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Use o f  crash test dummies has become the standard method 
for the study of human biodynamics during impact loading . They 
are used to study both the mechanism o f  inj ury and methods o f  
protec t i on f rom i n j u ry i n  t h e  a i rc ra ft a nd automot i ve i n ­
dustries . Studies repeatedly demonstrate the l im i  tations o f  
the current dummies when they have been used f or the s imulation 
of motorcycl e  and pedestrian accidents . There i s  a d e f i n ite 
need for the development of repl acement l imbs for the existing 
dummies . Research over the past few years has provided the in­
s ight necessary for the design of a breakable l ower l imb to be 
incorporated into the Hybrid I I I  test dummy . This paper dis­
cusses the prel iminary design of the a rt i f  i c i a l  bone structure 
that is to be used in the Analogue Human Leg Structure ( AHLS ) . 
From a material science viewpoint , natural bone has a n  excel­
lent strength to weight ratio because it is a fiber-reinforced 
comp os i te mate r i a l . Theref o r e , a p o l y m e r  comp o s  i t e  o r  a 
spec i fically processed l i qu i d  crystal l ine polymer i s  most ap­
prop r i a t e . our l a bo ra to ry f i nd i n g s  have i nd i c at e d  t h a t  a 
fiber/Hydroxyapatite ( HAP ) reinforced polyamide can be des igned 
to have certain mechanical properties which are c l ose to those 
measured for bone . 

PUR POSE 

An obj ective of this study is to develop an a rt i f ic i a l  
bone structure which h a s  the same dynamic response to impact 
loading as the natural bones of the human leg . I t  is bel ieved 
that an a rt i f  icial bone can be developed which w i l l  a l s o  have 
useful properties for orthopedi c  appl ications . 

From a material science v iewpoint , natural bone has a n  ex­
cellent strength to weight rati o  because it is a f iber rein­
forced compos ite material . Therefore , a polymer compos ite , or 
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a spec i a l l y  processed l iquid crysta l l ine polymer is most ap­
propriate . The advantage of us ing re inforced compos ites is the 
ease with which their properties can be tailored to spec i f ic 
appl ications , thus making them idea l choices for this type of 
h igh strength appl i ca t i o n . Prel i m i n a ry stud i e s  from our 
laboratory have shown that a f iber/Hydroxyapatite ( HA P )  rein­
forced polyamide can be designed to have certain mechanical 
properties which are close to those measured for bone . Polymer 
processing and fiber selection are important cons iderations in 
the f inal design of the bone s imulant . Part icular attention 
w i l l  be g iven to the u s e  o f  i n j e c t i o n  mo l d i ng s i nce i t  
genera l l y  i ntroduces m o l e c u l a r  and f ib e r  o r i enta t i on wh i c h  
provide favorable mechanical propert ies . Rad i a l  variation of 
the poro s i t y  might a id in the dev e l opment o f  the f in a l  l e g  
m o d e l , w h i c h  w i l l  p r o b a b l y  i n c l u d e  s e l e c t e d  f o a m s  o r  
polyurethanes to s imulate the soft tissue . The s t i ffness and 
vo id f r a c t i o n  w i l l  be contro l l ed d u r i n g  p r o ce s s i n g . The 
ava i l ab i l ity of these porous prostheses w i l l  permit model ing of 
a l l  bone t issue . 

LITERATURE REVIEW OF MECHANICAL PROPERTIES O F  BONE 

A good characterization o f  leg bone properties is essen­
tial to the development of a synthetic bone for impact studies . 
I f  leg bone properties were completely character ized for both 
static and dynamic condi tions , then a polymer or some other 
ma t e r i a l  c o u l d  b e  " des i g n e d "  to have t h o s e  p r o p e rt i e s . 
" Des igned" i n  th i s  c ontext means that the synthe t i c  bone 
material properties can be a l tered by us ing b lends and f i l l ers 
in such a way that the properties eventual l y  resemb l e  those of 
real bone . The mechanical properties o f  bone are wel l  dis­
cussed in the l iterature . Researchers Yamada [ 1 ) , Evans [ 2 ]  
and McElhaney [ 3 )  pioneered the study of mechanical properties 
of bone . The data have been continual l y  updated by Currey [ 4 ] , 
Rei ll y  and Burnstei n  [ 5 ] , Carter and Spengler [ 6 ] , Fung [ 7 ] , 
Van Buskirk and Ashman [ 8 ] , and Cowin et a l . [ 9 ]  This bone­
property overview is a very brief sketch of their work . For a 
thorough and det a i l ed discuss ion of the mechanical properties 
o f  bone refer to Bone Mechanics [ 1 0 ]  by Cowin . 

