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INTRODUCTION 

The bones of the lower extremities ( p e l v i s ,  femur, p a t e l l a ,  

t i b i a ,  f i bu l a ,  and the bones of the foo t )  can be subjected t o  a 

var ie ty  of types of loads i n  automobile crashes.  This i s  t rue  

fo r  both unrestrained and res t ra ined vehicle occupants. Im~rove- 
ments in the design of automobile i n t e r i o r s  have s i gn i f i c an t l y  reduced 

some forms of lower extremity i n ju r i e s  ( I ) , *  However, as the crash- 

worthiness of vehicle s t ruc tu res  i s  upgraded, the protect ive  require-  

ments of the vehicle i n t e r i o r  must a lso  be upgraded and optimized. The 

proper use of be1 t r e s t r a i n t  systems has been shown t o  reduce lower 

extremity i n ju r i e s  . Recent developments in passive r e s t r a i n t  

systems ( t h e  a i r  cushion r e s t r a i n t  system and the Vol kswagen RA passive 

shoulder b e l t  ( 2 ) )  u t i l i z e  the knees and upper legs as a means of 

res t ra in ing the lower body in l i eu  of a lap be l t .  Optimization of such 

methods of occupant r e s t r a i n t ,  a n d  the mininization of lower extremity 

in jury  in general ,  requires a thorough knowledge of the biomechanics 

of the lower extremity skele ta l  systen.  The only in jury  c r i t e r i a  

presently a ~ p l  ied t o  the 1 ower extremities i n  occupant protection 

evaluation i s  the 1700 1 b .  (7,56 kN)  maximum axial femur force 1 imi t 

leve! s e t  for th  in FHVSS 208 ( 3 ) .  

This report  i s  intended t o  define the tolerance a n d  response of 

the human pate1 i a-femur-pel vis  complex to  axial impact force.  Foll o w i n g  

sections o n  the anatomy of the system and a review of re la ted  research,  
the resul t s  of d i r e c t  impact and driving point impedance measurements 

on the flexed legs of seated unembalmed cadavers i s  presented. Com- 

parisons of the cadaver responses a re  made with s imi lar  t e s t s  o n  a 

Part  572  t e s t  dummy. A t o ta l  of 28 unembalmed human cadavers were 

tested in t h i s  program for  a to ta l  number of 58 individual impact t e s t s .  

* Numbers in parentheses designate References a t  the end of t h i s  regor t .  



ANATOMY O F  THE KNEE-  FEMUR-PELVIS COMPLEX 

The skele ta l  s t ruc tu res  of i n t e r e s t  i n  the flexed knee impact 

problem are  the pelvis  or  h i p  bones, the femur or t h i g h  bone and the 
pate1 1 a or knee cap. These bones a re  arranged in the body in the 

manner shown i n  Figure 1 f o r  a seated vehicle occupant. 

The pelvis  i s  compased of the two h i p  bones, the sacrum, and 
the coccyx as shown in Figure 2 .  The hip bones form the l a t e r a l  and 

an te r io r  boundaries, meeting each other an te r io r ly  a t  the pubic 
symphysis; poster ior ly  they are  connected with the sacrum ( t h e  base of 
the spinal column). The hip bones consis t  of three pa r t s ,  named the 
i l ium, the ischium, and pubis, which a re  f i rmly united in the adul t  
and meet together to  form the acetabulum, a l a rge ,  cup1 i ke socket 
s i tuated near the middle of the l a t e r a l  surface of the bone, a r t i cu l a t i nq  
with the head of the femur. 

The femur i s  the l a rge s t  and longest bone in the skeleton and t rans-  
mits the weight of the trunk from the hip bone to the lower leg bones 

in the standing oosi t ion.  As shown in Figure 3 ,  i t  consis ts  of a 
proximal region which includes the head, neck and two t rochanters ,  a 

shaf t  and, in Figure 4 ,  a d i s t a l  region which expands in to  two condyles which 

are  pa r t  of the knee j o in t .  The s t ruc tu re  of the femur varies along i t s  

length. The sha f t  of the femur consists  of a thick outer wall of  
compact bone while the i n t e r i o r  i s  hollowed cut  by the medullary 
cavi ty .  The ends of the femur (both proximal and d i s t a l )  a r e  ccmposed 
of cancel lous o r  porous bone covered by a t h i n  layer of compact bone. 
~ h e s e  s t ruc tu ra l  fea tures  are  shown in Figures 3 and  4 .  

The pa te l l a  i s  a t r iangular  shaped bone s i tuated an te r io r  t o  the 
d i s t a l  region of the femur. St ructura l ly  the oatel la  consis ts  of 

cancellous bone, which i s  dense i n  comparison t o  femoral cancellous 
bone, covered by  a t h i n  1 ayer as shown in Figure 4. By i t s  structclre 

and i t s  posi t ion,  the pate l la  performs a n  imoortant function i n  pro- 

tec t jng the knee j o in t  from injury .  





FlGURE 2. FRONTAL VIEW OF THE PELVlS 



ACETABULUM 

FlGURE 3. SECTlONAL VIEW OF THE PROXIMAL REGION OF 
THE FEMUR 

TER 



FIGURE 4. SECTIONAL VIEW OF THE DISTAL REGION OF THE 
FEMUR AND THE KNEE 



RELATED RESEARCH 

The f i r s t  research on  the impact tolerance of the lower extremities 

with respect  t o  the automobile occupant was the work of Pa t r i ck ,  

Kroell , and Mertz ( 4 ) .  Unrestrained seated embalmed cadavers were 

impacted in to  instrumented ches t ,  head, and  knee t a rge t s  t o  simulate 

a  vehicl e i n t e r i o r .  The knee t a rge t s  were covered with 1  .44 i n .  

(3 .65  cm. ) of padding in most cases. Fractures of the femur were pro- 
duced a t  a  load as low as 1500 1 bs (6.67 kN) while loads as high as 

3850 1 bs. (17.13 k N )  were sustained with no f rac tu re  of the femur b u t  

with a  f rac tured pate l la  and pe lv i s .  The majori ty of the femoral 

f rac tu res  were found t o  occur a t  the d i s t a l  end of the bone. The 

authors concluded t ha t  f a i l u r e  of the femur occurred a t  s l i g h t l y  lower 

load levels  than those e i t he r  of the pate1 l a  or  pe lv i s .  They suggested 

a  conservative overall  in jury  threshold load level of 1400 lb .  

(6.23 k N ) .  In a l a t e r  paper, ( 5 )  they raised t h i s  estimate t o  1950 1Ss. 

