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ABSTRACT

Trabecular bone was studied both microscopically using
metallographic techniques and mechanically, under cyclic sinu-
soidal loading at low strain-rates and small deformations.
Special attention was paid to the function of trabecular bone
as a stress distributer and shock-absorber, and to the relation-
ship between structure-property changes in trabecular bone and
the etiology of osteoarthritis.

Under conditions of very small deformation and low strain-
rate, trabecular bone from the human knee behaves purely elas-

tically in the low audio range, except at several sharp frequencies

where it exhibits marked viscous behavior. These resonances are
believed to be controlled by momentum-wave modes of calcium and
phosphorous atoms in the lamellae of the trabeculae. Trabecular
bone therefore can serve as a filter to reduce the amplitudes

of certain frequencies present in force waves transmitted through
the human skeleton. The elastic behavior is consistent with
accepted rheological models for cortical bone, which is assumed
to be the constituent material of trabecular bone.

The elastic modulus of trabecular bone is roughly 102 psi.
The meodulus varies about this value depending on the structure of
the bone in the following manner: If the structure is comprised
of uniform sheets of bone, the moduluz iy inversely proportional
to the contiguity of the cpen spaces between the sheets. If the
structure contains patches of dense bone, the modulus is prepor-
tional to the volume fraction of bone. The uniform structure
deforms elastically by a plate-bending mechanism; the nonuniform
structure deforms in a plate compression mode.

A model for trabecular basle is developed to investigate the
mechanical behavior of the regjon just beneath the cartilage in
the human knee. The stresses in the structure are calcul. ced for
a pbysiological static load using the finite-element method. In
certain areas of the structure, the ultimate tensile and compres-
sive strengths of the constituent material are exceeded. The
modulus of the structure varies locally by a factor of ten. An
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increase in thickness of a trabecula from 0.003 to 0.005 inch, as
through normal remodelling, results in a fourfold increase in
modulus.

Fracture is to be expected in trabecular bone. Buckling as
well as Griffith-type brittle fracture are considered. Micro-
fracture has been observed in samples of trabecular bone from
rabbits and humans. It is reasoned that fatigue fracture is the
most important mode of fracture in trabecular bone, and thgt the
fatigue life of certain areacs in the model is less than 10~ cycles.

A proposed etiology for osteoarthritis is developed from
studies of structure, properties, and cartilage degeneration in
a group of twenty patients. Early arthritic joints contain tra-
bacular bone that is significantly stiffer than that in normal or
advanced arthritic joints. This stiffening is due to remodelling
of the sheets of bone to resist the plate-bending deformation
resulting from slightly increased impulsive loading. The bone
remodels to decrease the contiguity of the open spaces. Increased
stiffness implied decreased deflections of the bone under stress,
and reduces its effectiveness as a shock-absorber. Under these
conditions the cartilage loses mucopolysaccarhides in the weight-
bearing area, the first sign of the disease. The cartilage is
severely damaged locally through increased punishment above dense
parches of bone that form and serve as regions of increased local
modulus as in the model. The bone subsequently undergoes fracture,
necrosis, and resorption, resulting in lowered stiffness and
progression of the disease.

Thesis Supervisor: Robert M. Rose
Professor of Metallurgy
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I. GENERAL INTRODUCTION

This thesis is part of a long-range study concerning the
structure and properties of bone and the degeneration of the
human frame, that has been undertaken jointly by groups in the
MIT Department of Mechanical Engineering and the Department of
Metallurgy and Materials Science. The work of the groups has
also focused on the mechanical properties of cartilage, bio-
mechanics of the human musculo-skeletal system, osteoarthritis,
studies of wear of prostheses, and design of prosthetic devices.
The work has been successful to a great extent because of the
interaction of engineers and doctors in solving the particular
problems encountered.

The impetus for this thesis was provided by a set of experi-
ments originally performed by Radin, Paul, and Tolkoff69 at MIT.
This work suggested that there may be a relationship between the
mechanical properties of bone in the joints and the development of
osteoarthritis. Unfortunately, the data obtained did not readily
land itself to interpretation, and their work on the structural
correlations did not show anything. Structure-property relations
being the forte of the metallurgist, the researchers called in
Rokbart M. Rose for consultation; and, later, I became interested
in the problem.

Experiments of the type perforined by Radin et al. are reported
in this thesis, in addition to further work on mechanical proper-
ties and idealized models for the bone, in an effort to determine
the validity of their findings and to place the structure-property

relations in better perspective.
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As in any work dealing with a biological system, it has been
necessary to take occasional liberties with engineering and science
in order to interpret results. It is hoped that the reader will
bear with this.

In the literature, trabecular bone has also been referred to
as cancellous bone, subchondral bone, and spongiosa. All of these
are synonymous. I have chosen to use the word "trabecular" be-
cause the definition of the singular noun "trabecula" best des-
cribes its true structure and function: a little beam; used in
anatomical nomenclature as a general term to designate a support-
ing or anchoring strahd of connective tissue, as such a strand
extending from a capsule into the substance of the ernclosed organ.83
Trabecular bone is typically found in the cranium, the ends of the
long bones such as the femur, the vertebral bodies, and any place
where the mechanical function deems this bone necessary.

Section II of this thesis describes the structure of differ-
ent types of bone, and the different techniques preferred for
microscopic study. The sections that follow deal with the inter-
relations between the structure and the mechanical properties.
Section VI attempts to synthesize the data and to relate the con-

clusions of the previous sections to the behavior of bone in the

human body.



II. TECHNIQUES FOR THE STUDY OF THE STRUCTURE OF BONE

Introduction

Recently the identification of three-dimensional structure

1 Raf-

from single sections of biological samples was discussed.
erence was made to the opacity of metals and the consequent nec-
essity of using reflected-light microscopy (metallography) for
studying the structure of metals and alloys. Since bone is

opaque and hard, it is also ideally suited for examination by
reflected-light. No mention was made of this; nc metallographic
sections were presented. Only thin sections were shown. Unfor-
tunately, most scientists in the biological and materials sciences
are unaware of how easily and effectively the metallography of

bone is accomplished.

There has ksen only sporadic use of metallographic sections
of bone in the medical literature. A recent study2 of fracture of
bone included metallographic sections. A renowned textbook on
histolcgy3 even shows a macrophotograph of a metallographic section
of a whole femur to illustrate the two major types of bone: cor-
tical, the dense bone of which the cshafts of the long bones are
comprised; and trabecular, the spongy bone present in the ends
of the long bones, the cranium, and the vertebrae. However, they
do not show any photomicrographs of metallographic sections.

The major prcblem with the most extensively used techniques
for studies of the microstructure of bone is tnat the structural
integrity is often not preserved. Th.z2 techniques involve grind-

ing a very thin section between sheets of silicon carbide paper.
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The samples are so fragile that artifacts are very difficult to
avoid. Another method requires decalcification of the bone to
render it pliable and subsequent slicing on a microtome. Again,
the structure is not preserved. The sample shrinks during decal-
cification, and structural components are often rearranged during
the remainder of the processing. Resolution in these techniques
is often poor. Features such as microfractures often do not

show up at all. In addition these methods are very time-consuming.