I n  b i o l og i c a l  t e rm s  bone i s  d e s c r ibed a s  a c o n n e c t i v e  
t issue , an aggregat ion of s im i larly special i zed cel l s  united i n  
the performance of a particular function . I n  b ioengineering 
terms bone can be viewed as a nonhomogeneous anisotropic com­
p o s  i t e . I n  the l i t erature , b o n e  i s  o ft e n  d iv id e d  i nt o  two 
c a  tegori e s , espec i a l l y  wi th r e f e rence t o  i ts m e ch a n i c a l  
properties . These categories are dehydrated and hydrated , and 
a r e  o ft e n  re ferred to as o l d  a nd f r e sh or dry a n d  w e t . I n  
genera l ,  dry b o n e  i s  b r i t t l e  and f a i l s  a t  a s t r a i n  o f  a p ­
proximately 0 . 4 % and wet bone f a i l s  a t  a stra in o f  about 1 . 2 % .  
Wet , o f  cours e ,  is o f  most interest to this paper , because it 
best represents the i n  v ivo bone . 

The volumetric composition of bone t issue can be d ivided 
into a lmest equal thirds : wate r ,  minera l s , and c o l l agenous 
matrix .  Even among l ike bones from human to human , this com­
po s i  t i o n  c a n  vary . When j u s t  con s i d e r i ng human l eg b o ne s , 
variat ions exist with the age , the sex , and whether or not the 
individual has experienced a bone disease . About two-thirds o f  
the weight o f  bone , o r  hal f  its volume , is inorganic material 
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with the compos ition of hydroxyapatite which is present as tiny 
elongated crystal s  of the order of 2 0 0  A l ong with an average 
cross-section of 2 5 0 0  A [ 2 ] . The rest of the bone is collagen 
f ibers . D i fferent water content and s a l  t content have s ig­
nif icant ef fects on the mechanical properties . The role o f  
water in bone i s  somewhat obscure a s  discussed b y  Timmins and 
Wal l  [ 1 1 ] . However , variation in water content with age i s  
fairly well documented , so a correlation might b e  drawn between 
water content and duct i l i ty .  

Bone h a s  been a ss umed to be t r a n s v e r s e l y  i s otrop i c  
[ 1 2 , 1 3 , 1 4 ,  1 5 ]  and a l so t o  b e  a n  orthotrop i c  [ 1 6 , 1 7 , 1 8 ] 
material . I n  order to obtain technical constants for human 
bone , researchers have used a coup l e  o f  methods : 1 )  
u l tr a s ound , i n  wh i ch the measured v e l o c it i e s  a r e  used t o  
determine elastic coe f f  icients and technical constants are then 
found by matrix invers ion , and 2 )  standard testing in which 
load machines are used to make direct measurements . Table 1 
presents the technical constants f or human bone measured by 
various investigators . The material symmetry general ly assumed 
is that o f  transverse isotropy ( T I )  or orthotropy ( ORTH ) . An 
important observation is that stiffness in the circumferent i a l  
direction is always greater than the s t i ffness in the radi a l  
direction . Yanson , e t  a l . [ 19 ] , suggest that the lower st i f f­
ness in the radi a l  direction is associated with the greater 
permeabi l ity in that direction . Blood f l ow is less in the cir­
cumferential direction as opposed to the radial direct ion . S o ,  
for cortical tissue o f  long bones , a n  orthotropic assumption 
might be more accurate . 