(8 .86 k N ) .  A great  deal of the f rac tu re  load data presented in t ha t  work 

was obtained in experiments where mu1 t ip1 e  high-load-l eve1 t e s t s  were run on 

the subjects  pr ior  t o  obtaining f r ac tu r e s .  This technique introduces uncer- 
t a in ty  of possible progressive pre-damage t o  the s  kel eta1 s t r u c t u r e ,  

pa r t i cu ia r ly  to the pe lv i s .  

Recently, Powel 1 e t  a1 . ( 6 ,  7 )  r e ~ o r t e d  the r e su l t s  of r ig id  

impacts to the knee. Using seated cadavers, a n  impact load was applied 

t o  one flexed leg a t  a time by means of 2 s t r i k e r  pendulum with e i t he r  

a  34 .3  1 5 .  (15.6 k g )  or  50 1 b  ( 2 2 . 7  k g )  s t r i k e r  head with a  f l a t  

r ig id  impact face .  The cadaver \;/as seated in a  modified barber ' s  

chai r  which included back support.  A to ta l  of f i f t e e n  t e s t s  on 
nine cadavers -- of which seven {were embalmed and two were unembalmed -- 
were reported. The t e s t  resul t s  were as fol lows. 

a .  Pate1 l a  f rac tures  \were observed in twelve of the f i f t e e n  

legs t e s t ed ,  often a t  force levels  below those needed fo r  

femur f rac tu res .  

b .  Condylar f rac tures  were observed in f ive  of the legs 



c .  Shaft f rac tu res  occurred in only one of the legs .  

d .  Hip (pe lv ic  and femoral neck) f rac tu res  were observed in 

two legs .  

Excluding pa t e l l a r  f r a c tu r e s ,  femur f rac tu res  were produced in seven 

of the f i f t e e n  legs a t  an average load of 2250 1 bs (10.04 k N )  with 

range of 1600-281 2 1 bs. (7 .1  - 12.5 kM) . The pate1 l  a r  f rac tu res  

occurred a t  an average load of 2470 lbs (10.75 k N )  with a range of 

1782-2970 Ibs.  (7 .9  - 1.32 k N ) .  The authors f e l t  t h a t  the local iza-  

t ion of most of the f rac tu res  to  the knee region was due t o  the use of 

a r ig id  impactor. Their analys is  of the bending behavior of the femur 

during knee impact concluded t ha t  medial -1 a t e ra l  bending behavior 

of the femur was the dominant type of bending response which i s  in 

general a  beam-column behavior with bending in two planes as well as 

axial  compression. 

Horsch and Patrick (8 ) have recently completed an in te res t ing  

study on cadaver and dummy knee impact response a t  sub-fracture 

l eve l s .  Usinq r ig id  oendul u m  impactors of various masses ranging from 

0.53 - 55 1 bs. ( 0 . 2 4  - 25 kg) ,  knee impacts along the femoral axis  

of unembalmed male cadavers and Part 572 dummies were oerformed. 

The dummy was found to  exh ib i t  s i gn i f i c an t l y  higher knee impact 

forces ( 1 . 5  - 3 .7  times as g r ea t )  than the cadaver sub jec t s .  This 

d i f ference in response was shown t o  be due t o  differences of ef fec-  

t i v e  lea mass and knee paddinq ( t h a t  i s ,  s o f t  t i s sue  s imula t ion) .  

The dummy having a heavy r ig id  metal skeleton while tne human has 

the major leg weight comoosed of loosely couoled f l e sh .  The authors 

recommended t ha t  the " ske le ta l "  weight of the Part 572 dummy leg 

should be substant ia l  ly reduced (by a f a c to r  of approximately l o ) ,  

with the weight d i f ference being added to  a oroperly simulated 

leg  f lesh  and t ha t  the knee f lesh  simulation be modified to reduce 

the peak force resul t inq from r ig id  body i m ~ a c t s .  

Two dimensional mathematical model l ing of the midsection of the 

fenur has been reoorted by \lianc and Khal i  1 ( 9 ) . A 21 ane s t r a i n  



analysis  was performed by f i n i t e  element techniques t o  study the s t a t i c  

and dynamic response of the femur t o  axial compression. Dynamic 

load pulse h i s t o r i e s  were considered t o  fol  low a  sine-squared function 

with pulse durations varying from 3 - 75 msec. Peak s t r e s s  

responses were found t o  exh ib i t  a  load-time dependence which pro- 

duced overshoots of s t a t i c  s t r e s s  levels  fo r  pulse durations 1 5  - 
60 msec. (+30% f o r  a  30 msec. pulse)  and undershoots fo r  pulse 

durations of 3 ' -  15 msec (-30% f o r  a  7.5 msec. pu l se ) .  The authors 

a t t r ibu ted  the pulse time de~endence of  the response t o  st imulation 
of lower modes of s t ruc tu ra l  v ibra t ion.  

ACCIDENT INVESTIGATION D A T A  O N  LOWER EXTREMITY INJURIES 

As an aid t o  in te rp re t ing  and guiding the laboratory research 

o n  knee impacts conducted during t h i s  proaram, the accident  inves t i -  

gation data f i l e s  a t  HSRI were u t i l i z ed .  

The Coll ision Performance and Injury Reports (CPIR) f i l e  was 

searched fo r  cases with pelvis and lower extremity i n ju r i e s  which 

s a t i s f i e d  the following condit ions:  

( a )  Primary damage of case vehicle - f r on t  

( b )  Case vehicle d i rect ion of primary impact force - 1 1  o 'c lock 

t o  1  o ' c lock .  

( c )  Case venicle had t o  be a  passenger ca r .  

( d )  Case vehicle coll i s ion deformation ci a s s i f i c a t i on  ( C D C )  had 

t o  be 1 throuqh 5. (Note: C 3 C  of s ix  means windshield involve- 

ment and i t  was f e l t  t h a t  i t  was best to el iminate any possible 

in teract ions  of the occupants with col 1 a ~ s i  ng occuoant 

compartment s t ruc tu res  due t g  in t rus ion .  ) 

( e )  Only f ron t  and rear  s ea t  s i  tti n q  unbel ted oassengers 1 2  

years or older could be included. 

( f )  AIS injury levels  of 0 ,  8 ,  and 9 fo r  the legs and pelvis  

were excl uded. 

