on o f  i nj ury i n  
l a teral i mpacts . Al though l a teral i mpact accounts  for on l y  1 2% of the acc i 
dents and 1 0% of the l ower extremi ty i nj u ry i n  the overal l sampl e ,  i t  i s  
associ ated wi th 34% o f  the A I S  > 2 h i p/pel v i s i nj u ry .  More i mportant l y ,  70% 
of the l ower extremi ty i nj ury in the l ateral i mpacts of th i s  study i s  to the 
h i p  and pel v i s .  
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Mechan i sms of Femora l Fracture 

A recent eva l uat ion  of the i mpact response and to l erance of  the femur to axi a l  
l oad [ 1 6 ]  provi des bas i c  new i n format ion  on  the  underly i ng  mechan i sms of  
femoral  fracture . The  exper imental methods of  Me l v i n  [ 1 3 , 1 4 ]  were emp l oyed i n  
a seri es of addi t i ona l  cadaver tests , where soft t i ssue  cover ing  the femur was 
denuded prior  to i mpac t .  The eva l uati on o f  h i gh-speed photographs o f  the 
impact k i nemat ics  and eva l uat ion  of femoral m i ds haft stra i ns duri ng r i g i d  and 
padded knee l oad ing  a l l owed a s tudy of the mechan i sms  of  m idshaft and condyl ar 
fracture .  I nterest i ng l y ,  a l l  the observed fracture cou l d  be l i n ked to a s i te 
of tens i l e  stra i n  preceed i ng gross fracture of the femoral bone ( Fi g .  l ) .  
Du r i ng  knee i mpact the patel l a  was observed to wedge the i ntercondy l ar emi nence 
of the femoral condy les  caus i ng l ateral d i sp l acement of the condyl e s .  The 
wedg i ng apparent l y  produced a s i te of tens i l e  stra i n  on the surface of the 
femora l -pate l l ar j o i nt .  I n  several exper i ments anter ior  bend i n g  of the femoral 
condyl es produced tens i l e  stra i n  i n  the s upercondy l a r  regi on .  At condyl ar 
fracture the shaft was seen to d i sp l ace a nteri orly re l i e v i ng  the stored stra i n  
energy . 

Fa i l u re of the m idshaft was spec i fica l l y  l i n ked to ten s i l e  stra i n  on the 
anteri or surface of the mi dshaft . I n  part i cu l a r ,  stra i n  measurements at m id
shaft i ndi cated a s i te of  tens i l e  stra i n  of approx i mately 1 . 2% at the t i me of  
fracture .  The tens i l e strai n was a d i rect resu l t of anteroposterior  bend i ng 
of the femoral s haft wh ich  produces tens i l e  stra i ns that exceed the uni form 
compress i on of the femur from the axi a l  l oad at the knee j o i nt .  l t  i s  a l so 
postul ated that fa i l ure of the femoral neck i s  a resu l t  of tens i l e  stra i n  on 
the posterior aspect of the femoral neck near the i n sert i on of the head i n  the 
acetabe l um ,  aga i n  at a s i te of tens i on .  

Another i mportant feature of the experiments dup l i cat i ng Mel v i n ' s  earl i e r  
i mpact work was that femoral k i nemati cs a n d  fracture were observed duri ng 
i mpact l oadi ng .  The actual l eve l  of force at fracture was recorded i n  th i s  
experi mental s i tuat i o n .  A major f ind i ng was the fact that the peak contact 
force occurred pri or to fracture of the femur , such that fracture occurred at 
force l eve l s  that were 55-65% of the peak contact l oad ( Tabl e 7 ) .  Ana l ys i s  of 
the r i g i d  body mechan i cs of the femur dur ing  the early phase of l oad ing  i n 
d i cates that a substanti a l  port i on o f  the app l i ed contact l oad produces an 
i nert i a l  response of  the femur ,  i . e . , ri g i d  body mot ions . There i s  a more 
gradua l  deformat ion  response of the femur l eadi ng to fracture at a l oad be l ow 
that of  the peak contact force [ 1 6 ] .  The resu l ts  of t h i s  i nvesti gati on prov i de 
add i t i ona l  i ns i ght i nto the reasons for the extreme l y  h i gh l eve l s  of contact 
force ( 1 8 . 5  ± 2 . 0  k N )  reported by Me l vi n  for experiments resu l t i ng i n  fracture 
of the femur .  S i nce a cons i derab le  porti on of the  app l i ed force i s  i nvol ved 
i n  acce l erat ing  the bony structure of the l ower extremi ty duri ng h i gh ve l oc i ty
short durat ion i mpacts , the recorded contact force i s  not an accurate measure 
of  the force deve l o p i ng structura l  deformati on and poten t i a l  fracture of the 
femur.  