Viscoelasticity , the ef fect o f  stra in rate on the stress­
strain curve , is an important phenomenon of bone . McElhaney 
[ 3 ]  indicated that , for the embalmed human femur in compres­
s i o n , b o n e  i s  s t i f f e r  and strenger a t  h ig h e r  s t r a i n  rates . 
Carter and Hayes [ 2 0 ]  found that both strength and modulus o f  
elasticity were approximately proportional t o  the . 0 6 power o f  
strain rate . 

S ome rnech a n i c a l  proper t i e s  o f  human l e g  bones a r e  
presented i n  Table 2 ( data adopted from Yamada [ 1 ]  and Fung 
( 7 ] ) . In genera l , it is well known that the strength o f  bone 
varies with the age and sex of the huma n ,  the location of the 
bone , the orientation of the load , the strain rate , and the 
spec imen cond i t i o n  ( whethe r it i s  d r y  o r  w et ) . The higher 
stra in rate effect may be especially sign i f icant , with higher 
u l t i ma t e  s trength b e i n g  o bta i n ed at h i gh e r  s t r a i n  rate . 
Another note is that the strength and modulus o f  elasticity o f  
spongy bone are much sma l l e r  than those o f  compact bone ( Yamada 
[ 1 ]  presents human vertebrae data as support ) .  

The l iterature provides a basis for comparison o f  rea l  
bone prop e r t i e s  t o  those o f  s im u l a n t  b o n e . Motoshima ( 2 1 ]  
tested lang wet leg bones of 1 3  fresh cadavers ranging from 2 0  
to 8 3  years o l d .  Some o f  Motoshima ' s  results are presented in 
Table 3 and w i l l  serve as an excel lent stati c  comparison in the 
search for a bone s imulant . 
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Table l a 

Technical Constants for Human Bones 

Group Relly and Yoon and Knets Ashman 
Burns tein Katz et al . e t  a l . 

Bane Femur Femur Tibia Femur 
Symmetry TI TI ORTH ORTH 
Method M u M u 
E 1 ( GPa ) 1 1 . 5  1 8 . 8  6 . 9 1 12 . 0  
E2 ( G P a )  1 1 . 5  1 8 . 8  8 . 5 1 1 3 . 4  
E 3 ( G P a )  1 7 . 0  2 7 . 4  1 8 . 4  2 0 . 0  
G 12 ( G P a )  3 . 6b 7 . 17 2 . 4 1 4 . 5 3 
G1 3 ( GPa ) 3 . 3  8 . 7 1 3 . 5 6 5 . 6 1 
G2 3 ( GPa ) 3 . 3  8 . 7 1 4 . 9 1  6 . 2 3 
"1 2  0 . 58 0 . 3 12 0 . 4 9 0 . 3 7 6  
"1 3  0 . 3 1b 0 . 1 9 3  0 . 12 0 . 2 2 2  
"2 3  0 .  3 1  b 0 . 1 9 3  0 . 14 0 . 2 3 5  
"2 1  0 . 5 8 0 . 3 1 2  0 . 6 2 0 . 4 2 2  
V3 1  0 . 4 6 0 . 2 8 1  0 . 3 2 0 . 3 7 1  
V3 2  0 . 4 6 0 . 2 8 1  0 . 3 1  0 . 3 5 0  

E = Modulus of E l astic ity 
G = Modulus of Rigidity 
V =  Poisson ' s  Rat i o  

Note : The "three" direction is coinc ident wi th the l ang 
axis of the bone ; the " one " and 11two11 directions are rad ial 
and c ircumferential , respecti vel y .  Method U is ul trasound 
and method M is standard machine testing . T I , transverse 
isotropy ; ORTH , orthotropy . 

acowin ,  1 9 8 9  bNot measured 

1 98 



Mechani cal Properties o f  Wet Compact 
Human Bone ( 2 0 - 3 9  Yrs . )  