O u t  of the  13,088 cases i n  the C?IR f i l e ,  there were 2 ,024  cases which 

s a t i s f i e d  the above requi renents. These cases included i n ju r i e s  t o  

the lower 1 egs and the f e e t .  Three hundred and eighty two of the cases 



had an AIS of 2 or  more fo r  a t  l e a s t  a  leg o r  the pe lv i s ,  The 

computer pr in tout  l i s t e d  the following variables f o r  each case from 
the C P I R  f i l e :  

(1 ) Investigating team ( 1 0 )  Occupant sex 

( 2 )  Report sequence number ( 1  1 ) Overall occupant injury sever i ty  

( 3 )  Mu1 t i p l e  case vehicle number (12) Degree of eject 'on 

( 4 )  Case vehicle make/model , ( 1  3 )  Pelvic qi rdl e  contacts  . . - 
and year and body s t y l e  (14) Pelvic g i rd l e  in jury  

( 5 )  Case vehicle primary C D C  (1 5 )  Right leg contacts  
( 6 )  Case vehicle secondary CDC (16)  Right leg injury 
( 7 )  Seat location (17) Left leg contacts 
( 8 )  Occupant age (18) Left leg injury 
( 9 )  Occupant Weight 

The Multidisciplinary Accident Investigation (MDAI) accident 
1 istincj was then searched fo r  those cases which were iden t i f i ed  as 
being of i n t e r e s t  by the  CPIR search. The MDAI data f i l e s ,  which 
contain deta i led  accounts of accidents,  were obtained fo r  the acci-  
dents iden t i f i ed  i n  the search.  The individual data f i l e s  were examined 
and those which involved e i t h e r  knee f r ac tu r e s ,  femur f rac tu res ,  o r  
pelvis  f rac tu res  were selected fo r  in-depth, deta i led  study. A to ta l  
of 142 cases were iden t i f i ed  i n  t h i s  manner. The analysis  of the 
cases involved a careful review of the accident i nves t i ga to r ' s  narra- 

t i v e  account of the accident ,  the reported vehicle k inema~ics ,  occupant 

contact points and occupant i n ju r i e s .  From t h i s  review, a subjective 
pic ture  of the o c c u ~ a n t  kinematics was developed, in so f a r  as was 
possible,  given the indeterminacies of accident investigation da ta .  

The r e l a t i ve  frequency of occurrence of  spec i f i c  injury s i t e s  in the 

142 cases were as follows : 

Pelvis and both femurs fractured - 2 . 7 %  

Pelvis and one femur fractured - 6.3'; 

Only pelvis f rac tared - 19.8: 

One femur f ractured - 46.8% 
Both femurs fractured - 8.1% 

Only patel l  a  fractured - 16.25 



In a n  e f f o r t  to determine i f  there \were charac te r i s t i c  crash sever i -  

t i e s  which produced pa t e l l a r  and d i s t a l  femur f ractures  ra the r  than 

proximal and middle femur, pelvis and lower leg f r ac tu r e s ,  a  separa- 

t ion of the data into the two c lasses  was made and l i s t e d  as a func- 

t ion of Vehicle Deformation Index. The resul t ing d i s t r ibu t ion  of lower 

extremity in ju r ies  with respect to  VDI i s  shown in the following 

tab1 e .  

TABLE 1 .  DISTRIBUTION O F  LOWER EXTREMITY INJURIES WITH 

RESPECT TO VEHICLE DEFORMATION INDEX (VDI) 

Proximal and 
Middl e Femur, 

Patel l a r  and Pelvis , and  
Distal Femur Upper Ti b i  a 

Vehicle Fractures Only Fractures Only 
Deformation N = 39 N = 103 
Index (VDI) Mean VDI - 3.4 Mean VDI = 3 . 6  

n n /  N n n / N  

1 0 0 2 1 .9% 

Examination of t h i s  t ab le  reveals t ha t  the frequency 

o f  occurrence of the two c lasses  of in ju r ies  are  d i s t r ibu ted  with 

resoect t o  the VDI levels  in a s imi la r  manner and tha t  the occurrence 

of pa t e l l a r  and d i s t a l  femur f ractures  i s  approximately 2-3 times 

less  frequent than the other c lass  of injury a t  the same ''ID1 leve l .  
This infomat ion indicates tha t  above a crash sever i ty  level of VDI = 1 

there i  5 s u f f i c i en t  occupant k inet ic  energy tcr cause some unrestrained 

f ron t  s ea t  occupants t o  impact the instrument panel area of the vehicle 
a t  f rac ture  producing load l eve l s .  A t  the VDI = 2 l e v e l ,  i t  appears 
tha t  pa t e l l a r  ana d i s t a l  femur f ractures  a re  s l i gh t l y  more frequent 



in occurrence when compared t o  the other c lass  of in jury  (8/14 = . 5 7 )  than a t  

higher VDI levels  (12/31 - .39,  13/37 = .35,  and 6/19 = - 3 2 .  Thus i t  i s  

concluded t h a t  the crash sever i ty  level alone i s  not responsible for  producing 
one c lass  of injury t o  the exclusion of the other.  

The deta i led  examination of the actual MDAI f i l e s  produced the 
following general i zat ions about the cha r ac t e r i s t i c s  of the estimated 
occupant k inemt i c s  during the crash and t h e i r  influence upon the 
type of upper leg  injury t h a t  resul ted:  

a .  Distal femoral and pate1 l a r  f rac tu res  appeared t o  occur when 
the occupants ' kinematics cause the uDper 1 egs t o  move general ly 

s t r a i g h t  ahead, impacting the instrument panel o r  sea t  back ( r e a r  

passengers) w i t h  1 i ttl e subsequent upDer body forward pitching.  

b .  Hip dis locat ions  tended to  occur when there i s  f ronta l  impact 
combined w i t h  torso  rota t ion t o  the l e f t  or  r i gh t .  

c. Pelvis f rac tu res  and proximal femur f rac tu res  probably oc- 
cur when there i s  s t ee r ing  wheel involvement and forward torso rota-  

t ion f o r  the d r i ve r ,  o r  f o r  the passenger, pi tching of the torso 
upward a f t e r  trapping the legs under the instrument panel. 

The conclusion, which i s  drawn from the above analyses,  i s  t h a t  
the major fac tors  in determining the type of leg f rac tu re  which wil l  
occur i n  a f ronta l  crash a re  the i n i t i a l  posit ion of the occupant 
and the subsequent kinemztics of the occupant during the crash. 

EXPERIMENTAL METHODS 

I rn~act  Tests 

A1 1 impact t e s t s  in t h i s  program were conducted using a pneumatically 
operated t es t ing  machine specia l ly  constructed fo r  impact s tud ies .  
The machine consis ts  of an a i r  reservoir  and a grcund and honed cylin-  
der w i t h  two careful ly  f i t t e d  pis tgns .  One oiston i s  a t r an s f e r  piston 
which i s  propelled by compressed a i r  through the cylinder from the 
a i r  reservoir  chamber and t rans fe r s  i t s  momentum to  the impact pis-  
ton.  A s t r i k e r  surface with an inertf  a-compensated load c21l i s  a t -  
tached to  the impact p is ton.  The impact piston i s  a1 lowed t o  t ravel  u p  



to  6 inches (15.2 cm.) and then i t s  motion i s  ar res ted  by an inver- 

sion tube which absorbs the remaining kinet ic  energy of the piston.  