Materials and Methods

Trabecular bone was obtained at autopsy from the distal end
of the human femur (the knee joint), and cortical bone from the
midshaft of the femur. Samples for metallography were immediately
immersed in ethyl alcohol, and those for decalcified thin sections
were fixed in neutral buffered formalin. Samples for automicro-
radiography were obtained from the proximal end of the human tibia

(the knee joint) and immediately immersed in ethyl alcohol.

Metallographic Sections

After about two days in the ethyl alcohol, the fatty tissues
in the bone have been dissolved. The samples are then immarsed
in solutions of alcohol and methyl-methacrvlate monomer, under
vacuum, to get rid of any small bubbles of air that can get trap-
ped in the plastic during polymerization which is effected by the
combination of a catalyst (benzoyl peroxide) and ultraviolet light.
The whole process takes about a week. During this time, only
about one man-hour is required for twenty specimens. After the

methyl-methacrylate has fully polymerized, flats are polished on
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the samples by standard metallographic techniques:4 finer and
finer grit silicon carbide papers, 0.3 micron alumina in distilled
water, 0.05 micron alumina in distilled water, and finally an
alcohol rinse. No stains are used. The sample is ready for
reflected-light microscopy and photography immediately. The total
time to polish twenty samples is of the order of one hour, fre-

quently less.

Thin Sections of Decalcified 3Rone

The bone is fixed in the neutral buffered formalin for two
days. The samples are then decalcified in 25% buffered formic
acid for 16 hours. After embedding in parrafin, sections are cut
6 microns thick on a microtome. These are then stazined with hema-
toxylin and eosin and mounted on glass slides for observation
with the transmitted light microscope. The time expended in pre-
paring twenty specimens is typically ten man-hours over a period

of a week.

Automicroradiography

Thin sections, roughly 1 mm are cuﬁ from the bone embedded
in methyl-methacrylate. These are ground between sheets of silicon
carbide paper to a thickness of about 10 microns or less. Auto-
microradiographs are obtained and mounted on glass slides for obser-

vation by transmitted light.

Thin Ground Sections of Undecalcified Bone
Fresh bone is sectioned into 1 mm thick slabs. These sec-
tions are ground on silicon carbide paper to a final thickness of

6 - 10 microns. Stains can then be used on the sections, and the
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samples are ready for transmitted-light microscopy. Twenty
specimens can be prepared in this manner in about 3 hours. An
alternative method consists of first embedding the bone in
methyl-methacrylate to provide mechanical stability and then

sectioning and grinding.

Microscopy

The samples were all studied with a Reichert microscope
that has provisions for both reflected and transmitted light.
Unpolarized tungsten illumination was used for all samples.
Polaroid positive/negatives were taken with a green filter by
a variable bellows attachment fitted with a Polaroid 4 x 5
sheet film back. The transmissivity and reflectivity of the
samples and the sensitivity of the film were such that expo-~

sures of 15 to 200 seconds were necessary.

Results

The use of automicroradiographs is standard practive in
most medical research centers to determine the relative calcium
content of different areas of bone. The morphological features
that show up in trabecular bone through this technique are essen~
tially the position of the trabeculae and the lacunae, which are
spaces occupied by bone cells (osteocytes). The lacunae show up
as tiny holes in the trabeculae (Figqure 1).

Studies of decalcified sections of bone are also commonplace
in the medical worlid. The same general structural features show
up both in the metallographic sections and in the thin decalci-

fied sections. The Haversian systems, concentric rings of bone,
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lacunae, and canaliculi are evident in the cortical bone.
Lamellae and lacunae in the trabecular bone are also evident.
Osteoid (not yet completely calcified bone, or new bone) is
also identifiable. However, these features show up much better
in the metallographic sections (Figures 2 - 9). Thus, metallo-
graphic sections are preferred in studies of structural mor-
phology.

The lacunae in the ground sections invariably appear empty,
while the presence of osteocytes in the lacunae of the thin sec-
tions is verified. 1In all probability, the bone cells are
removed from the ground section by the polishing operation. One
of the easiest methods to ascertain if the bone is living or
dead involves determining whether or not the lacunae are occupied.
This proves to be very difficult in metallographic sections.
Therefore, the authors prefer to use thin sections for studies of
cellular activity. In addition, the soft tissues within the
Haversian canals and between trabeculae are retained in the thin
decalcified sections (Figure 9).

The excellent contrast in the metallographic sections arises
from the presence of slight relief ground into the surface as a
result of the variation in hardness of the various structural
components of the bone. An increase in resolution over the thin
section techniques results from the plane of zero thickness
of the metallographic sections. One of the basic principles of
stereology5 is that a bias in measurement of desired quantities
and a lack of resolution result from failure to observe a true

two-dimensional section. The thin sections actually have a
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Figure 2: Metallographic gection of human cortical bone. Trans-
verse section. The Haversian canals are the large holes
surrcunded by the concentric rings of bone. The
Haversian systems contain many lacunae. 165X
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Figure 3: Metallographic section of human trabecular bone.

Transverse section. The lamellar nature of the inter-
connected trabeculae is evident. The structure of

trabecular bone is clearly a system of interconnected
sheets. 165X
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Figure 4: Thin decalcified section of human zortical bone.

Transverse section, H & E stained. Haversian systems
and lacunae are evident. Some of the lacunae are

occupied by osteocytes. which appear as black dots.
165X
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Figure 5: Thin decalcified section of human trabecular bone.
Transverse section, H & E stained. The lamellae
and lacunae are evident. Some networks of soft
tissue are present in the open spaces. 165X



Figure 6:
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Metallographic section of human trabecular bone.
Transverse section. Notice the non-lamellar osteoid
present on the trabecula. The older bone in the
center is lamellar; the osteoid is not completely
calcified and therefore not lamellar. Lacunae are
evident in the osteoid. 330X



|

—_—



eyt




Figure 7:
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Thin decalcified section of human trabecular bone.
Transverse section, H & E stained. An area of osteoid
is separated from the older bone by a thin line and is
darker than the older bone. A proliferation of
osteocytes (occupied lacunae) is evident in the osteoid.
A few occupied lacunae are in the older part of the
bone. 330X



Figure 8:
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Metallographic section of human cortical bone. Trans-
verse section. The lacunae appear empty. A central
Haversian canal is at the upper left. The c@ncentric
rings of bone are evident, as well as the smaller
interconnecting canaliculi, which run outward radially

from the Haversian canal and tend i« connect the
lacunae. 1330X
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Figure 9:

30

Thin decalcified section of human cortical hone.
Transverse section, H & E stained. The lacunae are
occupied by osteocytes (black dots). The Haversian
canal with its concentric rings of bone and the
interconnecting canaliculi radiating outwardly are
evident. The soft tissue and blood cells in the
Haversian canal are retained. 1100X
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finite thickness of 6 - 10 microns. The metallographic sections,
even with the slight relief ground in, have a plane of polish
(the only plane observed) that approaches the two-dimensional
limit. Thus the metallographic section is very nearly a plane

of zero thickness. This is a very important consideration when
selecting a microscopic technique for quantitative measurements.
The metallographic technique is definitely superior in this
respect.

