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-- NOTES ..

MECHANICAL PROPERTIES OF CANCELLOUS BONE'

James WcEhaney and Verne Roberts
Highway Safety Research Institute
The University of Hichigan
Ann Arbor, Michigan 48105

Abstract

Samples of human femora, vertebrae and cranial
bone have been tested in compression. The resuits
of these experiments have beepn analyzed, taking
into account observed anisotropies and varying
structures. Statistical correlations of properties
have been made with density and a model proposed
that sunmarizes these resuits. The cranial bones
appear to be transversely isotropic and they are
generally mach stronger and stiffer in the trans-
verse or tangent to the skull direction in compar-
fson to the radial direction. The structuye of the
cancelTous bone was found to be highly variable and
this strongly influenced many of the mechanical re-
sponses. The model, however, explains much of the
observed variation.

1. Introdection

Cancellous bone consists of a scaffolding of
tony material arranged to form a spongelike porous
structure. The pore cavities are quite variable
in both stze and shape and since most of the cells
do communicate, the genersl arvangement may be
approximated as an open cell two phase composite.
One phase is bone, while the other phase consists
of blood, red and yellow marrow, nerve tissue,
miscelianeous cell tissue, interstitial fluid and
blood vessels. These soft maf“-iﬂs behave semi-~
larly to viscoelastic fluids with a bulk mod-
wlus s1ightly larger than water {350,000 psi} and
a shear medulus many orders of magnitude smaller.

Because of iis calcified nature, bone can grow
anly by appositien. That 1s, bone can increase in
size only by adding material to one of its surfaces
Bong reaodeling and grawth Gccurs with & combina-
tion of bone deposition and absorpticn occurring
at the surfaces. New bone that is added to the
sides of trabeculas {beams of bone) wsually is
deposited in the form of fairly even lameliae
(plates). As new lamellae are added to the sides
of a trabeculae in a cancellous network, the spaces
are correspondingly narrowed and filled. Accord-
ingly, the coatinued deposition of fresh bone
lameilae on trabeculae that enclose spaces soon
affects the character of the bone in that it
changes from a structure consisting of large spaces
with 1ittie bone (cancellous bane) to one of narraw
spaces with much bone. When bore substance instead
of spaces becomes the predomipant features of t?g
tissue, it is then called comwpact or dense bonelé),
The femur, for example, consists of bone with a
wide range of densities. The extremely porogus bone
of the condyles smoothly marges with the much less
porous bone of the distal portion of the shafi.

The minimum pore size occars in so called com-
pact bone and is determined by the biaad vessel
{Haversian Canal) size reauired for proper nuiri-
tion of the bone calls {osteocytes), tne size of
the latunae surrounding the Hone cells and the
canals {camaliculi} containing trne interconnecting
cytoplasmic processes =f the bore cells. 1In tnin
plates of bene {as in the traveculae} Ine dzversian
canals are absent and the camalicali open i
spaces of the cancellous tissus. Canalicy

Yamellar bone are eboot 9,30 microns in Giae:
per facuna. There sre «houlb

tar of Dung.
paing as

and number 50-1
1,006,000 canabiculer per Cubic milli
The Haversian Canals vary in size, s%
ek a5 D12 ma in diareter; tre g H
the humen s abcoul 0.93 rm. &A1Y Tung 35 Loe4us,
therefore, ard tne imporiant structsra? fe z
that distinguishes 59 csiled compact bhine fror
cancellar cancelluus i5 the Guantity, $°2¢, shace
and distribution of the cavities.