Femora l Fracture Tol erance 

A revi ew of the stati c  and dynamic  tol erance of the femur under axi a l  l oad 
( Ta b l e  8 )  i nc l udes i nforma t i on that has been reported prev i o u s l y .  However ,  
the peak l oads i nc l uded i n  th i s  table  for the study o f  Mel v i n  [ 1 4] have been 
reduced by 35% to account for the s i gni fi cant fract i on of contact l oad pro
duc i ng mere ly  an i nert i a l  response ( r i g i d  body d i sp l acement )  of the l ower 
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Table 7 :  Comparison of peak contact force and force at fracture 
for cadaver experiments using the methods of Melvin [ 1 3 , 1 4 ]  
(adapted from Viano and Stalnaker [ 1 6 ] )  

Interface 

Impact Force 
Rigid Padded 
(N=5) (N=4) 

Peak Value {kN) 1 6 . 3±5 . 4  1 2 . 4± 3 . 9  
Value a t  Fracture (kN) 1 0.6±2.7 6.8±1 . 0  

Ratio 

Axial Loading 

Static 

Carothers [9] 
Fasola [10] 

Oynamic 

Patrick [ 1 1 ]  
Powell  ( 1 2 ] 
Melvin (1 4 ] 

1 . 54 1 .82 

Table 8: Static and dynamic tolerante of the femur 
under axial load (adapted from [8]) 

Fracture 
Load Duration 
{kN) {ms) 

8.9±2.0 
7.6-8.9 

8.9±2.0 
1 0 . 5±1 . 7 

1 2 . 0*±l . 3  

26. 1±3.4  
1 5 . 0± 2 . 5  

8.  1 ± 4 .  9 

Nonfracture 
Load Ouration 
{kN) {ms) 

8.0±3.4 
1 1 . 2±1 . 7 
9. 1*±4.6 

25.0±4.8 
1 5 . 0±2. 5  
1 1 . 0±4.0 

* Reported loads [8] reduced by 35% on the basis of results from [16],  Table 7 .  

· --· ----·---·-·---

266 



extremi ty. lt i s  not s uspected that  a s i gn i f i cant  fract i on of the contact 
l oad i nduces i nerti a l  accel erati on i n  the experi ments of Powe l l [ 1 2 ] due to 
the r i g i d  support of the pel v i s  i n  h i s  experimental  methodo l ogy . In  add i t i on ,  
the dynami c  tes t i ng of Patri ck  i s  of a much l onger durat i on l oadi ng such that 
the i nerti a l  component i s  expected to be a much smal l e r  fract i on of the re
ported contact l oad .  

Al though the  stat i c  or  l ong durat i on dynam i c  to l erance of  the  femur i s  based 
on rather l i m i ted data , i t  i s  a pprox i mately 8 . 9  kN [9- 1 1 ] .  The eva l uati on of 
factors l ead i ng to the extremely  h i gh forces recorded i n  Mel v i n 1 s  experiments 
prov i des add i t i on a l  emphas i s  to the need for rea l i st i c  test methods . As 
reported earl i er  [8 , 1 5 , 1 6 ] the exper iments of Me l v i n  ut i l i zed a moderatel y  
l i ghtwe i ght i mpactor ( 1 0  k g )  wh i ch had to be acce l e rated to rel at i ve l y  h i gh 
contact ve l oc i t i es ( 1 0- 20 m/ s )  to prov i de an  i mpact of suff i c i ent severi ty to 
poten t i a l l y l ead to fracture . However,  i n  more recent l a boratory s i mu l at i ons 
of  knee restra i nt mechan i c s  [ 1 9 , 20 ] ,  i t  was empha s i zed that a contact ve l oc i ty 
of  a pprox i ma te l y  6-8 m/s provi des a more mean i ngful and rea l i s t i c  l oad i ng 
cond i t i o n  for the study of i mpact res ponse and tol erance character i st i c s  of  
the l ower extrem i ty .  