Thin ground sections of bone that have been stained and
viewed with transmitted light show the same general features as
the metallographic and the thin decalcified sections. For repre-
sentative photomicrographs, the reader is referred elsewhere.%’7
A severe drawback of this technique is the fragility of the very
thin sections of bone. Since the bone is very brittle, even if
it is embedded in methyl-methacrylate, artifacts such as cracks
are very difficult to avoid. Furthermore the undesirable effects

of finite sample thickness are present. Therefore the author

does not recommend this technique for structural studies.

Conclusions

Table 1 summarizes the relative advantages and disadvantages
of the use of metallographic and thin decalcified sections, for
the study of bone. The author prefers to use these two techniques
as complementary. For studies of the structural composition of
bone such as lamellae, lacunae, osteoid, canaliculi, and micro-~
fractures, he prefers metallography. If one happens to be

interested, for example, in locating the osteocytes to positively
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identify whether the bcne is living or dead, the thin decalcified
sections are used. The author believes that these two techniques,
if used in such a manner can reveal many more phencmena in bone

than either technique used alone.
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Table 1

Comparison of metallographic and thin decalcified sections

Thin Sections

1.

2=

Specimens viewed with
transmitted light.

Thin sections, 6
microns.

Process time-consuming.
Requires 10 man-hours for
20 specimens.

Samples must be decal-
cified.

Because of tissue shrink-
age during decalcifica=
tion, only relative
measurements (volume
fractions, etc.) can be
made without corrections.

Folding of the thin sec-
tion is often a problem.
Trabeculae can be rear-

ranged during processing.

As long as the features
to be studied are large
compared to the thick-
ness of the section,
this technigue will suf-
fice stereologically.

Details such as microfrac-
tures of bone are diffi-
cult to identify because
of thickness of section.

Orientation of the spe-~
cimen for cutting is
difficult after embed-
ding in parrafin. Un=-
certainties in orienta-
tion of the thin section
frequently result.

Metallographic Sections

Reflected light.

Bulk specimens with a single
plane of observation.

Much less time-consuming. 20
specimens c.n be dcne in 2 man-
hours.

Decalcification not necessary.

No apparent shrinkage. Absolute
(thickness ¢f a trabecula) as
well as relative measurements are
directly made.

Structural integrity preserved
throughout the process.

Plane of zero thickness is
mathematically superior. The
resolution on the metallographic
sections is thus much better.

These defects are easily identi-
fied if they are within the limit
of resolution of the microscope.

Specimen is embedded in a completely
transparent plastic. The plane of
polish con be selected with full
knowledge of its orientation.



Table, continued

Thin Sections

10.

12,

13.

14.

15,

16.

17.

Studies of three perpen-
dicular planes require
three separate slides.
Morphological studies
are thus difficult be-
cause of orientation
problems.

Serial sections are easily
taken and each indivi-
dually mounted for com-
parison or for future
reference.

Only soft tissue such as
decalcified bone can be
processed. Metal pro-
theses must be removed
before sectioning.

Stains necessary for
contrast.

Useful for studies of
cells such as osteocytes,
since these are stained
and retained in the
finite thickness of the
section.

Osteoid distinguished
from older bone by a line
of demarcation and slight
differences in staining
and cellular activity.

Useful for getting struc-
tural and cellular infor-
mation on bone with car-
tilage, or other soft
tissue, attached (see
cover)

Soft tissue between
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Metallographic Sections

Three perpendicular planes of
polish can be made on one spe-
cimen. The point where these
three planes meet can be studied,
thus facilitating studies of
morphology.

Serial sections can be viewed
by repeatedly polishing and
photographing, but this destroys
part of the specimen. Referral
back to earlier planes of polish
is impossible except through
photographs.

Studies of bones with metal
prostheses in situ are very
simple. Any material can be
studied metallographically. Bone
reactions to prostheses can be
studied with the appliance in
place.

Better contrast in general is
obtained without stains.

Cells are usually not observed.
They are probably polished off
of the surface.

Osteoid easily differentiable
from older bone on basis of photo-
graphic contrast alone.

Soft tissues generally do not
show up well.



35

Table, continued

Thin Sections Metallographic Sections

trabeculae (including
blood cells) can be
stained and studied.

18. Lamellar nature of bone Polarization not necessary.
visible and enhanced Lamellae distinctly visible.
by polarizing micro-
scope. Use of
polarized light will
increase contrast, but
not resolution.
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III. VISCOELASTIC PRGPERTIES OF HUMAN TRABECULAR BONE

Introduction

Rheology

Rheological models have been developed to explain the static
viscoelastic behavior of materials8-10, These models involve a
combination of a variety of the following elements: perfectly
elastic solid or Hookean body (spring), perfectly viscous sub-
stance or Newtonian body (dashpot), and rigid plastic substance
or St. Venant body (sliding weight). The characteristic mechanical

behavior of each of these elements is shown as follows:

a
AAN——>P €

-4—1
The Hookean elastic body is seen to deform instantaneously, and,

upon release of the load, the original shape is regained.

a

a I N\, p €
% - -~ /
7 %

The Newtonian viscous body is time-dependent; application of a load

does not result in instantaneous deformation but the strain is
proportional to the time of application of the load. The relation-
ship between stress and rate of strain in the Newtonian body

is expressed as GEQE%where n is the effective viscosity.

a

Og

>P
% FRICTION ¢

J]/777/7 777




37

The St. Venant body is used to explain plast;city of a material.
The symbol for this is a weight resting on a flat surface with
a solid friction between them. Below the yield point ¢, no
deformation occurs. When the stress becomes equal to Cp the
material flows indefinitely. When the stress is relaxed, the
deformation remains.

Combinations of these elements may be used to approximate
the mechanical behavior of real materials. When the elements
are combined in series, the stress in each element is the same.
If the elements are combined in parallel, the strains in each
element are identical. The Voigt model utilizes a spring and
dashpot in parallel. The response with time is exponential, and,

upon release of the stress, the strain gradually returns to zero:
e | L

— o  €re (1-e})

Y I -t

The Maxwell model uses a spring and dashpot in series. The initial
elastic deformaticn is due to the spring, the dashpot providing

time~dependent behavior. Upon release of the stress, a permaneat

e
B

The Prandtl model is used to explain the mechanical behavior of

set remains: Cf

5 —>p

the perfectly plastic body, which behaves elastically up to the

yield point, at which its behavior is purely plastic:
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A permanent strain remains when the stress is relaxed.

Previous Work

Much has been written on the mechanical properties of bone].'1
There have been some data12 gathered through static measurement
of such properties as Young's modulus, yield strength, ultimate
strength of bovine cortical bone as a function of strain rate.

Other studiesl3'l4

focused attention on mechanical properties of
human trabecular bone. These were tests conducted under large-
displacement static conditions; that is, the specimens were
placed in an Instron-type apparatus and strained to fracture, or
impacted to fracture. Reference to Appendix A shows that static
measurement of properties is questionable from a physiological
standpoint. There have also been recent studies utilizing ultra-
sonicsl® in the measurement of mechanical properties of bone16’17.
These tests give reasonable data, but the frequencies of application
of the small stresses are much higher than those encountered
physiologically.