There have been miny analysis of t.o fhase com-
posites ranging frem the sifpie ge of
Ishai {3jto tre corples and relali &
elastictty epproach typrfied ty
rately, tne structural getsils of o»
so complex and variable tret i
single specimen reguir:s
semi-empirical mode) descrited nhere s
moduius or normalized ctiffnags of
porosity. By ratening tae madel r
served properties, mrucn of the gecret-ic
ities can be relaxed and a useful corraiation oo-
tained,

IE. Materials and Metrods

Three types of bone were used in this study,
femora, vertebral bodies and craniol bure, fresn
bovine femora and embaimed human femora ware sec-
tigped and tested. The vertebrae were excised
from fresh cadavers at zutopsy and were testzd as
spon as possinle after removal, ganeraily Yess than
four days elapsed betweer tne doncrs deain and Test

The human skull .ne was obtained from three
spurces: embalmed cadiavers, traniotpmies and
autopsy. The primary spurce was erbai=ed tadivers
from which entire calvariums were sestisned and
tested. Fresh material from craniatsmies arg
autopsy was also tested to verify the resslts .if
the tests on erbalmed material. Previous woralB)
indicates that the mechznical properties of en-
balmed bone are not significantly different from
immediate postesriem groperties. During the
period after removad and pricr 10 testing, the
specimens were stared in isdtonic saline buffered
with calcium. Al tests were made on bone in a
meist condition,

tThe research upen which this publication §s based was supported in part by Contract Ho. PH-33-67-1137
with the Hational Institutes of Health, Mational Institute of Meurological Diseases and Stroxe, Fublic
Health Service, Department of Health, Education and Welfare.




Cubiodal compression specimens were prepared by
wet grinding on a metailographic polisher using
soecially designed fixtures with micrometer drives.
This method oroduced high quality soecimens with
surfaces paralle! (Tess than 1/1900) and smooth.
For additicnal $nformation. on specimen size and
test metheds, see references 6 and 7.

Gue tp the sandwich construction of crantat
bone. the skull test samples have a variadle
structural geometry. These specimens contain the
full cross section excent they are ground flat on
the ton and bottom corresbonding to the inside and
autside of the skulT, This results fn a specimen
with an inner and cuter table of comoact bone and a

core of cancellous bone [diplogl. Due to the highly

varisble nature of the diplod region, 4 wide range
of porasities can be obtained from these specimens.

The vertebral badies were generally taken in the
lurtar reglon at L,, Lo, i.4 and L. A variety of
spacinen sizes uers tedted rangina from the whole
body with the processes remaved down ta 174 inch
cubes,

111, Density

The density of the specizens was determined by
messuring the external dimensions of the specimen
to determine the volume and dividing this into the
dry weight. The specimens were deied by baking at
105°C untdl no further weignt loss was observed,
Tnis was dore after the mechanical properties tests
were corpleted. Thig density 1s therefore the
weignt of dry bone per unit volume and provides a
senvenient rethed of estimating perosity.

1v.  Compression

Compression tests were performed to determine
the sttffress and strengtn of the various bona
tyses. Hany specimens were lpaded First in ane
direction to abouf 1/3 tne ultimate stremgth, wnile
tne deformation was measured in the direction of
tne 1osd and alse perpendicular to 1L, This was
repeated in the other bwo directions yielding the
stiffness and Poisson's ratto for three orthagonal
axes.  Far ine fevoral specivens, one axis was the
long axis of tne bone, for tne vertebral specimen,
one axis was the cantral axis of the vertebrae and
for tne cranial specimen, gne axis was pormal to
the skuil. The load was tzken to failure in the
tnird of tnese tests.

ine load was applied by a Tinfus Olsen Electiro-
naiic Testing Machine at a constant velocity of
Q.91 incnes per minute. The load was wonitored by
a very stiff strain gage type load ring waile the
deforsation in tne direction of tne load and per-
wlar to the Toad were measured with very
3 ant strain gaged cantilever contact arms
{Figure 1}. Tnese signals were continuously re-
CEraed gn an x-y1-y; recordar. The wltimate
strengts was tahen as the stress corresponding to
tre maximam load tre gpecimen can withstand gen-
eraily charicterized by a slope reversal. Stress
asd strain as used nere, wnile computed in the
uwsdal fasnion (icad divided by the initial tatal
<ross sectional area and deformation divided by
the initial lengtn), are only normalized measures
of 1oad and aefermation. That i5, they are average
vatizs of complex stress and strain distributions.