Experi menta l  data for the stat i c  and  dynam i c  response of the femur to axi a l  
l oad  i nd i cates ( F i g .  2 )  that the force to fracture the femur i s  dependent on 
the durat i on of the i mpact l oa d .  The femur responds stat i ca l l y  for l oads of 
dura t i on greater than 20 ms ; whereas ,  a structura l  dynami c response i s  s t i mu
l ated for l oad durat i ons bel ow 20 ms . H i gher contact l oads are requ i red to 
produce potenti a l  fracture of the femur when the l oad  dura t i on i s  substan
t i a l  ly bel ow 1 0  ms.  Interest i ngl y ,  the adj ustment of the peak force recorded 
i n  Me l v i n 1 s experi ments bri ngs  the average fracture response i nto c l oser 
agreement wi th the pred i ct ions  from a s i mp l e  fi n i te e l ement model [ 1 5 ] .  The 
mode l was devel oped to d i scuss  potent i a l  fracture of the femur but does not 
address  the potent i a l  effect of i nert i a  on the femoral res ponse . When stra i n  
rate e ffects a re a l so cons i dered [24 , 1 5 ] ,  the l oad  carry i ng a b i l i ty of the 
femur i s  shown to further i ncrease for short dura t i on impact s .  However,  the 
near ly  1 0% i ncrease i n  fracture l oad  predi cted on the bas i s  of stra i n  rate 
effects for a reduct i on from 40 ms to 1 0  ms durat i o n  of i mpact seems to be a 
secondary i nfl uence i n  compari son to the nearly 60% i n crease  pred i cted on the 
ba s i s  of  structural dynami cs ( see F i g .  2 ) .  

l t  i s  c l ea r  that pea k l oads on  the order of 8 . 9  kN have a potent i a l  for frac
ture i n  h uman cadaver tests . However ,  the l a rge vari ab i l i ty i n  cadaver s i ze ,  
age , a nd s tructural i ntegri ty of  the s kel eton contri butes to scatter i n  the 
experi menta l  data for both fracture and nonfracture produci ng responses . The 
ava i l a b l e  data [9- 1 4] and a n a lyses [8 , 1 5 , 1 6 , 24 ]  do pro v i de a rea l i st i c  bas i s  
for d i scus s i on of the fracture to l erance of the femur based o n  a w i de range of 
experi menta l s i tuat ions  i n  var i ous  l aborator ie s  dur ing  the l ast  20 years . 

Eva l ua t i on of  Femora l Fracture Potent i a l  

Vari ous  l a boratory s i mu l at i ons  have been devel oped to eval uate the fracture 
poten t i a l  due to l ower extremi ty l oad i ngs . I n  part icu l a r ,  the devel opment of 
the Hybri d test dummy has l ed to record i ng of femoral l oad  as a component of 
the th i gh s tructure. The react i ve force can be measured i n  the dummy duri ng 
i mpact.  The Part 572 test dummy h a s  been spec i f ied i n  federal safety standards 
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a s  the s urrogate for cert i f i ca t i on tes t i ng a nd  the l evel  of pea k force deve l 
oped i n  the dummy femur must be l ower than 1 0 . 0  k N  dur ing  barr ier  crash 
test i n g .  The dummy has a l so been used i n  a series of l a boratory s i mu l at i ons 
i nvo l v i n g  pendu l um i mpact of the knee and s l ed test i ng to a s sess  occupant 
dynami cs duri ng restra i nt system eval uat i ons . Fortunate l y ,  many of the recent 
experiments [ 1 4 , 1 7 , 1 8] have i nvol ved comparat i ve i mpacts where two surrogates , 
i . e . , human cada vers and Hybri d dummy , were exposed to the same test s i tua t i o n .  