18

A rheological model developed by Sedlin for cortical bone

utilizes combinations of the elements and models discussed above:

] e
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This model was developed to explain the results of different
static and cyclic tests *hat Sedlin performed on cortical bone
sections from the human femur. It must be emphasized that these
tests were large-displacement, high-stress tests; and it comes
as no surprise that a complex model is needed to explain the non-
linear behavior of cortical bone in these tests. The behavior of
the model below the yield point may be represented by the
following equation: B

¢=A%(1' c {/ﬁle)"’ ce

At low strain-rates,%ggo, the stress-strain relationship is

seen to be linear and time-independent, G=C€, This agress with
the experimental observation that the hysteresis loops close with
very low strain-rates. In this regime the response of cortical
bone is purely elastic.

There are only very small amounts of datal?® in addition to those
of Sedlin concerning the true viscoelastic properties of bone, and
this is only for cortical bone. The only data presented here are
sfatic stests in which a load is applied to the specimen and the
deflection as a function of time is recorded. These data are alsc
of questionable value in a physiological sense as they are an in-
dication only of the static or quasi-static properties of bone.

McElhaney and Byarszo

went so far as to entitle their paper
"Dy nanic Response of Biological Materials." The samples were not
really tested in a dynamic manner; they were merely static-tested
at a variety of strain-rates. It will be instructive to differen-
tiate here between these tests and true dynamic tests. For the

purposes of this thesis "dynamic" will refer to conditions of
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Theze have been dynamic measurements done on intact long

21 . .
has measured the ulnar resonant frequency using

bones. Jurist
an electromagretic force generator and plotting acceleration of
the bone as a function of frequency for the range 200 to 1000 Hz.
Campbell and Jurist?? have measured the mechanical impedance of
the femur using similar techniques. 1In both cases, the long
bones exhibited resonances corresponding to viscous (energy-
dissipating) response in the low audio range.

Swanscn and Freeman23

addressed the question of hydraulic
strengthening of bone, the effect of fluid in the open spaces
between trabeculae, up to 2 Hz. They measured no viscous component
in the elastic response either for a femur with empty inter-
trabecular spaces or for one filled with a viscous fluid. The
conclusion was that bone, both cortical and trabecular, behaves
purely elastically up to 2 Hz.

Reasonapble viscoelastic properties are usually measured ia
a small-displacement apparatu which gives data as a function
of frequency?4 The preferred m2thods of measurement of viscoelastic
properties generally involve application of a sinusoidal stress
and simultaneous measurement of the resulting sinusoidal strain,
paying proper attention to amplitudes and the phase angle between
stress and strain.

Fitzgerald25 has measured the viscoelastic response of inter-
vertebral disks at audiofrequencies. He gives justification for
the use of such a small-displacement apparatus and dynamic

measurement at audiofrequencies. Dynamic measurement can be

"expected to lead eventually to significant correlations with the
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cellular and subcellular structures of tissues, and perhaps even

to a quantitative measurement of the mechanical differences
between healthy and diseased tissue."26 High sensitivity and
precision are attainable in such an apparatus even at low stress
and strain amplitudes. Such an apparatus allows measurement of the
properties in the linear region of the response and are entirely
non-destructive., Appendix A gives additional justification for

the choice of dynamic measurement of properties at audiofrequencies.

General Theory of Dynamic Viscoelasticity27

It is instructive to recall the concept of an ideal elastic
material and an ideal viscous material, and to apply these to the
case of a material under sinusoidal loading. The ideal elastic
material responds to a stress with an instantaneous strain.
Furthermore, the strain is completely and instantaneously
recoverable when the stress is removed. The dynamic response of

an ideal elastic material is shown as follows:
‘.

*t
v 6(*) = 6;\4,\,_ sin wt

An ideal viscous material responds with delayed strain to an

applied stress. Under steady loads, the strain increases indefi-
nitely with time and remains when the stress is removed. For

sinusoidal loading the completely viscous dynamic response is

a
shown below: /j(< a(k)= Omax stinwk
— *

€(£) = €pay SRwk - 90°)

n
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Notice that the response of an ideally viscous material to an
applied sinusoidal stress is a strain 90° out of phase with that
stress.

Real materials, especially living tissue, generally respond
in a manner that is both elastic and viscous. Part of the strain

is instantaneous and part is delayed, as follows:

ﬂze o(X) = Ompx Sth wi
] } *

- :ﬁ;: fi(il) €MAX Sﬁﬂ@&ﬁt"Qb)

1]

wherecp is less than 90°. The equation for the strain can be

rewritten as:
E(X) = Emax ©5P Slhwk — Emax Sin ¢ coswt

E(L)= € stinwk — €"cos wk

Graphically, this can be represented as
o
el(

t

él

where € and 6" are the components of the strain in phase and
90° cut of phase with the stress.
The storage compliance, S' is then .defined as the strain in
a sinusoidal deformation in phase with the stress divided by the
e

stress, or S'= .

This represents the elastic part of the

compliance and is a measure of the energy stored and recovered per

cycle. The loss compliance, S" is defined as the strain 90° out
el

of phase with the stress divided by the stress, or S"= /éikx‘

A very useful parameter is the loss tangent, tan¢ , which is

dimensionless and conveys no physical magnitude but is a measure

e Tt VI A I it
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of the ratio of the energy lost to the energy stored in a cyclic

deformation. It is defined by the following:

S“
fan gﬁ
The storage modulus E' is the stress in phase with the strain

divided by the strain. The loss modulus E" is the stress 90° out

of phase with the strain divided by the strain.

" _ Q"
/ - &
t, E” z !:L_
E"
tancﬁ /E
Thus the complxances and modulx are complex quantities:

S;k== 5 +'1.5
E¥ - E'+ LE"

Although S*=1/E*, the individual components are not reciprocally
related, but are connected by the following equations:
" rx
5 B n 2
t tan” ¢
S“ = 'Jev

) t (tant @)™
In gemeral, the compiicznce for a viscoelastic material

decreases with increasing frequency. Thus, the modulus increases
with increasing frequency. The loss tangent generally increases
or decreases uniformly with increasing frequency, but occasionally,
like for polymethylmetbacrylate, the tan¢p function peaks (at

about 50 Hz, for example PMMA)?B

Resonance Dispersion

29,30

Fitzgerald has found that crystalline polymers; poly-

crystalline solids3lincluding metals32 and some single crystals33
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exhibit unusual response to cyclic mechanical stress under certain
conditions. More recently34 he has shown that biological materials
such as intervertebral disks exhibit this response; which is a
frequency dependence of the complex compliance that has the
characteristics of a resonance dispersion, illustrated schematically

for resonances at V, and V; as follows:

E*

| A
wV vy v

As depicted above, the loss modulus E" goes through a very sharp

maximum while the storage modulus E' goes through a maximum and a

minimum and can even go negative. Even a metal, which for all

practical purposes is purely elastic, can exhibit completely

viscous behavior at particular frequencies.

35 has presented a theory to explain such resonance

Fitzgerald
dispersions. In it he uses wave mechanics as the basis for a new
theory of deformation. The basis for this is the hypothesis that,
under mechanical loads, some of the atoms in a crystal move
through sections of the Crystal lattice as waves rather than as
classical particles. A macroscopic deformation results after

large numbers of atoms have moved through the.crystal. After a

wave mechanical treatment, he obtains the equation:

~ _h 2
Vp = 8m32%

where VP= a set of frequencies where resonances occur

h = Planck's constant
m = the mass of the atom responsible for the resonance
S = some geometric constant in the material (segment length)

an integer (1,2,3,...)