Mechanical Property 

Ultimate Tens i l e  Strength ( Femur) 
Ultimate Tens i l e  Strength (Tibia)  
Ultimate Percentage Elongation ( Femur) 
Ultimate Percentage Elongation ( Ti b i a )  
Modulus of E lasticity i n  Tens ion ( Femur ) 
Modulus o f  E l astic ity in Tens ion ( T i b i a )  
Ultimate Compres s ive Strength ( Femur ) 
Ultimate Percentage Contraction ( Femur ) 
Ult imate Shear S trength ( Femur ) 
Tors ional Modulus of Elastic ity ( Femur ) 

aYamada , 1 9 7 0 ;  Fung , 1 9 8 1  

Table 3 a 

Stat i c  Properties o f  Bone 

Mechanical Property 

Et , Modulus o f  Elasticity ( tension) 

aYt ' Yield Stress ( tension)  

aYb '  Yield Stress ( bending) 

aUb ' Ultimate Bending Stress 

aMotosh ima , 1 9 5 9  
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Value 

1 2 4  MPa 
1 7 4  MPa 
1 .  4 1  
1 .  5 0  
1 7 . 6  GPa 
18 . 4  GPa 
17 0 MPa 
1 .  8 5  
5 4  MPa 
3 . 2  GPa 

Value 

1 . 0  X 1 0 1 0  Pa 

1 .  3 X 1 08 Pa 

4 . 3  X 1 07 Pa 

5 . 9  X 1 0 8 Pa 



APPROACH 

I t  is bel ieved that the impact fracture of bone and the 
result ing extent of damage is describable in terrns o f  classical 
elast ic/plastic mechanics o f  non- isotropic composite materials . 
Consequentl y ,  it is proposed to develop a 3 - D  finite element 
c omputer represent a t i o n  o f  b o n e  structures i n  w h i c h  the 
material properties are a l l owed to be dependent on stra in rate , 
spat i a l  p o s  i t i o n , and d i r e c t i o n . Stra i n  rate dependent 
proper t i e s  ( modu l u s  o f  e l a s t i c i t y ,  y i e l d  s t r e s s ,  u l t imate 
stress , ult imate strain , Poisson ' s  rat i o )  could be measured for 
real bone samples oriented in the radial , c ircumferent i a l , and 
axial d irections . These properties could be input , initially 
uni forrnl y ,  into the computer model which would be exercised un­
der impact loading s imulation condi tions . The model resul ts 
could then be compared with actual impact experiments on rea l  
complete bone specimens in terrns o f  energy absorbed to fai lure , 
extent of damage , stress/ strain distributions , and displace­
ments . The model property values and distributi ons could be 
adj usted to obtain a "best" correspondence between the model 
and the test results . The "val idated" model could then be sub­
j ected to a sensitivity study to deterrnine the most sensitive 
pa ramet e r s  and how the i r  v a r i a t i o n s  a f  fect the c a l cu l ated 
resu l t s .  The resu l t s  of this wou l d  be a s e t  o f  d e s irab l e  
propert ies and their distributions for a physical model .  

The ranges of poss ible properties attainable by composites 
consisting of f iber-reinforced polyamide containing d i f ferent 
quanti t ies and types of f iber could then be measured experimen­
tal l y .  Thi s  could a l low a deterrnination of whether or not the 
desirable ranga of physical properties can be matched suffi­
ciently wel l  that the synthetic bone could be expected to be a 
good representative of real bone under impact loading condi­
tions . 

Phys i c a l  mod e l s  c o u l d  then b e  c o n s t ru c t e d  
material o f  the desirable make-up and then subj ected 
testing that could be compared with both the actual 
results and with the computer f inite e l ement results . 

f r om the 
to impact 
bone test 

T h i s  paper presents resu l t s  o f  e x p l o r a t o ry stud i e s  i n  
which impact data on human l eg bones are developed and compared 
with s imi l a r  impact data on carbon and Kevlar f iber-re inforced 
polyamide ( Nylon 6 , 6 ) . 

The impact apparatus used in this research con s ists o f  
three main components ;  a spec imen holding dev ice , the impactor 
support c a r t  and i t s  a s s o c i at e d  g u i dewa y ,  a nd the c a rt a c ­
celerator system . In operation , the cart accelerator system 
accelerates the impactor support cart to the desired velocity 
a fter which the impactor strikes the test specimen . The impac­
tor support cart is then stopped by means o f  direct impact with 
energy-absorbing bales of wood f iber . 

