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I n troduction 

The mechanical p roperties of bone have been studied widely over the 

past 20 y ea r s  f o r  several reason s .  I ncreasing in terest i n  developing 

materials f o r  skeletal suppo r t  a n d  replacement has stimulated an e f f o rt to 

determine the true mechanical properties o f  b o n e .  A n o ther area o f  i n terest 

i s  where the human body i s  s u b j ected to high stresses . This occurs i n  

passenger restrai n t  s y s tems in roa d vehi c l e s .  Hera i t  i s  important to know 

the strength of the material which forms the framework of the human body . 

This factor is a l so important in j e t  aircraf t ,  where the escape mechanism 

puts high loads on the body . 

Reviews o f  the work i n  the field o f  mechanical properties o f  bone have 

recen tly been done by Currey ( 1970)  end R e i l l y  and Burstein �974) . Only 

recen tly has work been done under impact conditi o n s .  McElhaney (1966) found 

a maximum energy abeorption to fracture a t  a loading rate o f  l p e r  seco n d .  

Crowninshield e n d  P o p e  ( 1974)  f o u n d  similar resu l t s .  

Wal l  e t  a l  ( 1974)  noted i n c reasing strength up t o  a rate o f  1 s
-l 

In recent y e a rs increasing in terest has been shown in energy absorption 

as a n  impo rtant parameter in bone fractu r e .  Piekarski ( 1970 ) ,  P o p e  a n d  

O u twater ( 1972)  e n d  P o p e  a n d  Murphy ( 1974)  a l l  studied f racture energy 

though not u n der impact condi t i o n s .  

I n  this study huma n ,  femoral cortical b o n e  was tested in tension at a 

rate o f  2 p e r  seco n d ,  producing a f racture i n  20 to 30 m i l l i s e co n d s .  Tensile 

testing was used because it has been shown by Brooks et al ( 1970 ) that the 

majo rity of f ractures ' in vivo ' , i n  the femu r ,  occur along planes o f  

maximum tensile stre s s .  T a  determine a n  impact loading rate i s  difficu l t .  

A n  idea o f  the order o f  magnitude o f  the impulsive load can b e  had from the 

work of Johnson et a l  ( 1975 ) ,  who measured imp ulsive loads on the skull in 
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boxing o f  10 to 50 millisecond s .  A theoretical impact o f  a p r o j e c t i l e  m o vi n g  

a t  30 m . p . h . ( a s  in a typical urban automobile acciden t )  w o u l d  result in a 

loading rate on the femur o f  about 15  per s e c o n d .  T h i s  f i g u re wou l d  b e  

considerably reduced a l so b y  t h e  damping e f f e c t  o f  t h e  tissue surrounding the 

b on e .  Bearing these factors i n  mind using a rate o f  2 p e r  second ( co rrespon­

ding to a 20 millisecond f racture )  seems reasonabl e .  A n o ther technique used 

to i n vestigate bone fracture was high speed photography . The aim o f  this 

work the n ,  was to in vestigate the impact properties of bone b y  examining 

energy ab sorption as a criteria for bone strength, a s  wel l  a s  its relation 

to other .Propertie s ,  and to o b serve the mode o f  fracture b y  high speed 

photo g raphy . 

Method 

The specimens were prepared by removing the mid 100 cm o f  the femoral 

diap h y s i s  a t  post martern. They were sealed in plastic bags a n d  s t o re d  at 

-20°c until testing took place . Clinical h i s tories were o b tained and bone 

from p e rsons with any possible skeletal defect was not used . Parall�l strips 

o f  bone wers rem o v e d  from the l a t e ra l  and medial quadra n t s  using a 

horizonta l  milling machine for c u t t i n g .  T h e  bone w a s  k e p t  we t ,  i n  Hank s '  

Physiological Soluti on , throughout the fabrication and testing o f  the 

specimen s .  The strips were lapped to remove any cancellous bone o r  adherent 

tissue in cluding the p e ri o s teum , so that only cortical bone remain e d .  

Approximately 10 strips were o b tained from each b o n e .  T h e  strips were 

then shapsd into tensils test piecss using a hardened steel j i g .  The 

specimens produced were flat dumbbell shaped test p i e c e s , 35 mm lang with a 

central gauge length o f  14 mm , the cross-sectional area b e i n g  4 s q .  mm . The 

density of the test pieces was determined by a water displacement metho d ,  
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Wall et al ( 19 7 2 ) . 

The testing was carried out  on a Mayes Universal Hy draulic testing 

ma chine with a flat frequency response of 4 Hz ± 1 mm . An extensometer was 

built to measure bone strain di rectly . The extensometer output was fed 

through a carrier ampli fer,  a noise reduction system and displayed on an 

oscilloscope .  The load cell output was also put through the noise 

reduction system before being displaye d .  The ram speed used was 1500 mm per  

minute . 

Results and Oiscussion 

For the p ho tographic analys i s ,  a camera was used with a film speed of 

5000 frames per secon d .  This corresponds t o  a time i n te rval between frames 

of 0 . 2  milliseconds.  The films taken of the tensile tests , which will be 

shown at the conference , show that the crack p ropagation always took lass 

than 1 frame.  This meant that the minimum crack p ropagation speed was 10 m 

per second,  a lthough i t  obviously could have been much higher.  