Figure 4 shows a photoelastic model of a typica)
cranial compression specimen Indicating the effect
of the gross gesmetry on the shear stress distri-
button. tocal effects such as collagen and apatite
crystal organization and osteacyte arrangement are
not tncluded and probably have a significant role
ir the reduction of stress congentrations.

¥. _Bone Properties

A sunmary of the resuits of these tests is pre-
sented in Table 1. The high values of the standard
deviations are due to the natyrally occurring var-
iations of porosity in ail bone types. For human
skuti bore, no significant difference was found for
the modulus and yltimate strength due to leading in
varigus tangential directions.” HistoTogical stud-
ies of tangent sections of the inner and outer
tables and the diploB. revealed random paiterns
withaut discermatle geowetrical organization. The
index of isotropy, which 15 a quite sensitive mea-
sure of isatropy{ﬁ} was bow and the maximum and
minjmum values of the modulus upon which it 1s
based occurred in random directions., Thus, it 1s
concluded that skul¥ bone 15 reasonably isotropic
in directions tangent to the skw)? syrface. The
response in the radial or normal to the skull dj-
rection was of course significantly different for
specimens that tontained a ful) skull-spction,

There was no significant difference in the me-
chanical properties of the fwman vertebral cancel-
Yous bone when loaded in different directions.
Histological studies indicated differences in
trabecular patterns when sectioned in various di-
rections, however, and work 15 conttnuing to docu-
ment this observation. For the purposes of this
paper, the cancellous bane of the vértebral body
will be considered homogeneous and isotropic in
the large.

The results of the femoral tests corresponded
well with Evans and 8angl8} and with Maj and
Toajari(9}. Compact bone from the shaft of the
fedor 13 very énisotropic. Histologfcal studfes
indicate a high 1evel of organization with
Haversian System axes generally aligned with the
long axis of the bone. Specimen size effects were
studied in the vertebral body by testing whole
bodijes in an intact vertebral "unit" after Rockoff
{10}, vertebral bodies with the processes removed
and the ends ground flat and cubes of cancellous
bone only. No significant difference was opserved
in the modylus or the uitimate compressive strength
This is contrary to Rockof{“s(m) results, but
agrees well with Bartley{}l).

o
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Figure 1

TABLE 1. PROPERTIES OF WUMAN BOWE [N COMPRESSION _
Wo. of Ho., of

Density #/in®  Doners Specimens Age Range
Femur L 32 160 2E-YE yrs
Yertebral Sody 12 288 1 mo-89 yrs
Craniwn Full Section 14 240 56-73 yvs
Cranigg}f.wpacta 7 27 56-73 yrs
ModuTus #/1n¢ -
“Feur Long AxTs 32 160 28-86 yrs
Yertebral Sody 72 288 i mo-89 yrs
Cranium Full Section
ll;ad'ia! 26 237 . 39-81 yrs
Tangential 14 219 56-73 yrs
Cranium Compacta I 27 56-73 yrs
Ultimate Strength
TFeaur Ll’,i-‘}fms 32 160 28-86 yrs 2.6 A10¢ 5.
Vertebral Body 72 288 I -89 yrs 0.6 X137 .
Cranu;:di:{l seetion 26 237 39-81 yrs 10.7 ).Iﬁf _.
Tangentlal 14 210 56-73 yrs M X108 5.
Lranjum Compacta 7 27, 56-73 yrs 20.9 x10° £.
~ Poisson's Matl : )
“Femur Long Axis 7 28 37-8% yrs
Vertebral Budy 7 28 45-73 yrs
Cranium Full Section
r 1;ddia'| 14 122 56-73 yrs
Tangeptial 13 37 56-8% yrs
Cranfust Compacta 7 27 55-73 gro -

aii

s

Eagure 4,

Figure 2. Sections Through Cranium

Figure 3. Cancellous Bone from the Vertebral Body Figure 5. Photoelastic Stugy of [rafial Seition



Figure 6.

