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At a recent bone densitometric meeting, where 1, as a ‘rudéhe spectrum. Nevertheless, even though it is the whole
mechanical,” had been brought in for light relief, 1 was bone that fails, it is convenient to start with material prop-
struck by the cheerful way in which people using noninva-erties.

sive techniques to try to measure the likelihood of bone

fracturing used the word ‘strength.’ The implication seemed

to be that there was a straightforward relationship betweeg!ress and Strain

strength and likelihood of fracturing—if a bone is not strong St b idered the intensity of f di
enough, it fractures. Although a fracture is usually easy to ress can be considered the Intensity of force, and 1S mea-
ured by force divided by the area over which it acts. A

recognize, the events leading up to the fracture may b ¢ ; " f t
different in different cases and, in particular, the propertie orce o on‘e new o,n acting over an area of one square meter
s called a ‘pascal.’ In bone, interesting physiological values

required of a bone in order that it should not fracture, that it . : -
nd to be in the region of millions of pascals [megapascals

should be ‘strong’ enough, may be different and indeed® L . .

sometimes contradictory under different circumstances. Th I?a)_].|8tr<';|n is the ?ropor:tl?nal change |n|flength that the_
aim of this review is to disregard the concepts that lie peMatenal undergoes, for whatever reason. I a specimen 1S
hind the word ‘strength’ so that these viewing bone in astretched by 1% it is said to be undergoing a strain of 1% or,

clinical context may have a better understanding of what i S |t-|s.often caI_Ied, 10’.000 microstrain. Sometimes the.ab-
involved. Of interest is bone fracture in general, not only rgwatlon for microstrainte) |s_thought of as some basic
with those of the hip and Colles’ fracture, which are tradi- Emt of stra;n,_as' a newtt.on.t(I::) IS a unlt.to f fo_ltﬁe' Howevirr],
tionally of interest in clinical investigations of osteoporosis. ecause sfrain is a rafio it has no units. (There are other

The concern here is with the properties of whole bones anéinds of stress and strain, such as shear stress, shear strain,

of bone material, not with such factors as propensity to falland bulk strain, but it is not necessary to consider them

neuromuscular coordination, thickness of soft tissues, etc.here') Given these concepts we can consider the important

properties of bone material (Fig. 1).

Failure ) _
Bone Material Properties

Nearly always the way in which bones fail, that is cease to
carry out their appropriate function, is because they brealStiffness

However, they may break because they are too flexible, not

resistant enough to static loading, or not tough enough of NS is usually measured as Young's modulus of elasticity,
fatigue-resistant enough. often denoted asE,’ but there are other measures. It is

The stiffness, static strength, toughness, and fatigue res]:tress diyided_b)I/ st:jaig in.tEat part.?f the curv;a thatis Iiénear.
sistance of the bonmaterialinteract with bone'srchitec- | aspeénmedn IS loaded wit .atefn3| € S”?‘S? 0 1.%0 MF;} (10
ture, that is, its large-scale structure, and if insufficient can”@ @nd undergoes a strain of 0.005, it is said to have a

) _ 0o —
cause failure. In cancellous bone the question of whetheYf 0uNg's r?]odulus of'l?) P‘Z/OI'OOS_ ?dxblolh Pa = .20. f
one is dealing with a material or a structure is difficult, and ©Pa. Such a Young's modulus would be characteristic o

cancellous bone should be considered to be in the middle ofiifl Pone. (There is a small terminological problem here.
‘Stiffness’ should really refer to a property of the whole

_ structure, and stiffness of the material as ‘modulus of elas-

Correspondence tod. D. Currey ticity.” Mechanicals frequently use ‘stiffness’ in both con-
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Fracture brittle; wood is not very strong, but is tough. Tough mate-
~— . .

rials are also much less weakened by flaws (such as iatro-
genic screw holes) than brittle materials. Tough materials
characteristically show a great deal of post-yield deforma-
tion (Fig. 1) which, though not accompanied by a great
increase in stress, allows the specimen to absorb much more
energy.