One of  t he  i mportan t  res u l ts of  these experiments i s  t he  fact that  t he  l evel 
of contact  force as measured i n  the human cadaver test i s  s ubstant i a l l y d i f
ferent than  that  observed wi th the Part 572 dummy , or other a va i l ab l e  dummy 
surrogates . l t  i s  wel l recogn i zed that  the react ion  force devel oped by the 
dummy i s  substan t i a l l y greater ( 1 . 7- 3 . 7 ti mes [ 1 7 ] )  tha n  that of  the s i m i l ar ly  
tested h uman cadaver.  

Exten s i ve eva l uat i on of the comparati ve responses i nd i cates that  the ma s s i ve 
ri g i d  s tructure of the dummy l eads to a much greater effect i ve s ke l eta l  mass 
than the compa rab l e human cadaver ( i . e ,  1 0  kg versus 2 k g )  because  the surface 
t i ssue a nd s k i n  of the h uman cadaver i s  effect i ve ly  uncou p l ed from the s ke l etal 
mass duri ng i mpact [ 1 7 , 1 8] . As a resu l t the dummy presents a greater mass 
duri ng dynami c knee i mpact .  The greater r i g i d i ty of the dummy knee a l so l eads 
to more deformat i on of  a comp l i an t  i nterface than the comparab l e  human knee 
caus i ng d i fferent i nteracti ve forces dur ing  deformat i on of  the i nterface .  I n  
a ddi t ion to  the  fact that  the  dummy contact forces a re substant i a l l y  greater 
than i n  comparab l e  cadaver tests , i t  i s  a l so known that  the femur l oad  measured 
as a component of the dummy th i gh i s  l ower than the dynami c contact l oad  
beca use of the  mass  between the  femur l oad  ce l l  and  the  knee jo i nt  i n  the 
dummy s tructure , i . e . , the recorded femur l oad i s  approximate l y  70% [ 1 7 , 1 8 ] of 
the contact l oad  dur ing  i mpact .  When a l l  factors a re ta ken i nto consi derat ion  
the  rat i o between the pea k femur l oad  i n  the  Part 572  dummy and  the contact 
l oad  i n  comparabl e  human cadaver ( Tab l e  9 )  i nd i cates that the dummy femur l oad 
i s  approx i mate ly  50% greater than  the h uman cadaver contact l oa d .  Therefore , 
the human cadaver responses reported i n  Tabl e 8 and Fi gure 2 cannot be di rectly 
app l i ed to  the measured response  of the Part 572  dummy . 

Table 9 :  Ratio o f  peak force response o f  the Part 572 durrmy femur 
load and human cadaver contact load (adapted from [8] ) 

Test Condition 

Rigid lmpactor [14) 

Rigid Pendulum [ 1 7 )  

Padded lmpactor [14] 

Padded-Sled [18] 

Force Ratio 

1 . 20 

1 . 88 
1 .43 
1 . 63 

1 . 54:!:0 .29 

Al though i t  wou l d  be n i ce to s u s pect that  a constant rat i o  ex i s ts between the 
dummy femur l oad  and  h uman cadaver contact l oad  for many test s i tuat ions , the 
w i de range of i n terface cond i t i ons  and the substanti a l  d i s s i m i l a r i ty between 
the Part 572 dummy and  the human l ower extremi ty s tructure does not l end 
i tsel f to a u n i form correspondence. On the bas i s  of the range i n  rat i os 
measured i n  vari ous  test s i tuat i ons , the current to lerance l eve l  used and  
spec i fi ed in  Federa l Motor Veh i c l e  Safety Standard ( FMVSS )  No . 208  occupant 
crash protect ion  of  1 0 . 0  k N  i s  not compara b l e  to a s i ng l e  knee i mpact l oad  i n  

268 



16 ' 
' F i g .  2 - Dependence of ' ,.-... ' f emur f racture on  the z 14 ' 

� ' durat i on  of i mpact l oad ing  ...__, ' 
12 ' • ) ' due to a structura l  response w ' 

for l oad durat ions  l ess than (._) 
( . )  ' ' 0:: 10 20 ms ( mod i f i ed from [8] by 0 ' 

t.... ! 1 '• -L - - - - - - - - - • the resu l ts of [ 1 6] - -dotted 
1- 8 i l i n e  i s  mathemat i ca l  pre-
(._) d i c t i on of  fracture [ 1 5] <{ 1 
1- 6 � and mean data are p l otted z 1 from Tab l e  8 ) . 0 

J 

(._) 
� 
<{ w 
a... 