The parameters measured in the mechanical tests were Ul timat e  Tensile 

Strength , Modulus o f  Elasticity , Percentage Elongation o f  the specimen , 

energy absorbed to f racture . 

Two typical load-extension curves are shown in figures l ( a ) and l ( b ) . 

The energy absorption i s  the shaded area under the l i n e .  The results 

obtained to date are shown in figures 2 and 3 .  The statistical analy sis 

utilised a p rogram to do a non-linear regression analysis via orthogonal 

polynomials and to compute a correlation coefficient from this lin e ;  the 

significance level being determi ned from thi s .  

I n  figure 2 the correlation between Percentage Elongation and Energy 

A bsorp tion is significant at the 5% level . Percentage Elongation is the 
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total extension divided by the original length expressed as a percentag e .  

The correlation can be explained b y  reference t o  fi gure 1 .  F igure l ( a )  shows 

a brittle fracture and l ( b )  shows a pull-out failure of bone in tension . 

These two sypes o f  failure were studied by Pie rkarski ( 19 70 ) .  The flat part 

of the line in l ( b ) , BC , is believed to be due to a pull out of the osteons 

f rom the surrounding matrix, resulting in a large extension before failure . 

This explains the correlation since the area under BC accounts for  the 

ma j o ri ty of the energy absorbed during the test .  

The co rrelation between Ul timate Tensile Strength and Energy 

A bsorp tion in figure 3 is significant at the 5% level . This can again be 

explained by reference to l ( b ) . l t  can be seen that the ultima te strength 

increases the further along BC the fracture occurs and as mentioned above 

the area under BC is the main factor affecting the energy absorption .  This 

establishes tha t ,  to a certain exten t ,  energy absorption is a criteria for  

bone streng t h .  Further work i s  at present being done to de termine the 

relative importance of this facto r as opposed to o ther factors which are 

known to affect ultima te strength, for instance density . This wo rk will be 

discussed at the conference . 



L o ad 

N 4 00 

300 

200 

1 00 

Load 

N 

0 

400 

300 

200 

1 00 

0 

-254-

· 1 0  · 20 · 30 De f o r m a tion  m m .  

F i g  l a .  

· 1 0  · 20 ·30 Def o r mat ion m m . 

F i g  1 b . 



-255-

P e r c . E I .  

2 ·5 

0 ·05 
E n e rg y  A b s . J .  

F i g  2 

U T S .  
M N . m -2 150 

1 00 

·05 · 10 ·1 5 E n e rg y  A b s . J .  

F i g  3 



-256-

Bibliography 

Currey , J . D .  
The mechani cal properties o f  bone .  Clinical Orthopaedics and Rela ted 
Research , 7 3 ,  1970 , 210-213.  

Reilly , O . T .  and Burstein , A . H .  
The mechanical properties o f  co rtica l  bone ( Review article ) . Journal 
of Bons and Joint Surgery, 56A ( 5 ) 1974,  1001-1021 . 

McElhaney , J . H .  
Dy namic response o f  bone and muscle tissue . Journal o f  Applied 
Physiology, 21 , 1966 , 1 231-1236 . 

C rowninshield,  R . D .  and Pope,  M . H .  
The response of compact bone in tension at various strain rates, 
Annuals of Biomedical Engi n ee ring, 2 ,  1974,  217-225 .  

Wal l ,  J . C . ,  Hutton ,  W . C .  and  Cyron,  B .M .  
The effects o f  age and strain ra te on the mechanical p roperties o f  bone 
( I n P ro ceedings of the I nternational Meeting on B iomechanics of Trauma 
in Chil dren , L y o n ,  F rancs , September 1974 ) . 

P iekarsk i ,  K .  
F racture o f  bone .  Journal o f  Applied Physics,  41 ( 1 ) , 1970 , 215-223. 

Pope,  M . H .  and Outwater,  J . O .  
The f racture characteristics o f  bone substanc e .  Journal of Biomechanics 
5,  1 9 7 2 ,  457-465 .  

Pope,  M . H .  and Murphy , M . C .  
F racture energy o f  bone in a shear mode.  Medical and Biological 
E ngineering, 1 2 ( b ) , 1 9 7 4 ,  7 6 3 .  

Brook s ,  D . B . ,  Burstein , A . H .  a n d  F rankel , V . H .  
The biomechanics o f  torsional fractures : the stress concentration o f  
a drill h o l e .  Journal o f  Bone and Joint Surgery, 52A , 1970 , 507-51 4 .  

Johnson , J . ,  Skoreck i ,  J .  and Well s ,  R . P .  
Peak accelerations o f  the head experienced i n  boxi n g .  Medical and 
Biological E ngineering, 1 3 ( 3 ) , 1975 ,  396 .  

Wall , J . C . ,  Chatterj i ,  S .  and Jeffery , J . W .  
Human femoral co rtical bone .  A p reliminary report on the relationship 
between strength and densi ty . Medi cal and Bio logical Engineering, 10 , 
1 9 7 2 ,  6 7 3 .  