Yield

Load
(Stress)

Post-yield
energy

Fatigue

Elastic
energy M A stress that would not break a specimen if it is applied only
\ _ once may break it if it is applied many times. The loading

Tan" E Defgtrm_at'on damages the material in some way, so that eventually a fatal

(Strain) crack develops. Fatigue-resistant materials are insensitive to

Fig. 1. Typical load-deformation curve for a bone specimen peing loaded very often to stresses that are not much less
loaded in tension. The load divided by the cross-sectional area i§1an stresses that would break them

the stress; the deformation divided by the original length is the
strain. The initial part of the curve is more or less straight, and the

Young's modulus of elasticityH) is stress/strain in this region.

The angle t_hat this_line makes with the strain axis is YOUng_’SWhich Properties are Important?

modulus. Stiff materials have a steeper slope than more compliant

ones. The area under the curve is the energy absorbed by th . . .
specimen. After the yield point the bone becomes increasingl)ﬁ|I these properties have been describechasmalizedso

damaged but may absorb a considerable amount of energy befothat the specimen size and shape are not relevant. In the
it breaks. clinical situation, of course, there is no concern for the
material properties, but whether the whole bone breaks or
not and there is no concern for tiseressthat the bone is
texts, knowing that context will make the meaning clear.pearing in some part, but rather thead that it can carry.
However, here, at the suggestion of a referee, | shall usghe material properties and the whole bone properties are
flexibility” when referring to the whole-bone property, and inextricably related by the architecture of the bone. One
‘modulus of elasticity’ for the material property. ‘Stiffness,” bone will carry the same compressive load as another bone,
where it appears, will refer tmaterial properties.) even though its bone material is half as strong, if it has twice
the cross-sectional area. If bones do differ in quality of their
material it is not, of course, sufficient merely to know their
architectural properties; their material properties must also

Static Strength

This is the stress at which a material will fail if it is loaded P& known. _ _ _ _
slowly (the time to failure being greater than, say, 1/10 WO questions arise: Which of these properties are im-
second). It refers to the greatest stress, wherever it occurBOrtantin particular loading situations, and to what extent is
(Stress is usually not uniform throughout a specimen. FoPOne that is good in one mode good in another?
instance, in a bending specimen the stresses vary throughout

the specimen, some parts even feeling no stress.) The sta

strength of bone is about 150 MPa in tension and about 25%?6)(IbIIIty Versus Static Strength

I\::Pa_ m_c_orr(]j[_Jf:cessmn. r'll'he strengthdqf bdqfr;e IS a3_'SOtr_Op'CFIexibility itself is rarely of interest to the clinician. How-
thats, itis different when measured in difterent Irectlonsever, if the material in long bones is very compliant (com-

and if it is loaded in an unusual _dlrec'u_on may therefore bepliance is the opposite of stiffness) the bones may fail by
weaker than expected [1]. In life, things are usually_ areyler buckling.” This is the buckling that occurs when one
ranged, however,. o] that.they are loaded more or less in ﬂ}?ushes on the end of a long cane: it will deform sideways in
strongest (and stiffest) direction. a bow, and if pushing persists, the cane will break. The
important thing about this is that although the cane failed
Toughness because its strength was eventually exceeded, this failure
was made inevitable by the buckling, and this was a func-
This is a tricky concept, best thought of as the amount otion of the flexibility of the cane, not its strength. Such
energy a material can absorb before failure; this is usuallyailure is sometimes seen in young people, who have lightly
important in a fall. A large amount of energy is put into the mineralized bones, when they fall on an outstretched arm
specimen, and the question is. Can the specimen absorb if2].
It is a different criterion from static strength. The opposite  Material strength and material stiffness are often closely
of being tough is being brittle. Glass is quite strong, butrelated. The static bending strength of compact bone and its



J. D. Currey: What is Bone Strength? 207

modulus of elasticity are roughly proportional to each otherand the amount of bone present are related. This is clearly
(Young’s modulus being about 100 times greater than th@ roundabout, rough and ready way of determining the
bending strength [3]). The static compressive strength oftrength. If we are to obtain even the beginnings of an
cancellous bone and its Young’s modulus are also proporanalytical understanding of bone strength, there are other
tional to each other [4] again, though coincidentally, thethings to be considered.