[t}
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Fitzgerald36 states that there is a preponderance of evidence tmht
S is about 10'4 cm in many cases of low audio frequency resonances.
Partide -wave modes have been measured in the low audio range for
metals known to have z dislocation cell size of 10~% cm. The
occurrence of these inelastic vibrations is shown to result from
the presence of net oscillating forces and torques acting on

lattice segments during particle-wave propagation.

Experimental Methods

Equipment

A viscoelastimeter was constructed to measure the viscoelastic
properties of trabecular bone in longitudinal compression. Schematics
and photographs of the complete apparatus are given in Figures 10
and 11. 1In the design of this unit, particular care was given to
the following:

l. The spécimens must be measurable when wet; that is, as
soon as possible after dissection and in a physiological
state of hydration. No cements can be used on the sample
because of this.

2. The viscoelastometer must be entirely non-destructive.
This means the utilization of small stress and small
displacements. High sensitivity is therefore necessary.
This ensures that‘the specimens, after measurement, can
be examined microscopically to obtain non-artifactural
structural parameters.

3. The viscoelastometer must have good response throughout

the low audio frequency range.
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Schematic of viscoelastometer used to measure the

viscoelastic properties of trabecular bone.
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As shown in the diagrams, an electi
capable of generating sinusoidal forces
used. A piezoelectric stress transducer
high rigidity and good frequency respon:
titanate zirconate variety because of tr
requirement. A piezoelectric accelerome
strain data. This was chosen because of
acceleration transducers compared to dis
transducers. In addition, the electrice
(frequency response, phase shifting, etc
of the stress transducer. The signals £
were fed into two Kistler charge amplifi
electrical characteristics) and subseque
produce a Lissajou figure. The polarity
such that, for a purely elastic material
stress were in phase. Thus the acceler:
shifted 180° with respect to the stress.

, . 2
fore displayed stress versus strain X W

discussion). Ampljitudes and phase relat
from the scope screen:37
Y
N4 —IB Sin ¢ :
II x

Both the stress transducer and acce
with a vibration standard that puts out
100 Hz. For the stress transducer, a kn

surface and the assembly placed on the v



49

F=ma, the known force applied to the transducer can be compared
to the voltage output for an accurate calibration. For the
accelerometer, the voltage output was .measured for the known
acceleration 6f 1l g rms applied. Both of these devices have a
flat frequency response over the range Qf frequencies used, so the
calibration at 100 Hz is useful for frequencies up to 5000 Hz
approximately.

The accelerometer was enclosed in a steel box to increase
its effective rigidity. A thin sheet of Saran wrap was placed between
the bone and the stress transducer to keep the moisture of the
sample from shorting the leads of that unit. The bone, stress
transducer, and accelerometer unit were clamped in a yoke assembly
against a heavy, rigid backing plate. The force generator was
ccupled mechanically to this yoke. The geometry was such and the
system was stiff enough that the stresses and accelerations
measured were those experienrnced by the bone specimen. The diameter
of the stress transducer was the same as that of the bone sections.
This transducer therefore giQes a good measure of the force on
the cross-section of the bone. The accelerometer measures the
acceleration of the bone-stress transducer interface, since the
stress transducer is so rigid that its strain is negligible (E=107psi).

The geometry is shown kelow:

/| -

RIGID 7 A\~BONE

waLL ] A IBl C B-sTREss TRANs.
g C-ACCELEROMETER

The applied and measured stresses were of the form:

e R gt ¢ e
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The accelerations measured were of the form
a(k) = - Bmax Sin (wk = ¢)
After two integrations, one obtains

x(£)= AKX sinfot -~ ¢)

2
Division by the sample thickness gives the strain

€(+) = i’:’l‘\; sinfwk - )

Notice that a change in sign of the acceleration a(t), which

corresponds to a phase shift of 180°, gives
alk) = amux Sinfwk -¢)

and division of both sides by fw? gives the strain. An oscil-
loscope display of ¢(t) versus a(t) is therefore equivalent to
o (t) versus Jw?é(t). It is obvious that measurement of the
acceleration a(t) gives an amplitude that is a factor of LUZ
greater than a measurement of the displacement x(t). Typical
stresses were of the order of 1 psi. Typical strains were of the
order of 10'5 or 0.001%. Subsequent microscopic examination
attested to the nondestructive nature of these measurements.

Unfortunately, the phase angle ¢ could not be measured if
it was smaller than abocut 3°. Measurements of very small values
of the loss tangent (less than 0.08) are thus impossible with
this equipment. Polymethylmethacrylate (PMMA) and natural
rubber were measured to ascertain if the equipment was perform-

ing as designed.

Material
The distal end of human femurs from four patients were

obtained at autopsy. Transverse sheets 5 mm thick were machined
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from the condyles (Figure 12A) on a high-speed cutoff wheel with
a coolant used to prevent heating of the bone. Parallel cuts
were easily made on the apparatus. 3/8-inch diameter plugs of
trabecular bone were produced from these sheets by turning the
sheets on a lathe with a very sharp cutting tool. The amount of
bone removed on each pass was small enough to prevent excessive
deformation of the cylindrical specimen. Figure 12B shows the-.
final sample of trabecular bone produced in this manner. In

all instances, the viscoelastic properties of the bone were
measured wet and within 48 hours of death of the patient.

A typical measurement consisted of placing a cylindrical
sample, with dimensions 3/8-inch diameter by 5 mm thick between
the stress transducer and backing plate, and recording manually
from the oscilloscope trace the amplitudes of stress and acceler-
ation and the phase angle. This was done in a frequency sweep

from 100 to 2000 Hz.

Results and Discussion

Viscoelastic Properties of Rubber and PMMA

Figure 13 is an oscilloscope photograph for the sample of
natural rubber at 2400 Hz. The phase angle here is 49°. Ferry>%
gives the loss tangent of natural rubber as approximately 1 over
tlie range of frequencies 100 - 2000 Hz. This is in good agreement
with the measurements in this study. There is more discrepancy
in the modulus as shown in Figure 14. This is attributed to the

necessity of clamping the rubber firmly in the apparatus, which

resulted in a compression of 50 - 100%. It is well known that



52

S BOTTOM
VIEW
MTEDIAL
f/FI)\é)\x/JT CONDYLE
LEFT
FEMUR
5mm SLAB

x 3/8H

Figure 12A: Femoral location of samples of bone used in this
study.

Figure 12B: Closeup of bone plugs used for viscoelastic
measurements.
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Pigure 13: Oscilloscope photograph for natural rubber at
2400 Hz. There is a phase angle of 499 between
stress and strain, the loss tangent beilng slightly
greater than 1. This shows considerable viscous
response.
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the mechanical properties of polymers change drastically with
preload.39 There is nevertheless good general agreement with the
data of Ferry in the dependence of modulus with frequency for
natural rubber.

The agreement of data obtained for PMMA with published data
is much better, as Figure 15 shows. The published values for
tan ¢ go from 0.1 to 0.04 at 100 and 1000 Hz respectively. The
experimental values for tan ¢ were not measurable on this appara-
tus except at 100 and 200 Hz, where the values agree with those
of Ferry.