1 1 1 1 
0 10 20 30 40 

PUL SE DURA T I ON (ms) 

a s i mi l arly tested human cadaver. Rather , a potent i a l l y  w i de range i n  i mpact 
l oad wou l d  be expected , depend ing  on the part i c u l ars of  the i mpact s i tuati on .  
However ,  a mean of 6 . 5  kN wi th a range of 5 . 3  kN to 8 . 3  k N  wou l d  be pred i cted 
on the bas i s  of  the average data presented i n  Tabl e 9 .  Th i s  range i nc l udes 
i mpact l oads that are s ubstant i a l ly  bel ow the average reported s ta t i c  fracture 
l oad i n  human cadaver test s .  S i nce the range i n  rati o  i s  very dependent on the 
test s i tuat i on and i mpact i n terface , parti c u l a rl y  emphas i zed  i n  recent experi 
ments [ 1 7 , 25 ] ,  no  concl us i ve comments can be made as  to the comparat i ve re
s ponse between the Part 572 dummy and human cadaver i n  the general  test en
v i ronment .  

Comparat i ve tests  wi th the Hybr id  I I I  dummy and  human cadavers exposed to 
e i ther a pendu l um i mpact [ 1 9 ]  or a s l ed s i mu l at ion  i nvo l v i ng a n  experimental 
knee bo l s te r  [20] i nd i cate that the dummy femur l oad i s  l .  1 1  ± 0 . 01 t i mes that 
of the contact l oad i n  the h uman cadaver tes t .  Th i s  rat i o  i s  substant i a l l y  
l ower than that  recorded i n  the l aboratory tests wi th the Part 572 dummy 
reported i n  Tab l e 9 but may be s i gn i fi cantly affected by the energy absorb i n g  
i n terface materi a l  used i n  the we l l - control l ed l aboratory experiments , i . e . , 
the rati o  i s  expected to i ncrease s i gn i fi cant ly  as the ri g i d i ty of the i n ter
face i ncreases and the durati on of l oad decreases [ 1 7 , 2 5 ,8] . C l earl y ,  the 
i n terpre ta t i on of data from a mechani ca l  test devi ce used i n  the eva l uat ion of 
occupant protect i on requ i res  care due to the vari ab i l i ty i n  compar i ng  responses 
w i th the human for a l l i mpact s i tuations  and i nterface . 

Other mechan i ca l  procedures [2 1  , 22 , 26]  have been deve l oped to test the seve r i ty 
of knee i mpact wi thout the use of a n  i ns trumented dummy . L i ster  and Wa l l  [2 1 ]  
used a r i g i d  knee-form ( 20 kg ) wh i ch was acce l erated as a pendu l um i nto an 
i nstrument  pane l .  The l evel  of panel  deformat i on was i ncreased by ra i s i ng the 
drop he ight .  A peak  knee- form force of 4-6 kN produced a l evel  of  i ns trument  
pane l deformat i on that  was equ i va lent  to  that  observed i n  fi e l d  acci dents 
i nvol v i ng l ower extremi ty i nj ury .  Th i s  type of l aboratory s i mu l a t i on cou l d  
then be used to prov i de mean i ngful  i n format ion  on the re l a t i ve severi ty o f  knee 
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i mpact wi th vari ous i n terface s tructures , i . e . ,  especi a l l y  i n  A/B des i gn com
pari sons . However, the di fference i n  mass and s t i ffness between the knee-form 
and the h uman ( effecti ve mass of 2 kg duri ng knee i mpact [ 1 7 ] )  or the Part 572 
dummy ( 1 0  kg [ 1 7 ] )  makes a d i rect comparison  of contact force to these surro
gates d i ffi cu l t  [2 7 ] . I n  fact , on the bas i s  of s i mp l e  ana l og i es from prev i ous  
work [ 1 7 , 1 8 ,8]  or app l i ca t i on of s i mp l e  Hertz i an contact of e l as t i c  bod ies  
duri ng i mpact ,  i t  wou l d  be  expected that  the human cadaver wou l d  requ i re 
between 1 . 5- 3 . 0  ti mes the l evel  of knee- form force to deve l op the same degree 
of i ns trument panel  deformati on .  Add i t i ona l  comparat i ve tests are needed to 
estab l i s h  a pre l i m i nary correspondence between the contact force devel oped by 
the knee-form and e i ther the Part 572 dummy or human cadaver. 