Young’s modulus is about 100 times greater than the

strength. The reasons for these ratios are complex and not

properly understood, however, we should be thankful foflc@mpact Versus Cancellous Bone

these rules of thumb. One situation in which it is not enough to know simply the

amount of material present is when both cancellous and
Toughness and Fatigue versus Strength and Modulus compact bone are present in appreciable quantities. Imagine
of Elasticity a thin cylinder of compact bone, and two fatter cylinders of
cancellous bone, all of the same length and all having the

In general, the toughness of bone materiainigerselyre-  same amount of bone material. Suppose the relative densi-
lated to its bending strength and modulus of elasticity. Thusties of the bones (amount of bone per cubic centimeter) are
children’s bone material, because of its lower mineraliza4in the relative proportions of 1, 0.2, and 0.1 for the compact
tion, is weaker in static loading than adults’, but much betterand the two cancellous cylinders. Roughly, their compres-
at resisting impact loading [5]. The reasons are again conmsive strengths will be in the ratios of 1:0.04:0.01 because
plex, but they concern the fact that a stiff material is lessthe strength (and modulus of elasticity) of cancellous bone
able to rearrange itself around an incipient dangerous cradis roughly proportional to thequareof the density. If the
and is therefore less able to show a long post-yield region itross-sectional area of the bone material in compact bone
which stress does not increase much, whereas strain doeaded in compression or tension is halved (by erosion of

It is unknown how fatigue resistance is related to otherthe outer surfaces), its strength will be halved. However, if
properties, except in a general way. There is some indicathe amount of material of the cancellous bone is halved (by
tion that toughness may be good for fatigue. It is certainlyerosion of all the surfaces), then its strength will be reduced
true that the most highly mineralized bones in the bodyto a quarter. If one is dealing with a structure that has
around the ear, are particularly prone to fatigue fracturesignificant amounts of both compact and cancellous bone it
even though they are hardly loaded at all [6]. Another prob4s important to know how the mass is distributed between
lem in understanding how important fatigue is clinically is the two types. For the same general reasons, if bone is then
that fatigue may damage the bone material, producing mitost from the whole structure it is important to distinguish
crodamage and reducing its stiffness and static and impagiow much is lost from the compact bone and how much
strength, but not appear as a classic fatigue (stress) fracturgom the cancellous bone.
The eventual fracture will be attributed solely to the final  There are situations in which cancellous bone material,
event that causes failure. though good at preventing a bone fratarting to crack, is

Damage probably increases with age. Is damage necefot good for resisting crack travel. This is seen, for instance,
sarily bad? There is some evidence that under certain ciiin the horse metacarpal and metatarsal. The trabeculae un-
cumstances microcracking/damage may actually strengthederneath the joint surface are arranged excellently for stiff-
bone, certainly in impact [7]. However, damage makes theess and strength because they are longitudinal plates
bones less stiff and therefore hinders them in carrying ouéligned in the direction of loading, and as such, support the
their primary role, which is to be stiff structures, not bend-subchondral bone very well. The plates are attached to each
ing much or deforming when loads are placed on them. other by little cross struts. However, once the cortex is
damaged, the cancellous bone offers essentially no protec-
tion from further crack travel because the crack travels just
between one pair of plates, and the little cross struts are

Architectural properties are mainly what noninvasive meth-Snapped through easily, one after another 8]

ods measure. One knows more or less how much bone

material there is and where it is. An engineer would laughcompression Versus Bending

if asked to predict the strength (of whatever kind) of a very

complex structure like the proximal femur, given only the In considering the compressive loading of the cylinder of
information available to the clinician. What is generally compact bone, | implied that it did not matter much how the
made use of is the fact that proximal femurs are similar inbone was lost since the resulting strength would be propor-
their general shape, and when bone is lost it is lost in dional to the remaining cross-sectional area. This is broadly
somewhat similar pattern, so that the likelihood of fracturetrue, unless the cylinder becomes so slender that it is liable
is closely related to the amount of bone material thereto buckle. However, if the bone is in danger of fracturing in
Epidemiological studies then show how fracture incidencebending, it becomes very important to know where the bone