The desired impactor stroke can be precisely control led by i n i t i a l  

posit ioning of the impact piston with r e s ~ e c t  to the inversion tube. 

The i m ~ a c t o r  velocity i s  controlled by reservoir  pressure and the 

r a t i o  of the masses of the t r ans fe r  and impact pistons.  The load ce l l  

i s  a  Kis t l e r  904A piezoelect r ic  load washer with a Kis t ler  805A 

piezoelect r ic  accel erometer mounted internal  l y  f o r  i n e r t i  a1 ly  compensating 

the load ce l l  f o r  the s t r i k e r  mass between the load ce l l  and the im- 

pact surface.  The e f fec t ive  mass of the imoact-piston load-cell s t r i  ker 

assembly was varied during the program to  achieve desired impact 

eneray and momentum condi t ions .  Two basic configurations were used; 
one used a 24.1 1 b  (10.95 k g )  s t r i k e r  piston with a 21.6 l b  (9.8 kg) 

t r ans fe r  piston while the other used a 9 . 5  1b (4 .3  k g )  s t r i k e r  piston 

w i t h  a  7 . 7  l b  ( 3 . 5  k g )  t r an s f e r  piston.  The f i r s t  combination was used 

in the majority of the t e s t s  while the l a t t e r  combination was used f o r  

a few special high energy t e s t s .  The s t r i k e r  was a 6-inch (15.2 cm.) 
diameter r ig id  d i sc  uDon which materials  of various crush charac- 

t e r i s t i c s  could be placed. The o u t p u t  o f  the load ce l l  was f i l t e r e d  

a t  channel c l a s s  1000 ( S A E  Standard 521 1 ) . High speed motion pic- 
tures  (3000 frarnes/second) were taken in many of the t e s t s  with a Hy 
Cam movie camera. I 

All of the t e s t  subjects  i n  the program were unembalmed human 

cadavers -- with the exception of dummy t e s t s  which were performed 
o n  a  Part 572 t e s t  dummy. The cadavers were stored under re f r ige ra -  

t ion a t  4' C except when being prepared fo r  t e s t ing  and were generally 

tes ted  within 7 days a f t e r  death.  The general descr ip t ive  data 

on the t e s t  subjects  i s  l i s t e d  in Table 2 .  The average age of the 

cadavers was 65 years with a range of 45-90 years .  I n  some of the 

t e s t s ,  s t r a i n  gages were applied to  the shaf ts  of the femurs. This 
preparation consisted of making a careful longitudinal incis ion i n  

the s o f t  t i s sue  of '  the upper leg near the d i s t a l  end of the femur 

and spreadinp t,he t i s sue  to  excose the shaf t  of the femur, applying 
s t r a i n  gages t o  the surface of the femur with a cyano-acrylate ad- 
hesive ('4-Bond Z O O ) ,  and then waterproofing the ins ta l  l a t i on .  
The gages were a p ~ l i e d  a~proximately  4 inches (10.2 cm.) from the d i s -  

t a l  end of the femur t o  approximate the load ce l l  location in t e s t  



dummies. In many of the t e s t s ,  two s t r a i n  gage rose t t es  and one 

uniaxial gage were ins ta l l ed  in the same transverse plane t o  allow the 

s t r a i n  d i s t r ibu t ion  t o  be determined from the s t r a i n s  a t  three points 

on the periphery of the femoral sha f t  cross-sectional plane. Following 

preparation,  the  cadaver was seated in f ron t  of the impactor and po- 
s i t ioned w i t h  the thigh horizontal and in l i n e  w i t h  the impactor axis  

with the knee flexed to  90' ( as  shown in Figure 5 ) .  In some t e s t s ,  

the  thigh was not l ined u p  along the impactor ax i s ,  b u t  was abducted 
( ro ta ted  1 a te ra l  l y )  r e l a t i ve  t o  the axis  to  study obl ique f ronta l  
impacts. Another var ia t ion was t o  abduct the thigh b u t  o r i en t  the 
cadaver such t ha t  the impact axis  was along the femoral axis  ra the r  

than the A-P axis of the  cadaver torso.  In a1 1 t e s t s ,  the cadaver was 
supported such t ha t  the lower torso  was f r ee  t o  t r an s l a t e  rearward 
while being impacted. To insure re la t ive ly  f r e e  motion, the cadaver 
was seated on  two layers of polyethylene sheeting.  

The impactor surface characteri  s t i  cs can be grouped i nto three  
categories : 

1 .  Rigid - no padding o r  a maximum of 0.5 i n .  (1 .3  cm.) of 
Ensol i  t e  paddi ng . 

2 .  Lightly padded - 1 . 0  i n .  ( 2 . 5 4  cm.) of Ensolite padding. 
3. Thickly padded - 1 .0  i n ,  ( 2 . 5 4  cm.) of Ensoli te  padding 

backed by 2.0 in .  (5.08 cm.) of aluminum honeycomb (Hexcel) .  

The general goals of the impact t e s t s  were to study the axial 

impact response of the knee-femur-pel vis  complex under the fo l l  owing 
s i  t u a t i  ons : 

1 .  High force inputs with shor t  (5-10 msec.) to ta l  pulse durations 
(Rigid impacts).  

2 .  H igh  force inouts with medium (10-30 msec.) t o t a l  pulse dura- 
t ions  (Lightly padded impacts).  

3. Low force inputs with medium to ta l  pulse durations ( th ick ly  
padded impacts. j 

The techniques used t o  obtain the various loading conditions 
involved the type of padding used, the avai lable  s t roke of the impac- 
t o r ,  the  t e s t  veloci ty ,  and in some cases ,  the impactor mass. 