Four emba lmed human t ib i a s  a n d  four f i b e r - r e i n forced 
polyamide specimens were impacted transversely at midshaft by 
the c o n s t a nt v e l oc ity ( � v < 3 % )  impacto r .  The b o n e s  were 
s imply-supported and impact veloc ity was approximately 7 . 5  m/ s .  

A force transducer was mounted on the backside of the im­
pact pipe in such a way that the f orce that the bumper exerted 
on the bone was transmitted d i rectly to the transducer .  
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PRESENT RES EARCH PROGRAM STATUS 

A facil ity was developed to s imulate impact condi t ions on 
cadaver , anima l ,  and model specimens with impact velocities up 
to 13 . 4 1  m/s ( 3 0  miles per hour) . This fac i l ity and other com­
plementary laboratories provide the capabil ity o f :  1 )  testing 
a variety of specimens ranging from bone to a ful l  cadaver ( or 
dummy ) , 2 )  state-of-the-art date acqu i s i  t ion , 3 )  deterrnining 
mechanical properties of various materi a l s  including bone , and 
4 )  developing bone s imulant specimens . 

A variety o f  dynamic response experiments have been con­
ducted to d a t e . T h e s e  include i n t a c t  cadaver l e g s , human 
t i b i a s , hum a n  femurs , intact goat l eg s , dog b o n e s  ( hume r i , 
femora , t i b i ae - mech a n i c a l  propert i e s  o n l y ) , h o r s e  b o n e s , 
bakelite as a bone s imulant , and f iber-reinforced polyamide as 
a bone simulant . 

These studies have provided guidance in deterrnining l oad 
characteristics and inj ury severity . After complete charac­
terization , the ultimate obj ective is to develop a dummy which 
approximates the human body . The lower leg s imulant w i l l  con­
s ist of a f iber-re inforced compos ite for a bone repl a cement , 
and , most l ikely , a polyurethane foam as a soft t i s sue sub­
st itute . 

Additional impact tests and complementary laboratory ex­
per iments w i l l  prov ide important mechanical property inforrna­
tion for use in developing the computer model and the f inal 
bone simulant . I f  material properties were known , i t  would be 
entirely poss ible to develop a compl ete finite element computer 
model of the human leg ' s response to impact loading . Such a 
model is bel ieved necessary for the des ign o f  a s imulant that 
behaves in the same manner as the human leg . 

An eventual goal of this research is to develop an entire 
dumrny leg includ ing the h i p ,  femur , knee , tibia , ankl e ,  foot , 
and surrounding soft tissue mas s .  Thi s  l eg could b e  used in 
place of the existing legs of modern crash test dununies . 

RESULTS 

Figure 1 shows a typical example o f  a force versus t ime 
curve from the transducer during an impact test of a polyamide 
specimen . The f irst enc ircled point marks the time at which 
initial contact is made between the bumper and the specimen . 
The second encircled point marks the time , tt , and force level 
at which the specimen ult imately fa i l s .  S imilar data were ob­
t a i ned for e a c h  o f  the p o l y a m i d e  s p e c imens and e a c h  o f  the 
bones . The energy absorption capacity , U/V , was obta ined from 
these data by evaluating the following relation : 
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u 
= 

V 

where u 
vo tf F 
t 
V 

and KE 

= 

= 
= 

= 

= 

= 

= 

dt - KE 

V 

internal energy absorbed to t ime t f , 
impactor velocity , 
time frorn instant of contact to failure , 
impact force measurement , 
time , 
cortex volurne between support points , 
the kinetic energy of the bone spec imen , 
at the instant of failure . 