Bone Architectural Properties
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Diameters  Relative Relative  1/Relative as may occur in bedmaking. Almost nothing is known about

Area  Strength  Flexibility architectural properties that may differentially affect static

and fatigue loading. There is a study by McCubbrey et al.
2,1 1 1 1 [11] suggesting that the status of the parts of the vertebrae

that are significant in producing variations in fatigue resis-

tance are different from those producing variations in static
loading resistance, even though the loads were positioned

similarly. However, the effects were subtle, and it is prob-

ably true that, if the material properties are the same fatigue
2,15 0.58 0.73 0.73 resistance, or susceptibility, and static load resistance or
susceptibility are produced by the same kinds of architec-

ture. Of much more importance is the distinction between

static and impact loading.

1.66, 1 0.58 0.53 0.44 Impact Versus Static Loading

In talking about material properties | have mentioned that
the kind of bone that may be good at resisting static loading

Fig. 2. Diagram showing the effects of architecture on bending et S i
strength and flexibility (flexibility is shown as its reciprocal, so may not be so good at resisting impact loading; this may

that the lower the value in the table the more flexible the ba@g).  @lso be true of whole bones. Suppose we are interested in
is a cross-section of a hollow cylindrical bone, its cross-sectionaloading a bone so that it absorbs the maximum possible

area, strength, and flexibility are taken arbitrarily as un(iB). The . ;
wall thickness is reduced to half its former value, the bone beingamount of energy, yet no part of it is damaged (the stress is

eroded from the inside 1(C) the wall is eroded from the outside, @/ways less than the point marked ‘Yield" in Fig. 1). The

tﬂe r(esurl]ting cr_os?-sectional rriwea t;]eing) trr]]e tf,ame ast)jirialc;te htrick is to get as much as possible of the bone volume loaded
that (in the particular set-up shown here) the bone eroded from t : :

inside (B) loses strength and 1/flexibilitiessthan it loses area, s strongly as possible (Fig. 3). . .
whereas the bone losing the same amount of area, but eroded from The amount of energy that can be absorbed in the elastic

the outsideg(C) loses strength and 1/flexibilitynorethan it loses  region is half the maximum load times the deformation.
area. This energy is absorbed throughout the volume of the bone,
and although it will be the stress in a particular part of the
bone that will cause the bone to break, what is important is
is lost because, in bending, the strength is proportional thiow much energy the whole bone has absorbed up to that
the ‘second moment of area’ divided by the depth of thepoint. Suppose we have a radius of uniform structure along
section of interest. The point here is that in bending, bonéts length that can bear a static longitudinal load of 100 load
material pulls its weight much more if it is far from the units, and absorb energy of 100 energy units. We can think
plane of bending than if it is close to it. This importance of of the bone being divided into 10 segments, each of which

far-away bone is even more marked if it is flexibility that is absorbs 10 energy units and each of the cross-sections of the
likely to lead to failure, as in buckling. (Fig. 2). bone is stressed to the same extent (each segment must bear

Smith and Walker [9], and much work since [10], have the same load, of course, because the load must reach from
shown that the femoral expansion that occurs during aginggne end of the bone to the other). Suppose one tenth of the
although accompanied by thinning of the cortex, Compenlength of the bone undergoes erosion so that its cross-
sates, at least in theory, for the loss of cross-sectional are&ectional area is halved. What will be the effect on the load,
What is true for bending is also true, with a few of the and on the energy that can be absorbed? The load is obvi-
equations changed slightly, for torsion. In torsion, resistanc@us. Where the cross-sectional area is halved, a given load
to fracture is better if the bone material is situated well awaywill produce twice the stress. This segment will be the

from the central axis. These examples show that bone losgeakest link, and the total load that can be borne will be
will affect the likelihood of fractures resulting from com- halved even though the rest of the bone is fine. So, the static