Regression analvses were performed to correlate
those roverties that were anticipated to be func-
tipnally related, The follewing retationships were
found for hyman cranial bone using data from those
tosts that produced classical stress-strain curves.

Radial Compression

€. = (364 - 1.3} x 10%; C. = 0.62
ER = (2.02 43713} x 10%5; Cc = 0.86

s =2.9x 10 ER; Cc = 9,78

a= L2 x 0% 3 Cc = .41

Tangential Compression

E, = (46 v - 1.52) x 10%; { = D.65

-

== {770y - 26} x W03 € = 0.65
a= 2.4 %x100°2 E,s C.= 0.5
where:

is the modulus of Elasticity loaded in the
radial direction {pst)

™
=

s the modulus of £lasticity Joaded in the
tangential direction {psi)

3 is the yltimate compressive strength {psi)
v is the dry weight density (1bs/in3)
C. is the correlation coefficfent

Lad

The values of the correlation coefficients in-
dicate that a significant part of the variation in
the moduTus and strength may be attributed to
varfations in the density. The relation between
density and medulys and density and strength is
non-lTinear as evidenced by the higher values of the
correlztion coefficients of the Jogarithmic regres-
sion aralysis compared with the linear regression
analysis.

The relation between the stress and modulus was
approximately lVinear, however, and indicates that
the maximum strain may be taken as a constant value
indeoendent of poresity. This provides a basis for
a maximum strain theory of failure for skull bore
with failure strains of 2.9 x 1077 for radial

L3 '—;-1 .
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Figure 7.

Strangth ~ Aging Characteristics of the

Human Vertebral Body

compression and 2.4 x §0-? for tangential compres-
sion indicated by the regressios analysis. [t
should be recognized, however, that these regres-
sign gnalyses were performed oniy on the data from
the classical stress-strain amves, and those
specimens that falled progressively or by buckling
had wuch higher maximum strain values. The regres-
sion equations giyen ave approximately valid for
dry weight densities between 0.061 and 0.042 #/in?
and shouid not dbe extrapolated beyond this range.

The vertebral body properties also correlated
well with the dey weight density. The following
linear regression equations were obtained. The
symbols used are the same as above.

€= {3y -0.023) x 10% ¢, = 0.6]
o = (300 v - 5.9) x 10% ¢, = 0.67
57 (3.2 0102 B € = 0.7

The vertebral pody data also shows a strong linear
correlation between modulus and stremgth indicating
that a maximum strain theory of failure applies
alse to cancellous bene from the vertebrae with a
maximun failure strain of 3.2 x 10-2, These re-
gression equations give approximately valid results
for d]r]’ weight densities between 0.022 and 0.010
¥/in3,

while no significant correlation of the femoral
or cranial bone was found with age, the strength of
vertebral bone correlated at the 0.52 tevel.
{Figure 7).

¥II. Optical Densit:

Roentgenograms were prepared for the vertebral
body sections mentioned above. The bodies were
ground wet to a standard 1/2” thickness. Using a
step wedge calibration techaiques and an optical
densitometer, 2 normalized film density was deter-
mined for each body. This rumber represented the
average of ten 178 inch diameter spot readings over
the body ¢ross section. A linear regression
analysis was performed relating the normalized
optical density (y) with the ultimate compression
strength {c} and the measured weight deasity (y).
The following relationships describe the results of
those analysis.

yo L6 +9.T7 10"

coefficient of correlation 0.555
adjusted standard errer 0.450

y=-65+210¢

coefficient of correlation (0,491
adjusted standard error 0.511

VII1. Porous Block Model

A semi-empirical model has been developed that
allows the prediction of the madulus and strength
of bone based on its density and internal geometry.
The accyracy of this prediction is limited by the
natural variation of the properties of compact
bone, the base materfal of the model. The advan-
tage of such a model is5 that it ailows the
description, in a relatively simple form, of the
physical properties of all types of bone, ranging
from the dense bone of the femorai shaft to the
very porous bone of the vertebral body. A model of
this type may provide some insight into failure
patterns and hopefully treatwent of multiple
myeloma, osteoporosis and other diseases affecting
the density of bone.