Im~edance Tests 

A l imited number of driving point and t rans fe r  im~edance t e s t s  
were conducted on cadavers and a Part 572 dummy. A t e s t  f i x tu r e  

was designed t o  allow coup1 ing of the knee of a cadaver t o  the head 
of an Unholtz-Dickey electromagnetic shaker of 300 l b .  (1335 N )  capa- 
c i t y .  The f i x tu r e  consisted of two threaded T-bolts which were 
fastened in to  the d i s t a l  sha f t  of the femur, a knee pla te  which was 
attached t o  the shaker head, and two threaded bol ts  which attached the 
T-bolts t o  the knee pla te  and allowed the pa te l l a  t o  be preloaded 
against  the femoral condyles as shown in Figures 6 a and 6 b .  In 

a11 cases ,  the shaker axis  was along the femoral shaf t  ax i s .  A 

uniaxial accelerometer was attached i n  the A - P  d i rec t ion on the r ea r  

of the pelvis across the sacrum. As i n  the impact t e s t s ,  the t e s t  
subject  was seated o n  a hard surface on two layers of polyethylene 
sheeting to  reduce f r i c t i ona l  coup1 ing between the cadaver and the 
sea t .  In the dummy t e s t s ,  a modified f i x tu r e  was used t o  c o u ~ l e  
the knee to  the shaker i n  a manner s imi lar  t o  the cadaver t e s t s .  
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EXPERIMENTAL RESULTS 

Impact Tests 

The resul ts  of the impact tes t s  are presented here in groups 
according t o  the pertinent features of the t e s t  set-up a n d  t e s t  
subject. The t e s t  data are summarized in Tables 3 ,  4 ,  5 ,  6 ,  7 and 
8.  

General Impact Characteristics - Non- fracture produci ng  impacts 
typically exhibited a double peaked waveform consisting of an i n i t i a l  
h i g h  load peak followed by a lower, longer duration secondary peak. 

Such a waveform i s  shown i n  Figure 7 a .  Analysis of the mechanics 

of the impact cannon method of operation indicates t h a t  the f i r s t  
load peak i s  associated with the s t r ike r  piston, while the second load 

peak i s  associated with the transfer piston. Thus, the two impact 
masses are n o t  coupled a t  the in i t ia t ion  of impact with the knee. 

Comparison of the integral of the total  force-time history (impulse) 
for high load level non-fracture t e s t  waveforms with the total  avail- 
able momentums of the two piston system indicates that  the total  

momentums of  the two piston masses were transferred t o  the knee. Ex- 
ceptions t o  this  occurred when very low level impacts weiEe attempted 
and when short stroke l imits were used in early t e s t s .  The transfer 
of momentum a t  low impact levels appears t o  depend on the cadaver mass 
a1 so. 

Fracture producing impacts typical ly exhibited on ly  the f i r s t  1 oad 
peak with the secondary l o a d  peak diminished greatly in magnitude 
or not present a t  a l l .  This i s  shown in Figure 7 b .  Frartures usua7ly 
occurred during the f i r s t  load portion of the t e s t  and, ?.s discussed 
above, are associated with the loading due t o  the s t r ike r  piston. 

In the fracture producing tes t s  the fai lure  of the skeletal structure 
precluded the interaction of the knee and s t r ike r  pistsn with the trans- 
f e r  piston. I n  the t e s t  resul t  tables the force durations l is ted are 
for the i n i t i a l  high load waveform and are designated primary force 

durations. 

A typicai s t ra in  gage rosette o u t p u t  s e t  for a subfracture t e s t  
i s  shown in Figure 8 .  
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Lightly Padded Impacts - The largest number of t e s t s  -- t h i r ty  
separate impacts -- were conducted w i t h  the l ight ly gadded impact sur- 

face which consisted of 1 in. (2.54 cm.) of Ensolite padding. The 

t e s t  resul ts  are summarized in Table 3. In early t e s t s ,  the impact 
velocity was kept low ( i n  the 20-23 f t / sec  ( 6 . 1  - 7.0 m/sec.) range) as 
was the impactor stroke (2.5 in .  (6.4 cm.)) i n  order t o  prevent ex- 
pected overdri v i  n g  of the knee structure based on the existing data 

from other studies.  The resul ts  were quite the contrary, however, 
with loads well in excess of the FMVSS 208 level and yet no fractures 

were produced. Five tes t s  were conducted on f ive separate legs wi t h  

the same general resul ts .  On the sixth t e s t  (V-4 in Table 3) b o t h  

the impact velocity and the impactor stroke were increased and a fracture 

of the femur was produced. Subsequent t o  that  t e s t ,  i t  was decided 

t o  conduct a low velocity impact t o  each knee for subfracture response 

data and then follow u p  with a higher velocity impact t o  obtain 
fracture 1 oads. I t  was a1 so found that the orientation of the lower 
leg relat ive t o  the upper leg influenced the position of the patella 
to a great extent and that  a lower 1eq position s l ight ly  greater 

than a 90' flexion was desirable t o  position and a1 ign the pate1 la  
along the central axis of the fenur. The average maximum force sus- 
tained by the t e s t  subjects where no damage occurred was 4023 I bs. 
(17.7 k N )  w i t h  a range Of 2300-5560 Ibs. (10.2 - 24.7 k M ) .  The 
average maximum fracture-producing force was 41 34 1 bs . (18.4 k N )  

with a range of 3000 - 6400 Ibs. (13.3 - 28.5 k N ) .  

Lightly Padded Impacts with Abnormal Test Subject Conditions - 
I t  i s  well known that the strengths of skeletal structures in the body 
tend t o  decrease with age a f t e r  30 - 40 years. The data presented i n  

Table 3 do  n o t  appear t o  re f lec t  th i s  factor .  Another influence on the 

strength of l o n g  bones of the leg has been shown t o  be cyclic loading 
associated with everyday act ivi ty  . The general condi tion of the majority 
o f  the cadavers used in the t e s t  program were indicative of  re lat ively 
l i t t l e  inactivity prior t o  death. A few cadavers which were tested 
were obviously ernaci ated and otherwise character is t ic  of 1 ong- term 
disabling i l lness  prior t o  death. The data from such cases was not 

included in Table 3 because of the special ci rcumstances of the 



subject ' s  condition. A third factor in bone strength i s  the presence 

of degenerative bone di sease ( known general ly as osteoporosis) . 
Examination of the cross-sectional characteristics of the shaft  of 
the femur a f t e r  testing was used t o  check for degeneration. I n  such 

cases the cross-sectional changes include a n  increased diameter of  

the cross-section accompanied by a marked decrease in the cortical  
bone thickness. Those tes t s  where such conditions were found t o  

ex is t  were also excluded from Table 3. 

An additional abnormal factor was introduced in two t e s t s  where 
the t e s t  subject (which had been used on another project which did 
not involve loads being appl ied t o  the legs) had screws inserted 

la te ra l ly  into the femoral shaft  for motion ana1,ysis. The two tes t s  

with screw holes in the femur represent a n  unnatural si tuation in the 

bone structure b u t  one n o t  unlike the effect  of orthopedic implants. 
The fracture loads were less than one-half the average value obtained 
in Table 3 and are indicative of the s t ress  concentration effect  i n  

a b r i t t l e  material such as bone. These tes t s  were also excluded from 
Table 3. 