The kinetic energy was obtained by assuming a l i near veloc ity 
pro f i l e  from v0 at the specimen rnidshaft down to v=O at each 
end . A mean cross-sectional area , Äc5 ( for the tibias ) , was ap­
proximated by the product of an average c ircumference and an 
average cortex thickness . Circumferences for the tibia were 
rneasured at three axial positions and averaged as was the cor­
tex thickness . With these approxirnations 

where 

and 

and 

KE = J
L 

V 2 dy 
0 y 

Vy = local transverse vel . at position y 
= v0 ( 1  - y/L) , 

y = longitudinal direction with z ero at 
the midshaft , 

p = bone dens�ty = avg . value o f  
1 9 0 0  kg/m ( Cowin , 1 9 8 9 ) , 

proportional ity coeff icient 1 kg-m 
gc = = 

N-s2 
L = length from midshaft o f  specimen to 

point at which specimen contacts sup-
port . 

The v o l ume w a s  o b t a i ned by m u l t i p l y i ng t h e  a v e rage c r o s s ­
sectional area defined above b y  2 L .  

The polyamide specimens were cyl inders wi t h  a length o f  
1 7 . 7 8 0  cm and a d iameter of 1 . 9 0 5  cm . One t o  three centimeters 
at the ends were util i z ed for the s imple support so the volume 
calculated was the product o f  the cross-sectional area and the 
length from support to support . In order to make the specimens 
"useful " under torsional loading conditions and avo id making 
them hollow, a unique rnethod of processing was used . Three 
smal l  polyamide rods ( �0 . 4  cm diameter) were wrapped with long 
Kev l a r  a nd carbon f i b e r  and then wrapped together into a 
" t r i a n g u l a r "  s h a p e  w i t h  m o r e  K e v l a r  a n d  c a r b o n  f i b e r . 
Polyamide was then poured around the grouped fiber-reinforced 
rods by inj ection molding to make the f inished product . The 
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fibers added substantial bending strength yet will s l ip in the 
circumferential direction if any tors ional loads are app l ied .  

The a v e rage energy a b s orpt i o n  c a p a c i ty f o r  t h e  b o n e  
spe� imen w a s  approximately 1 8 , 6 1 0  J/m3 as compared to 2 8 ,  1 2 3  
J /m for the polyamide specimens . When comparing these num­
bers , note that the sample s i z e  was smal l  and that there were 
some poss ible sources of error that include : 1 )  the c a lculated 
volumes of the tibias are j ust approximations . They are rela­
tive f rom s p e c imen to specimen , but the i r  v a r i a n c e  is n o t  
l inear , hence an error can b e  introduced , and 2 )  the areas un­
der the force-time curves for a l l  specimens were approximated . 
The approximations were obtained by assuming l inear force ap­
pl ication unt i l  rupture . These values probably only have a 
smal l  error because the plots did look l inear from t = O to t f . 

CONCLUSIONS 

The energy absorption capaci ty for the number o f  bones 
tested was relatively constant , ranging from 1 6 , 2 3 9  J/m3 to 
2 0 , 59 2  J/m3 . The polyamide impact results also yielded a rela­
tively constant value with three of the specimen values betwejn 
1 6 , 8 4 7  J / m3 and 2 8 , 3 4 7  J/m3 a n d  the other at 4 0 , 1 8 9  J/m . 
Therefore , it appears a s  i f  the energy absorption capacity is a 
good corre l at ion p arameter f o r  " n o rma l i z a t i o n "  o f  s p e c im e n  
fracture behavior . 

The close correspondence o f  the average energy absorption 
capacities o f  bone and polyamide gives support to the bel i e f  
that fiber-reinforced polyamide might b e  a good choice a s  a 
bone s imulant material under impact loading conditions . Thi s  
would b e  true i f  the geometry of the polyamide specimens can b e  
qua l i f ied s o  as t o  result in an ultimate failure force com­
parabl e  to that of healthy bone . This belief is reinforced by 
the comparison of the mechanical properties of bone to those o f  
dif ferent types o f  polyamide with varying fiber content and 
length . These values are shown in Tables 4 [ 2 2 ]  and 5 [ 2 1 , 2 3 ] .  

The polyamide data under static and dynamic loading condi­
tions suf f i c iently resembles that of bone so additional testing 
and werk w i l l  continue . In addition to the comparable energy 
absorption capacity values , bone and polyamide specimens seem 
to produce s imilar types of fractures a fter impact loadings . 
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