Summary 

The Nati onal Crash Severi ty Study ( NCSS ) and Motor Veh i c l e  Manufacturers 
Assoc i a t i on ( MVMA) fi e l d  acci dent stud ies  are revi ewed for veh i cl e  occupants 
w i th l ower extremi ty i nj ury , especi a l l y  femoral fracture .  I n terest i ng l y ,  l ower 
extremi ty i nj u ry i s  the most frequent fracture l e s i on of A I S  3 i n  the NCSS 
samp l e  ( l ower extremi ty--24%,  t horax--23%, upper extremi ty-- 1 0% ,  and head/ 
neck--9% ) and i s  a maj or factor for A I S  2-4 i nj u ry .  Howeve r ,  femoral fracture 
i s  not the most frequent l ower extremi ty i nj u ry .  l t  accounts for on l y  1 4% of 
the A I S .::_ 2 l ower extremi ty i nj ury ( knee--26%, l eg--2 1 % ,  h i p/ pe l v i s--20%, and 
ank le/foot- - 1 9% )  i n  the Un i vers i ty of M i c h i gan--MVMA acci dent samp l e .  

The h i gher than s ta t i c  l oad-carry i ng a b i l i ty o f  the femur for s hort dura t i on 
i mpact can be exp l a i ned by a comp l ex s tructural  response w h i c h  s i gn i fi cant ly  
attenuates l ocal  s trai n  duri ng dynami c  l oad i ng .  There i s  a l so a s i g n i fi cant 
i nert i a l  acce l era t i on component of the contact force wh i c h  mere l y  d i sp l aces the 
femur.  Thus , the w i de var i a t i on i n  dynami c l oad at  femoral fracture observed 
i n  recent cadaver experi ments can be expl a i ned by the geometry of the femur and 
the exper imental  i mpact methods emp l oyed . The avai l ab l e  i nforma t i on poi nts to 
a s ta t i c  tol erance of 8 . 9  ± 2 . 0  kN for femoral  fracture , wh i c h  i ncreases for 
i mpacts of durati on be l ow 20 ms . 

Femoral m i d s haft and condy lar  fracture has been ana lyzed i n  a seri es of axi a l  
knee i mpact experi ments w i th a denuded cadaver femur .  Fracture occurs pri 
mari l y  a t  a s i te of tens i l e  stra i n  even though the femur  i s  s ubjected to com
press i ve l oad at  the knee j o i n t .  Du r i ng  compres s i on the femoral  s haft bends to 
produce tens i l e  stra i n  on the anter ior  surface of  the m i d s haft . I n  add i t i on , 
the pate l l a  wedges the condyl es l atera l l y  and posteri orly ,  l eadi ng to potent i a l  
tens i l e  fai l u re .  

The eva l uat i on of  potent i a l  femoral fracture during  a x i a l  l oad ing  h a s  devel oped 
around the  measurement of compress i ve femur force i n  a mechan i ca l  dummy . 
However ,  i t  has  been s hown that the contact l oad deve l oped by the dummy s i gn i 
f i cant ly  exceeds the comparab le  l evel  i n  cadaver test s .  The greater effecti ve 
s kel etal  mass and r i g i di ty of the dummy p r i mari l y  contr i butes to the force 
d i fference , w h i c h  i s  affected by the s t i ffness  of the i nterface . The femora l 
l oad recorded i n  the  dummy i s  a l s o  l ower than the contact force due to i nert i a l  
effects .  Comparat i ve tests i nd i cate that  the measured dummy femoral  l oad 
a verages 1 . 5 w i th a range of 1 . 2- 1 . 9  t i mes the contact l oad devel oped i n  human 
cadaver tests .  Thus , a measured dummy femur force of 1 0 . 0  kN cou l d  be asso
c i ated wi th a w i de range ( 5 . 3-8. 3 kN)  i n  contact l oad on a human cadaver ,  
depend i ng on  t he i mpact s i tuat i on .  
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