The data presented in Figures 14 and 15 show that the visco-
elastometer constructed is capable of producing data consistent
with previously published data. The data for PMMA is much better
than that for natural rubber, since the viscoelastometer was
designed to measure properties of hard solids (such as PMMA and
bone) in a compression mode.

In comparison with the published data for the PMMA, the
modulus measurements from present equipment tend to be slightly
low, by perhaps a factor of 2 to 5. This could be due to slight
nonlinearities in amplifier response, or in the accelerometer
actually measuring stra.-s slightly larger than that in the bone.
It is possible that the backing plate of the viscoelastometer is
bucling slightly during testing, even though this was stiffened
by a heavy cast iron plate. Nevertheless, the two data points
for tan ¢ in Figure 15 show that the measurement of this quan-
tity is exactly where it should be. (Values of tan ¢ lower than

0.08 are unmeasureable on the oscilloscope.) Thus, even if the
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magnitude of the modulus as measured is low, the loss tangent can
be measured with some certainty if it is above a certain level.
Therefore, faith can be put in the data for the relative values
of the loss (viscous) and the storage (elastic) components of the

complex compliances or moduli.

Viscoelastic Properties of Trabecular Bone

The experimentally measured data for transverse sections of
trabecular bone from the medial condyle of human femur are given
in Figure 16. The data are roughly around 105 psi for the modulus
(storage). 1In plotting these data, resonances were avoided in
order to get an overall picture of the elastic component of the
modulus as a function of frequency. The phase angle between
stress and strain was unmeasurable over this range of frequencies.
An oscilloscope photograph for trabecular bone at 1000 Hz is
shown in Figure 17. The linearity shows that the phase angle ¢
and the loss tangent are close to zero.

The data for the elastic modulus of trabecular bone in
Figure 16 shows some spread around 105 psi, from a low of 0.8 X
105 at 100 Hz to a high of 1.5 X 105 at 3000 Hz. Note that the
spread of the values for the different specimens is roughly a
factor of 2 (the limits of the dashed lines in the figure).

This is ascribed to the extreme variability of structure in the
bone from the different patients (this will be verified in Sec-
tion IV;. (A most interesting discussion of the scatter in
mechanical properties data for human bone is given by Wall,

41
Chatterji and Jeffrey. ) These data were all measured away
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Figure 17: Oscilloscope photograph for human trabecular bone
at 1000 Hz. The linearity shows that, at this
frequency, trabecular bone behaves purely elastically.



,
‘--ﬂ
4
_aiusihen



60

from the resonant points encountered in the frequency spectrum
for the bone, and therefore show a linear response with fre-
guency. At all points the viscous component of the modulus was
zero (linear trace on the oscilloscope as shown in Figure 17).
This agrees with the conclusions of Swanson and Freeman dis-
cussed in the introduction.

The data obtained for the modulus of trabecular bone in the
femoral condyles compares favorably with the data of McElhaney,
Alem and R.oberts.42 Their data referred to vertebral bodies and
cranial bone and varied from 2.2 X 105 to 3.5 X lO5 psi res-
pectively. There is very little data in the literature in addi-
tion to this on the elasticity of trabecular bone. There has been
much work done on the compressive strength of trabecular bone,
but the elasticity data is sparse. It is well-known that the

6 .43-50 .
psi , and it

modulus of cortical bone is of the order of 10
is generally believed that the modulus of trabecular bone is an

5
order of magnitude lower. 1

Strain Rate Effects

It is of interest to note the strain rates used in this study.
The strains are of the order of 10”7 and are applied at frequencies
of 100 to 1000 Hz. The maximum strain is achieved in 1/4 cycle;
so the effective strain rates are of the order of 0.004 to 0.04/
second. These are very low strain rates by engineering standards.
The data presented by McElhaney and Byars52 and by Sedlin53 for
cortical bone show only slight strain rate dependence for these
strain rates at small strains. It is suggested that the increasing

modulus with frequency observed in this study is a reflection of
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the small strain rate dependence of trabecular bone. In addi-
tion, part of the spread in data at particular frequencies
could be due to the measurement of the modulus of different
samples at different strain rates but at the same frequency of
mechanical loading. Although care was taken to ensure that all
measurements were made under the same conditions (constant vol-
tage input to the force generator), the construction of the voke
and slight differences in geometry of the samples caused some
variation in strains (and therefore in strain rate) that was
unavoidable. If the yoke resonated at a particular frequency,
the stresses and strains produced in the viscoelastometer were
slightly higher than normal, although, from the construction of
the unit, only the response of the bone was measured and the
stress and strain were still in phase. Resonances of the yoke
were found only to have these strain rate effects. In retro-
spect, it would probably have been advantageous to have mea-
sured the properties at constant strain rather than at constant

input to the force generator.

Resonance Dispersion Measurements

The data in Figure 18 show the resonance dispersion spec-
trum for a sample of human trabecular bone (from the same group
used for the data in Figure 17) after a very careful frequency
sweep through the observed resonances.

The figure is necessarily distorted for clarity. Parti-
cular attention was focused on the relative levels of the vis-

cous and elastic components of the modulus at the resonant
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frequencies. These data are reproduced exactly. The elastic
component drops to zero at frequencies 1, 6, and 7; and it even
goes slightly negative at frequency 4. At each of these fre-
quencies it is interesting to note that the viscous component
climbs either above or close to the average value of the elastic
component.

Table 2A summarizes the frequencies at which resonance
occurred. Table 2B shows these frequencies separated into two
sets. If the ratios of the higher frequencies to the first fre=-

quency in each set are calculated:

v‘Cz /U|Q =)5.9 % 16 V+P/‘)IP =159 % ¢
VSQ/V.“ =93+9 V3plv)p = 94 = 9
vZflI Vlc; = 39 = 4‘ vZP /VIP = 385~ 4

one finds that, roughly, the ratios go as q2 where g is an
integer. The columns marked "calculated" are the set of fre-
quencies one would calcul-te from \h assuming a q2 relationship.
The agreement between the¢ 2xperimental and calculated values is
remarkably good. The equation governing this behavior is given
by:

» h_ g2

8m 52

Vp

from the introduction to this section. Since the mass of the
atom responsible for the wave modes appears in the expression,
one would expect a discrete set of frequencies for each type of
atom in the structure. Bone is approximately 65% inorganic
matter by weight, the major constituent being a type of calcium

phosphate, hydroxyapatite, with a formula similar to
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TABLE 2A

Frequencies of Resonance for Trabecular Bone

(from Figure 18)

1 145

2 203

3 570

4 780
1350

6 1900

7 2310

8 3230

TABLE 2B

Two Sets of Resonances

c a40 p31
Calc. Exp. Calc. Exp.
145 145 263 203
580 570 812 780
1300 1350 1827 1900

2320 2310 3248 3230
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Lcauo(Po+)é(oH)2154. The likely candidates for the observed
resonances would therefore be calcium and phosphorous. The set

of modes for each atom would then be as follows:

~ _h 2 z _h 2
\):Bcz. = 5;1_;51 % V%P 8MP5‘ %

Therefore, the ratios of the g modes for each atom would be:

q- 1 Viee: Vie = Mp Mg

%;n Unea * Ve = Mp Mece
The g=2 frequencies for calcium and phosphorus are 570 and 780,
respectively. Calculating the ratios:

Vpes : Vgp = 510 F8C - 0.%31

e : Mex © 3091 ¥.08 = 0.7#3
The agreement here is good, indicating that the choices of cal-
cium and phosphorous are probablyzcorrect.