The primary assumption upon whigh this model {<
based is that all bone has the same physical prop-
erttes in the small. That 1s, bone of different
types has the same microscopic properties but
varylng macroscopic structure. 1In dealing with the
varying structure, it 1s further assumed that local
mechanical responses bike the modulus of elasticity
are proportional to the tocal density raised to
some power (1) with n being determined empirically.

caknd

™R ™

Figure 8,
POROVS BLOCK Wo0E! QR CARCEHLLOUS BONI

Consider the porous block model shown in Figure
8 which consists of a number of small cubical aggre-
gates arranged to form a larger transversely iso-
tropic porous cube. In this mode] it 1s assumed
that the absence of one or more of the cubical
aggregates from the large block does alter either
the position or the behavior of the neighboring
aggregates. The ratio of the void volume to the
total volume is calied the perosity C.

Thus C=1- /4,

where » is the density of the sampie and 10 15 The
density of the base materiat.

The model indicates that the modulus of ¢las-
ticity of transversely isptropic bone sanples
bozded axially may be stmulated by juxtapcsition
of a large number of slabs or springs lnaaed in
parallel while radial loading is simulated by a
large number of layers or springs loaded ik series.
Therefore,

g:. _—y UT"%TW for radial compression,
r o
and
Et h 3
e FUE - (0} Pdn for tangertial
o 0 compression,
where £ i5 the modulys of the base miterial and
C{h) is“the porosity of a slab ar layer.

for an essentially homogeneous distribution as
occurs in vertebrai bodies
c(h) = € pe © COnstant
and n
E= Eo“ - C)

Figure ¢ shows this equation plotted for wearious
values of n superimposed on the huzan vertebral
body data.

@
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Figure 3 Homogenegus Model Responses

A study of serial sections of cranial bone
samples conducted as part of this resesrch Gro-
gram, has shows that the voids or narrow spices
are approvimately horcgenecusiy distribated in
directions tangent to the tnner and cuter tatles
but in the radial direction there is a Zontinucus
tacrease in parosity as one moves £itner from tne
inner or outer table toward the center. Furtner-
more, the variation of poresity fn the rad
direction {{h} may be satisfactorily approxiraten
by & Gaussian function of the form




TR} = g evte-w2(n-1/2)2,

where © e is the saximas porosity. With this fom
for l:m the porosity of the tables is Cm/100.

The average porosity is then
=1 TR (MY I
¢, = & N etz b2y dn

It was found that for skewed distributions the
modutus of the composite is independent of the
lacation of C e and no loss in generality is in-
curred by cen?idering only symmetric distributions.
These integrals do not possess closed form soly-
tions but can be easily solved nuwerically on 2
digitat computer.

yaricus values of the exponent n were examined
by camcaring the correlation coefficient relating
the medulus data to the model predictions. The
value n = 3 was found to yield a best fit with a
correlation coefficient of 0.79 for cranial bone
and 0.61 for the cancellous bone from the verte-
bral body.

In analyzing the cranial bone data several other
porosity distributions were exanined including
parabolic and sinuseidal functions. The model
responses for different distributions shown in
Figyre 10. The behavior of the model for a sand-
wich construction in radial comoressicn, with a
homoganzous porous center and n = 1 is shown in
Figure 11.