Table 4 l i s t s  the summarized results of the knee impact tes t s  i n  

which abnormal t e s t  subject conditions were judged t o  play a s igni f i -  
cant role i n  the t e s t  resul ts .  The mean value of the fracture loads 

was 1730 I bs. ( 7 . 7  kN) with a range of 1400-2356 1 bs. ( 6 . 2  - 10.5 k N ) .  

Rigid Surface Impacts - A ser ies  of  seven axial knee impacts w i t h  

minima1 or no surface padding on the impactor were performed. The 

purpose of the tes t s  was t o  study the effects of short duration-high force 
level localized loading on the fracture response of the knee. Frac- 

tures of the patel la on ly  were produced in two cases, fractures of pate1 la 
and femur occurred in ont! case as d i d  a femur fracture without patel lar  
fracture. I n  three cases, no fractures were produced. The t e s t  data 

are summarized i n  Table 5. The average value o f  peak axial force for 
the cases where no fracture occured was 4487 I bs. ( 1 9 . 9  k N )  with a 
range of 3640 - 5100 Ibs. ( 1 6 . 2  - 22 .7  k N ) .  The average value of  peak 
axial fracture load was 4408 lbs.  ( 1 9 . 6  k N )  with a range or 3840 - 
5530 Ibs. ( 1 7 . 1  - 23.7 k N ) .  



Thickly Padded Impacts - A series of five t e s t s  with thickly 
padded impact surfaces were performed. The padding consisted ei ther  
of one inch (2 .5  cm.) of Ensolite backed by two inches (5.1 cm.) of 
aluminum honeycomb (Hexcel ) or in some tes t s  jus t  the honeycomb material . 
The summary of the t e s t  data i s  l i s ted  in Table 6 .  Fractures of the 
femur were produced in three of the five t e s t s  -- no patel lar  injury 

was produced in any of the t e s t s .  Due t o  malfunctions of the t e s t  
equipment, only one of the three fracture loads was obtained -- however, 

i t  w'as the most interesting one of the t e s t  se r ies ,  in that  the mode 
of fai lure  appeared t o  be related t o  the shaft  bending rather than 
supracondylar fractures which the other two fractures exhibited. 

This fa i lure  occurred a t  a load of 4420 1 bs (19.7 k N ) .  

Knee Impacts with Laterally Rotated Thighs - A ser ies  of nine im- 
pact t e s t s  (summarized in Table 7 )  were conducted with the thigh of the 
subject abducted (rotated l a t e ra l ly )  , The purpose of the t e s t s  was t o  
investigate the influence of th is  rotated position i n  producing pelvic 
and proximal femur fractures.  1r;i t ial  t es t s  were conducted w i t h  the 
thigh a t  an angle t o  the direction of impactor travel ( tha t  i s ,  the 

impact direction was para1 le l  t o  the anterior-posterior direction of the 
subject ' s  body, while the leg was a t  an angle t o  that  direct ion) .  

I t  was found t h a t  i t  was n o t  ~ o s s i b l e  t o  transfer much load t o  the knee 
in th is  configuration a t  an angle o f  25 degrees - -  i t  simply moved 
with the impactor and rotated o u t  of the way of the impact. At an 

angle of 11 degrees, the femui4s of one t e s t  subject were fractured, 

b u t  a t  relatively low load levels.  Post-test examination indicated that  an 

osteoporotic condition contributed to the low fracture load levels.  
Subsequent tes t s  were performed ,tiith the subject ' s  thigh abducted b u t  

with the body axis rotated such that the impactor direction was along 
the femoral axis. As shown i r  Table 7 ,  these tes t s  were successfu1 i n  

producing femoral fractures b u t  s t i l l  of the dis tal  region of the 
femur - -  no pelvic or proxima? femur injur ies  were found. Thus these 

two tes t s  (75A058 and 75A059; should be considered the same type as 
the l ight ly padded tes t s  of Table 3.  



Dummy Knee Impact Tests - I n  order t o  compare the response of  the 

Part 572 t e s t  dummy leg structure t o  knee impact conditions similar 
t o  those producing fractures in the cadaver t e s t s ,  a short ser ies  of 
knee impacts ( l i s t e d  in Table 8) were performed. In the rigid impact, the 

dummy produced s t r i k e r  input loads on the order of 60% greater than the 
comparable average cadaver s t r ike r  input load. For the l ight ly padded knee im- 
pacts, the response difference was more pronounced with an 8 6 . E  

higher load produced for  the same input momentum level.  The s t r ike r  input 
loads produced were greater than the calibrated range of the dummy 

femur load cell  and therefore no comparison could be made between 
them. 

In the thickly padded t e s t s ,  the comparison between dummy a n d  

average cadaver s t r i  ker input 1 oads was reversed -- the dummy produced peak 

loads on the order of 74OL of the average peak cadaver load. 

This difference was judged to be due t o  the knee construction of the 
Part 572 dummy which features a narrow, rigid load surface covered 

by minimal padding. Penetration of the padding used on the impactor 

was more localized with the dummy when compared with the deformations 
produced by the cadavers. The loads indicated by the femur load cell 

in the dummy were also 74% of the measured input load in the thickly padded 
t e s t s .  

Impedance Tests 

A total  of four impedance t e s t s  were conducted on  two unembalmed 
cadavers n o t  used i n  impact t e s t s .  The driving point impedance of two 
of the subjects i s  shown in Figure 9 .  Two l ive  volunteers were also 

tested by removing the threaded rods and T-bolts of the t e s t  f ixture 
and pressing the i r  knee voluntarily against the knee plate in a semi- 
squatting position. A Part 572 dummy was also tested. The driving 
point impedance of the two volunteers and the dummy are also shown i n  

Fig. 9 .  A constant peak acceleration level of 1 2  G was used as the 
input in a l l  t es t s  a n d  the frequency range was swept from 50 t o  500 

Hz. The main feature of the driving point impedance t e s t s  was the oc- 
currence of  pronounced resonance in the femur a t  frequencies between 
150 and 400 Hz for the cadavers and between 100 and 200 Hz for the 
volunteers. in the transfer impedance t e s t s  o f  the cadavers, with 
a constant driving acceleration o f  1 2  G ,  the r a t io  of transfer point 
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accelera t ion t o  driving point accelerat ion dropped t o  the 50% level 

by the 100-200 Hz range and t o  the 10% level above 500 Hz. The Part  
572 dummy exhibited a d i f f e r en t  response than the cadavers and 
volunteers -- primarily a higher e f fec t ive  mass response a t  frequencies 
below 200 Hz and a very high resonant frequency o f  700 Hz. 



DISCUSSION OF RESULTS 

The majority of fractures produced in th is  study have been in 
the distal  third and supracondylar region of the femur and patel la .  