Using the formula vz“_=-%£é%§u the value of S calculates to
2.96 X 1074 cm or roughly 10-4 inches. This corresponds (see
photographs in Section I of this thesis) to the thickness of a
lamella in trabecular bone. It seems highly probable that the
momentum wave modes set up in the lamellae of trabecular bone
by the calcium and phosphorous atoms are responsible for the
observed resonances. The slight deviations in the experimental
data from that calculated are probably due to a range of segments
lengths being responsible for the momentum-wave modes.
The data taken by Jurist and Campbell55 show that the femur

exhibits resonances at 100, 200, 700, 1200, and 3000 Hz. The

ulnar resonant frequencies56 are at 250 and 450 Hz., It is

suggested that, in addition to geometric considerations, the
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resonances observed in these intact long bones may be influenced
by the resonance spectrum of the trabecular bone present in the
ends of the bones. Thus, the overall mechanical behavior of the
long bones is probably controlled to some extent by the mechan-

ical behavior of the trabecular bone contained therein.

Conclusiong

1. The wviscoelastometer constructed for this study is capable
of giving good data for modulus and compliance, and excel-
lent data for the loss tangent.

2. Trabecular bone behaves purely elastically throughout the
frequency range 100 to 4000 Hz, except at several fre-
quencies where it sharply exhibits marked viscous behavior.
The elastic modulus for trabecular bone in the absence of
resonances is 10s psi throughout this range.

3. It is hypothesized that there exist two discrete sets of
resonant frequencies: one set for caleium and one for
phosphorous in the bone. It is highly probable that the
critical parameter S in the Fitzgerald equation corresponds
to a lamellar spacing in trabecular bone (approximately

1074 inches).
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IV. STRUCTURE-PROPERTY RELATIONSHIPS IN
TRABECULAR BONE

Introduction

Previous Work

The results of Section III indicate that there is a spread
in the data for the elastic modulus of trabecular bone, and that
a part of this spread could be due to slight differences in
structure of the trabecular bone. It is well-known57 that struc-
ture-property relationships exist for metals, polymers, and
ceramics. The only datass’59 that exist for trabecular bone
merely relates the compressive strength to the ash weight or
porosity (volume fraction bone). The data furthermore relate
only to vertebrae or cranial bone. There has been virtually no
work done on the relationship between stiffness and microstruc-
ture measured on a quantitative stertdogicalso basis. It has
been suggested61 that no simple correlation exists between volume
fraction bone and stiffness of human trabecular bone in the knee.

There has been much work done concerning the role of stress
in controlling the structure of bone.62 The basic rule governing
this is best summarized by Wolff's Law63: a change in stress
produces a change in structure. If the stresses in a bone
increase, the bone thickens so as to be able to support this
increased stress. If the stresses decrease, the amount of bone

present decr2ases because it is no longer needed. It is well-

known that bones lose mass through disuse.64
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Stereology
Several very important relationships have been derived to

aid in the measurement of stereological parameters. The most
basic65 is probably

VV = Lp,
which states that the volume fraction of a particular phase in
a structure is statistically equal to the fraction of a random
line that lies on cross-sections of that phase in a random two-
dimensional section. The second most basic66 is

S, = 2N,
which allows one to calculate the surface area of a phase per
unit volume by measuring the number of intercepts that surface
makes with a random line drawn on a random two-dimensional cross-
section. A useful extension of this is the contiguity rat1067

C. - 25"
toss P25

which is an indication of the average degree of contact of two
phases o« and P . Ct is the fraction of the tdal boundary area
of a phase X shared by particles of the same phase. The factors
of 2 arise because each «« interface is associated with 2 parti-
cles of X , but the aqg interfaces involve only 1 particle of p .
"The calculations of contiguity do not require any assumption as
to volume fraction, particle size, or particle shape."68 The
contiguity ratio varies from 0 to 1 as the phase X changes from

a completely dispersed state to one of complete agglomeration.
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Equipment

To facilitate the rapid and accurate measurement of the
moduli of different samples of trabecular bone from various
animals, an apparatus was designed to measure the relative stifi-
ness of specimens at physiologically meaningful frequencies.
Relative stiffness measurements have been generally accepted as
meaningful and have been in use for years in several different
types of apparatus.69

The following design criteria were observed in construc-

tion of the apparatus:

l. The loading must be of a <ynamic nature and at low
levels of stress and strain to avoid damaging the
bone and to remain in the linear elastic region.

(The advantages to these techniques have been dis-
cussed in Sections III and Appendix A.)

2. No cements should be used, since these can penetrate
the bone and change the properties. The sample should
be held in placé by a small static compressive load.

3. The particular frequency chosen for the measurements
should be physiological and well away from the observed
resonances in Section III.

4. The design must be simple and allow reproducible :x:a-
surement of stiffness in a matter of minutes.

In keeping with the above guidelines, an apparatus was

designed according to the following diagram:

P . T
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A
y r
F...g; 7 V3 V, Vi - <~—F
’ f Z
Element 3 7 2 ~ | b
st Element Elemen
ress Transducer Test 5]’ ecimen Force Generator

The sample to be measured elastically is clamped with a force
F between two rigid walls. A transducer is clamped between each
end of the test specimen and the wall. A sinusoidal voltage is
applied to the forcing transducer. Because all the elements are
assumed to be purely elastic, this can be equated as a ramp vol-
tage for 1/4 cycle with no loss of rigor. Since the transducer
is piezoelectric, it generates a ramp force that is picked up by
the stress transducer. This is an incremental force in addition
to the clamping force F. The stress transducer thus measures
the stress in the linear chain of three elements.

The forcing transducer is a very high-impedance (102{1) unit.
It therefore acts as a parallel-plate capacitor with the area be-
tween the plates filled by a dielectric. The capacitance of such

a unit is given by the follcwing:70

€, KA,
C = og (1)
]

Where €0 is the permittivity of free space, K is the diclectric
constant of the transducer material, A; is the cross-sectional
area of the transducer, and ﬂl is the length of the transducer
(the distance between the plates of the capacitor). The energy
input to the capacitor as a function of the voltage applied

between the plates is:71

o pA
E = LCV (2)
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If the initial energy state él of the transducer is taken as
that at zero voltage, then the energy state 8" after application
of the voltage is given by equation (2) and the energy change is:
£=¢-5"70-%ev?
€

Of course, the capacitor expands or contracts under the applied

(3)

r 2
Zt:V

voltage. The amount of this change in length,'Af. » is very small
compared to the original length Q, (10'5 and 1071 inch respec-
tively). Therefore the change in capacitance upon expansion or
contraction is neglected.