~EAsInn
a-SiREsainal

E
PORGSTT S

Figure 10. Model Responses For Nonundform Diplos
Jistribution

Figures 12 and 33 show the retationship between
modulus and carosity predictad by the final form of
the mode} and comparad with the regression analyses
previousiy descridad,

The value of ©_ the modulus of the base material
used to normalize“the ordinate was 1.8 x 10° psi.
This vziue wis chosen frorm the data for the compact
bone of tha cranial tables wnich histologically

eamiraras favarably with the hony material of the

trastaculae of cancellous bone. The parosity was
based on a value of 0,068 #/in’ alse based on the
data from the cranial tables.
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Figure 11. Howogeneous Sandwich Model Response

The madel indicates that with & Gausstan dist-
ribution of the form used in Figures 12 and 13 for
cranial bone, the average porosity can not exceed
412, This is because the maximum porosity at the
center of the diplo# region is zero when the
average porosity is 41% and of course the porosity
can not be less than zero, The value of the
modulus is therefore much more sensitive to
porosity distribution in the high porasity matertal
+than in the low porosity material.
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Figure T2. Human Cranial Bone in Radial Compression
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Figure 13. Human Cranial Bose in Tangential
Lompression
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Figure 14 shows the model's prediction of the
ratio of the radial modulus to the tangential
rodulus compared with measured values for cranial
bone. The model explains quite well the observed
increase of non-isotropic response with increasing
porosity. The non-isetropic mechanical response of
the model is based on the non-isotropic porosity
distribution and s very sensitive to the form of
the poresity distribution in the region approaching
41% average porpsity. It is passible that much of
the lack of fit in the low density region may be
explained by the difference between the actual
porosity distribution in the sample and the assumed
Gaussian distribution.
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Figure 14.

Ix. Discussion

As has been pointed out by Biot and Hillis“z)
a dry perous medium might not exhibit the same
elastic properties as that of the saturated one.
If the fluid £illed pores significantly contribute
to the stiffness, then one would expect both rate
of loading and specimen size effects. As the
poresity increased in the cancelious bone studfed
here, the effects of rate of loading and specimen
size diminished until at approximately 30% porusity,
they were inseparable from the background noise due
to the inherent biolegical variations and therefore
they become statistically insignificant,

Many of the mechanical respensas of cancellows
bone are strongly influenced by the structural
arrangement of the diploé. Thus in these tests
properties such as compressive strength and modulus
are sturctural properties and the large values of
the standard deviations observed for these prop-
erties are primarily due to variations in the
porosity and internal arrangement of the traebecu-
lae. The similarities of the properties and
histology of compact bone indfcates that a single
materfal porous block model is justified as a first
approximation in describing the relation between
structure and mechanical respense. Relating the
vatue of a property to the density raised to some
power n and then determining n empirically provides
a means of incorporating in the modei many of the
structural elements that influence the response but
are too complex to be included in detail. The
model presented here fs therefore complex encugh to
explain quch of the property variation cbserved.but

much too simple to explaint he mechanisms invelvea.
The model shows that the modulus of bone 15 8Lirpax-
tmately croportional To the third power of the
density. Thus, small porosity changes in bore of
Tow relative density resvlt in only small changes
in strength and modulus wnile sralil ocrosity
changes in bene of high relative dersity result in
large changes in strenginh and modulus. T-e poro-
sity distribution in a given samcle of bane 15 suth
more significant in its effect &n strensih end
modulus in bone of low relative density trzn in
bane of high relative dansity. OF interest 5 tne
fact that the homogenecus versics of tnis wede]
Fits much of Cobla's{i3) data an various zorous
ceramics indicating that tone is rot unijee in its
response to perosity variations.

The raterial properties fn the swall e fard-
ness, density and local comoression strenjtn bine
are not significantly different, The ciwunt and
distribution of the trabeculee nowiver is juite
variable and therefore the structural respomses
in particular the enargy absorpgicr, griss ctiff-
ness and damping charscteristics whicn are strongly
dependent on structure, will vary areatliy.

The strong dependence of stresjth on chysical
density and the relatively wgxh dzrendends on
optical density from roentgunsyrs FLERTES e
indicates that estisaies of stren baiel on
radiograph data should Lz made witn grest caution.
While the conclusion Could nave opeen rescned from
purely theoretical argurents it is cunfariing that
the empirical metheds utilized nere zuisirt it,
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