A typical fracture i s  shown i n  Figure 10. No discernible damage 
has been produced in the proximal end of the femur or pelvis as de- 

termined by radiographic examination and dissection. In view of the 
findings of the accident data analysis presented ear l ie r  in this  

report, the we1 1-control led geometry of the t e s t  si tuation used in 
this  study should tend t o  produce dis tal  region fa i lures .  In those 
tes t s  where oblique impacts were applied t o  the knee, i t  was not pos- 
s ible  t o  transfer a  great deal of impact momentum t o  the knee using 
the present t e s t  techniques. Instead, the upper leg would just  rotate 
away from the impactor. Axial impacts t o  abducted legs s t i l l  produced 
dis tal  fa i lures  with no apparent damage or fracture t o  the pelvis shaft  
or proximal end of the femur. 

I n  most tes t s  the fracture occurred during the f i r s t  loading 
peak (assessed by the fal l -off  of the trace a f te r  the f i r s t  peak and 

by the diminution or non-exi stence o f  the second peak) , Two notable 
exceptions t o  this  were t e s t  number 75A123 (a high veloci ty-low mass 

s t r iker  piston) where fracture of the patella occurred during the 
second peak -- apparently due t o  insufficient kinetic energy of the 
s t r iker  piston -- and in t e s t  number 75A104 (a thickly padded t e s t )  
where the padding crushed in a  manner which a1 lowed the two pistons 
t o  become coup1 ed during the loading and which produced a  bending 
fai lure  of the shaft  of the femur. A p l o t  of peak force versus 
available s t r iker  piston kinetic energy i s  shown in Figure 1 1  for  
the various t e s t  conditions used in the program. The kinetic energy 
was calculated from the velocity and mass of the s t r iker  piston except 
for the two previously noted tes t s  where the masses of both pistons 
were included. (The data frcm the abnormal t e s t  subject conditions , 
l is ted in Table 4 ,  are not included i n  Figure 1 1 ) .  Examination of the 
graph indicates that peak force alone i s  n o t  an adequate indicator o f  
potential fracture and that the available kinetic energy of the 
impact must also be above a  threshold level for fractures of the knee 
region t o  occur. From the data shown in Figure 11, i t  appears that 
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a minimum axial  force level of 3000 1 bs. (13.35 k N )  and a threshold 

kinet ic  energy level of 400 f t .  I b .  ( 5 4 2  J )  a r e  necessary to  produce 
d i s t a l  f a i l u r e s  of the femur or pa te l l a .  

Direct applicat ion of the data generated in t h i s  study to the 
in te rpre ta t ion  of dummy t e s t  r e su l t s  cannot be made due to  the lack 
of biomechani cal equivalence of the dummy knee-femur-pel vi s compl ex 

when compared to  t ha t  of the human. The dummy s t ruc tu re  i s  a t  variance 

w i t h  the human s t ruc tu re  i n  terms of mass d i s t r i bu t i on ,  mechanical 
s t i f f n e s s ,  and, in the knee, shape. These variances manifest themselves 

in the following manner: 

a .  In both the r ig id  and l i gh t l y  padded impacts the Part  5 7 2  

dummy produced considerably higher forces of shor ter  duration when 
compared to  average cadaver t e s t  data a t  the same input energy level 
-- t h i s  can be the r e su l t  of both higher s t i f f ne s s  and mass of the 
s t ruc tu re .  

b .  The driving point impedance t e s t  w i t h  the Part 5 7 2  produced 
a response which indicated a higher ac t ive  mass and a higher resonant 

frequency (a  higher s t i f f ne s s  and mass indicat ion)  than found in the 
human. 

c .  In the highly padded impact t e s t ,  the knee shape of the Par t  

5 7 2  dummy localized the loading of the padding and produced a s l  j ghtly 1 ewer 
crush load than obtained with the cadavers. 

An additional fac tor  which complicates the in te rpre ta t ion  of dummy 
crash t e s t  knee 1 oadi ng data ,  even with a biomechani cal ly correct  
lower extremity s t r uc tu r e ,  i s  tha t  i t  i s  not possible to  determine 
the input k inet ic  energy level of the impact d i r ec t l y  from the trans-  
ducer data.  As an a l t e rna t i ve ,  i t  i s  possible t o  consider the momen- 

t u m  t r ans fe r  associated wi t h  the impact. A 1  though the t ransferred mo- 
mentum i s  not as e f fec t ive  an indicator of the nature of the impact 

as the kinet ic  energy level i s ,  i t  can be inferred from the in tegral  
of the force-time t race  ( t he  impulse associated with the impact) .  



I n  Figure 1 2  the peak axial force data i s  plotted versus the approxi- 
mate impulse (obtained by idealizing the f i r s t  load-time peak in 

terms of a tr iangle whose height i s  the peak force and whose base i s  
the in i t i a l  force peak duration) associated with the f i r s t  load peak. 

Only the non-fracture data i s  plotted since when fracture occurs, the 
waveform no longer represents the response of the total  system. 
Examination of the data shown in Figure 12  indicates tha t ,  a t  the 
3000 l b  (13.35 kN) force level, the estimated impulse produced in the 
tes t s  ranges from 8 1 b .  sec. upward. This value corresponds t o  a 
time duration of 5.33 msec, The creation of force-time waveforms of 
shorter duration using cadavers would require t e s t  conditions 
which would be quite remote from the automotive in te r ior  impact si tua- 
tion ( tha t  i s ,  i t  would require very rigid impact surfaces w i t h  very 
high impact ve loc i t ies ) .  The presence of high force peaks of short 
duration ( less  than 5 msec. ) in dummy crash t e s t  data would appear, 
then, t o  be a r t i f ac t s  which are due t o  lack of biomechanical similarity 

and the genera1 r igidi ty  of the structural components of the dummy 

knee-femur-pelvi s complex. 

Analysis of the s t rain gage data has shown pronounced bending 
s t rain distributions i n  the shaft  of the femur under axial knee i m -  

pact. The results of such an analysis are shown in Figure 13 in 
terms of  the orientation of the neutral axis of the s t ra in  distribu- 
tion with respect t o  the axis o f  the femoral neck. The eccen- 
t r i c i t y  produced by the femoral neck appears t o  be responsible for 
the resulting bending s t ra ins .  The bending effect  i s  most pro- 
nounced in the results of the thickly padded impact t e s t  75A104 
in which the deformable padding tended t o  pocket the knee and produce 
eccentric loading w i t h  the resul t  that a bending fai lure  of the shaft  
of the femur occurred a t  a load level of  4420 Ibs. ( 1 9 . 7  k l ) .  