pression and from bending differently. load the bone can bear will be reduced to 50 load units.
Now consider the energy that can be absorbed by this
bone with an eroded segment. At the load of 50 load units
Static Versus Fatigue Loading the small segment will be bearing half the original load, and
will be deformed to the same extent as before, absorbing 5
Falls induce high loading rates, and usually energy considinstead of 10 energy units. Each of the other nine segments
erations are paramount. Nevertheless, static loading may heill be bearing the same load as the eroded segment (50
important at times. For instance, osteopenic vertebrae mapad units) but, because they have the original cross-
fracture when subjected to high, slowly applied loads suctsectional area, they will be feeling half the stress, and there-
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P=0 P=50 In this discussion of impact loading, | have assumed that
0 the bone should not be loaded beyond the yield point shown
P =100 P =50 25 in Figure 1. If any part of the bone is loaded beyond this
0 10 5 25 point, then the properties of the bon&terial will become
of overriding importance, because the ability to stop a crack
0 10 5 25 starting, and then traveling, which is mainly determined by
" ; the long post-yield region shown in Figure 1, is a strictly
0 25 local property, showing itself in the bone’s behavior close to
. 10 5 the region where the crack is traveling. Zioupos [13] has an
25 interesting discussion, reasonably accessible to nonme-
0 10 5 25 chanical people, of the events occurring in fracture that are
10 5 ’ affected by bone’s toughness.
0 25
10 5 )
0 Conclusion
10 5 25
0 5 25 When the prediction of bone failure was mainly epidemio-
10 : . . ;
logical, based on relatively straightforward measures of the
0 10 5 5 amount of bone present and fracture incidence, the infor-
A 5 c 5 mation in this brief review was probably not of great im-

portance to the clinician. However, as methods of noninva-

Fig. 3. Diagram showing energy distribution in a bone made of 10gjye characterization of bone become more sophisticated,
segments, loaded longitudinally. The number in each box is the

amount of energy absorbed by that segment when the bone 8Nd hopes of more accurate prediction rise, they will be-
loaded by the load P. The lengths of the boxes indicate the apcome increasingly important. The clinician is concerned

proximate relative deformation, although these are greatly exagy indivi i i i
gerated(A) The bone is unloaded. Total energy absorbedB). Gwith the individual patient, not a class of patients sharing

The bone is loaded so that it is stressed uniformly to its maximumSOMe characteristics, and might reasonably hope that more
Total energy absorbed: 10QC) The bone is reduced in cross- sophisticated diagnostic methods will lead to a better un-

sectional area to one-half its original value over its whole 'ength-derstanding of the needs of the individual patient. If this is
The maximum strain remains the same agB, but it can now )

bear a load of only 50. Total energy absorbed is(80.The bone {0 come about it will be necessary to have a much clearer
is reduced to one-half its cross-sectional area in only one segmentiew as to what causes the various kinds of fractures in the

Because this is the weakest link, the bone can bear a load of on ; ; ; 2 e ;
50, and the remaining fatter segments are less stressed and Iclab'{srs?t place. Is it fatigue, or impact (or both)? Is it the loading

deformed than in(B) or (C) and so absorb less energy. Total IN bending, or is it longitudinal (or both)? Does the differ-
energy absorbed: 27.5. ential mode of loss of material from cancellous bone in men

and women have any differential effect on strength? In the

consideration of individual patients, the ability to obtain a
fore will only deform half as much at this load. Therefore, decent measure of bone quality will be increasingly needed.
since energy is proportional to load x deformation, each on®oes the measure of the amount of bone mineral in this
will absorb one quarter of the energy, that is, 2.5 energyolume of bone refer to uniform material, or are there small
units. So, the bone as a whole will ablsdr x 1/2 x 10 + 9  regions of crack-inducing hypermineralization present? Is
x 1/4 x 10, which is 27.5 energy units. If the bone had allthe collagen in the bone of this patient more or less de-
been eroded to the same extent it would have borne 10 x 1/@raded than in those of people of a similar age? There is no
x 10, which is 50 units. In other words, understressed bondoubt that sophistication will bring a new set of headaches.
actuallyreducegshe amount of energy that can be absorbed,
though it has no effect on the load that can be borne, which

is solely determined by the weakest link. Acknowledgmentsthank Claus Glueer for inviting me to speak at
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