This is  indicative of  the need t o  different iate  between axial force 

levels in the femur without large bending moment inouts due t o  
loading eccentricity and those cases where the i n p u t  loads also pro- 

duce i n p u t  bending moments actins on the femoral shaft  when dis- 
cussing tolerance t o  the femur "force." 





FIGURE 13, LOCATlON OF BENDING AXlS RELATlVE TO THE 
FEMORAL NECK AXlS - TEST NO. 75A040 



The charac te r i s t i c  f rac ture  pattern shown in Figure 10 i s  much 

l e s s  comminuted than those shown by Powell, e t  a l .  ( 6 )  for  embalmed 
bones. This may indicate the basic reason for  higher f rac ture  loads 
i n  t h i s  study using unembalmed subjects .  The degree of comminution 

or shat ter ing of the bone material could be interpreted as an indicator 
of the f rac ture  toughness of the bone material .  That i s ,  the f rac tu re  

toughness of embalmed bone may be much lower thafi tha t  o f  unembalmed 
bone, and thus embalmed bone may not be a good model of the 1 iv i  ng 

human femur fo r  purposes of determining 1 oad-beari ng to1  erance. 
The embalming process replaces the water in bone with the embalming 
chemicals and in th i s  way could modify the bonding of the bone micro- 
s t ructure .  Such e f fec t s  would influence the f rac ture  toughness of 
the bone material more s ignif icant ly  than i t  would the ultimate ten- 
s i l e  strength of s t r a i n  (10) .  



CONCLUSIONS 

The resul ts  of the t e s t s  performed in th i s  program indicate the 

following conclusions: 

1 .  The axial load carrying abi 1 i ty of the knee-femur-pel vis 

complex of unembalmed cadavers i s  greater than that  determined by other 
researchers using embalmed cadavers. 

2 .  The femur load response of the Part 572 t e s t  dummy cannot be 
direct ly  related t o  the responses of cadavers due t o  a lack of bio- 
mechanical equivalence of the dummy structure.  

3 .  For d is ta l  fa i lures  of the femur and patella the peak axial 

force i s  not 6n adequate indicator of potential fracture and the kinetic 
energy level associated with the impact must a1 s o  be considered. . 

4 .  Analysis of the s t a t e  of s t ra in  existing in the femoral shaft  

during axial knee impact indicates that  s ignif icant  bending moments 
are produced. 



TABLE 2 TEST SUBJECT DATA 

TEST CADAVER HEIGHT WEIGHT AGE 
NUMBER NUMBER i n  (cm) lbs (kg) yrs. SEX 

LOD 

LOD 

LOD 

LOD 

LOD 

20033 

20089 

66 (168) 149 (55.6)  

LOD 133 (49 .6 )  

69.5 (177) 178 (66 .4 )  

LOD 128 ( 4 7 . 8 )  

LOD 184 (68.7) 

LOD LOD 

64 (163) 237 (88.5) 

LOO LOD 

63.1 (160) LOD 

LOO = Loss o f  Data 











TABLE 4. CADAVER AXIAL KNEE IMPACT DATA - ABNORMAL TEST SUBJECT CONDITIONS 

TEST STRl KER 
NUMI3ER P I STON PEAK PRIMARY 

CADAVEfi I MPACT KINETIC AXIAL FORCE 
FORCE DURATION TEST COMMENTS AND RESULTS 

f t / s e c  inches f t l b s  1bs  IS e c 
(nr/sec) ( cm) ( j o u l e s )  ( k ~ )  

75A069 R 31 - 8  2.0 378 1690 10.0 L i g h t  Padding - Femur Frac tu red  a t  a 
(20218) ( 9 - 7 )  (5 .1 )  (512) (7.52) t a r g e t  screw ho le .  
-- - - --- - - - - - - - - - .. -- - . - - -- - 

L 23.8 2.0 21 2 1600 12.0 L i g h t  Padding - Femur Frac tu red  a t  a 
(7.3) ( 5 .1 )  ( 287 (7.12) t a r g e t  screw ho le .  

-- -- -- 

R 76.0 4.0 852 - - L i g h t  Padding - Osteoporo t i c  Bone - 
(23.2) (10.2)  (1154) Co~nmi nu t ed  Condylar F rac tu re .  

- -- - -- -- - -- 

L 65.8 4.0 639 1660 4.0 Minimal Padding - Osteoporo t i c  Bone - 
(20.1) (10.2) (866) (7.38) Coirrnri nuted Condyl a r  F rac tu re .  

.. -- --- - -- - 
R 35.5 1 .0  472 1 800 5.9 Minimal Padding - Osteoporo t i c  Bone - 

(10.8) (2.5) (639 (8.01 ) Pate1 l a r  F rac tu re .  
- -- -- - - 

76A158 L 36.7 1 .0  504 1740 4.3 Minimal Padding - Osteoporo t i c  Bone - 
( 2046!, (11 - 2 )  ( 2 . 5 )  [ 683) (7.74) Supracondylar Sha f t  F rac tu re .  

76A163 R 45.6 1.0 778 1400 5.3 Minimal Padding - Osteoporo t i c  Bone - 
(20474) (13.9) (2.5) (1054) (6.23) Condylar F rac tu re .  



TABLE 5. CADAVER AXIAL KNEE IMPACT DATA - R I G I D  IMPACT SURFACE 

TEST STR I KE 
NUMBER P I  STON PEAK PRIMARY 

CADAVER I MPACT KINETIC AXIAL FORCE 
FORCE DURATION TEST RESULTS 

f t / sec  inches f t  I b s  l b s  ~nsec 
(111/sec) ( crrl) ( j o u l e s )  (kN) 

75A07 1 R 35.4 4.0 469 4050 2.6 F rac tu re  - condy la r  f r a c t u r e  - p a t e l l a r  
(2021 9 )  (10.8) (10.2) (636) (18.02) f r a c t u r e s .  

75A073 L 33.7 3.0 425 3840 6.6 F rac tu re  - comminuted p a t e l l a r  f r a c t u r e .  
(20225) (10.3) (7 .6)  (576) (17.08) 

75A074 R 37.8 3.0 53 5 5330 6.3 F r a c t u r e  - conul~inuted pate1 l a r  f r a c t u r e .  
(20225) (11.6) ( 7  6 )  (725) (23.7) 

7 5A07 5 R 26.9 3.0 27 1 51 00 5.6 No f r a c t u r e .  
( 20229 ) ( 8 - 2 1  (7 .6 )  (367) (22.69) 

75A076 L 26.9 3.0 27 1 3640 7 . 0 No f r a c t u r e .  
(20229) ( 8 - 2 1  (7 .6 )  ( 367 (16.19) 

No f r a c t u r e .  

F rac tu re  - conminuted condy la r  f r a c t u r e .  
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