The energy term given by equation (3) must be equal to the
energy transferred to or work done on the material comprising
elements 1, 2 and 3. The force transducer expands due to the
voltage V, and the energy E. put into the transducer goes into

the strain energies of the three elements:
€ = E‘ + éz + €3 (4)

assuming purely elastic behavior of the three elements. Because
of the compressive preload F, when the forcing transducer expands,
it reduces its strain energy, and elements 2 and 3 increase their
strain energy. Elements 2 and 3 must compress when element 1
expands. The strain energy per unit volume of material is given
by:72 \
; Lo .1
€= 706 = 3F 3¢k (5) :
The three relationships in equation (5) are equivalent because

the modulus E equals '%E .

o R B
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The calculation of the terms in equation (4) is best facil-
itated by considering the state of stress of each element. For

element 1 the stress-strain reli}ionship looks like the follow-

ing: b atat €
Preload
Fl &
Cycll'(
a Stress
'}

The transducer expands due to the voltage V, and the O-€ curve
moves in the direction of the arrow. The term &, is given by
the difference in strain energies before and after expansion.
Following the convention used in deriving equation (3), EJ

is the strain energy before the voltage is developed, and 8”

is that after application of the voltage and the resulting expan-

sion. Therefore, one may write:
U cu
£,=& - ¢ (6)

The force in the system before the ramp stress develops is due

to the preload F; so the stress in any element is given by:

_ P
G, = AL

where Ai is the cross-sectional area of the element. Equation

(6) can then be written:

2 2,
1 (EVy - L (f- ~A V
8,: ZEl (Al> 1 ZE, A( 07/ | (7)
.AG;, is calculated from the change in length of the force
transducer,zsl', and is given by:
E,al,

(AO"=EA€.) {3)
L,

AY
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from equation (5). Substituting, and cancelling terms

AL \

The strain energy changes for elements 2 and 3 may be

calculated from the following diagram:
(3

Prdoa&I

Both these elements are compressed an amount in addition to

that due to the preload. The terms é& and Eb are given by:

€, = ZE,_\AJ Vo - z ( o') 2 (10)

2
2 /8Ny L [E
53= 2E; A;) V3 25_;,(/‘\3 +G) \/3 (D

In this case, O is the stress measured by the force transducer,

element 3. Cancelling terms,

_ 1 [2fc zj
£, T el il Vs (12)
( 2F¢c 2
= -~ ~— — + O- ‘] \/
E3 2E3L Az 3 (13)

The expansion of the force transducer has to be taken up by

the compression of the elements 2 and 3, so

A= €0, + €, (14)

{

3 .
= from equation

The amount these elements strain, E*_ , equals E.
A~

(5). Substituting in equation (14)
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o a
Al, = E;l; + ‘E';Q; - (15)

73
The modulus of the transducer material, E3 is 7.7 X 106 psi,

ﬂz is one inch and Q3 is 0.080 inch. Therefore the second term
in (15) is at least 3 orders of magnitude smaller than the first
term, assuming the modulus of the test specimen is of the order
of 105 psi. Therefore, (15) can be rewritten
Gigz

Bz
Substituting this term in (9) and (9), (12), and (13) in

Al £ (16)

(4), one obtains:

g - Fod, _E,Z\/;(o'k;_ )2_ Fol,

E‘l Ezll EZ
-0%V2 | Foly _ oy,
2E, [ 2E5
Cancelling terms, and substituting equation (3)
] 2 _ E.vt 2 QZ 2«-1— + O.sz FO’I;} ng
—CV = __0 (-— 2 2 -
2 El Eq ;ZEa

Multiplying through by E22 and rearranging

2
(c\ﬂ Fols -°"’3>Ez - Ve BV (k) o
E3 2E3 2 2 g,

The relevant terms in this equation are given in Appendix B.
The second two terms in the coefficient of E22 are negligibple
compared to the first. Solving the resulting equaticn quadra-

tically,
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2V, 4 _[(92Va)? 4<ch2) E'V'o-z(g'-_)z]

]

] 2
2+ ScV
In this equation, the first term in the numerator, and the first

term under the radical are negligible, leading to

e 2 2y EIEESE]T

2- scvt
This is the final equation for calculation of the modulus from

the experimental data.

Implications of the Operation of the Equipment

Notice that

E, & O (18)

The stress as measured by the stress transducer is thus directly
proportional to the modulus of the test specimen, all other things
being equal, provided the unknown modulus is of the order of 10
psi or less. Relative values for the moduli of different specimens
are easily obtained by measuring the stress level or voltage out-
put from the stress transducer for each sample and relating this
back to the values for the other samples.

It is interesting that equation {17) does not contain the
term F, Therefore the modulus measurements are independent of

the preload, if the modulus itself is linear. Furthermore, from

(17)

S
£, v : (19)
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A very important consequence of these relationships is that the
preload need not be reproducible, once it is above a level neces-
sary for good coupling of the interfaces between elements 1, 2,
and 3 and the rigid walls. In addition, the measurements need
not be made at the same voltage input, as long as this voltage

is noted. It must be reemphasized that these considerations

are true if the sample exhibits purely elastic behavior and if

its modulus is linear up to the chosen preload.

Experimental Procedure

Operation of Equipment

A photograph of the relative stiffness apparatus is shown
in Figure 19A. The clamping device was a vise with a free-
sliding clamp. The clamping force was applied reproducibly by
using a very accurate torque wrench, &nd closing the vise to the
same torque for each measurement. The clamping force-torque
relationship was obtained by measuring the spring constant of a
system of springs on the Instron in compression and then placing
the system in the vise and measuring the torque-displacement
relationship. A clamping force of 85 pounds was used throughout
this study because it was cnly slightly above the minimumforce
necessary for good coupling of the buffer-bone interfaces shown
in Figure 20.

The buffers were high modulus (106 psi) ceramics chosen for
their stiffness and electrical insulating abilities. The piezo-
electric transducers were of the lead-zirconate titanate variety

to provide high stiffness and high sensitivity. The electronics
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Apparatus for the measurement of relative

Figure 19A:
stiffness.

Figure 19B: Closeup of sample in place in relative stiffness
apparatus.
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were set up as in Figure 21, A photograph of a sample of bone in
place is shown in Fi~-ure 19B.

A frequency of 400 Hz was chosen for all the measurements
because of its physiological significance (see Appendix A) and
because this frequency is well away from the dispersion resonances
encountered (see Section III).

A typical measurement consisted of clamping a section of bone
between the two buffers, applying a 400 Hz, 134 volt amplitude
sigral to the force transducer, and recording the amplitude of
stress indicated by the stress transducer. (The stress transducer
itself had been calibrated through use of a vibration standard
and a seismic mass as in Section III.) This was typically done
several times for each sample of bone to determine the most repro-
ducible value of the stress output. The accuracy of measurement
of the stress was roughly 10%.

This deviation was probably due to repositioning the sample
in an area with slightly different properties from that of the
original area. The choice of a constant preload is necessary
because the mechanical behavior of bone is generally nonlinear.74
Part of the 10% deviation could therefore be due to slight irre-

producibility of the preload, since the modulus of bone is expected

to vary slightly with preload.

Material
The distal ends of human femurs were obtained at autopsy.
The left medial condyle was used for this study as shown in Figure

12A in Section III. The cartilage was cut off of the weight-
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bearing area using a high~speed cutoff wheel with a coolant to
avoid heating the sample. Care was taken to slice just beneath
the subchondral plate and to expose a small ring about 3/4 inch
in diameter of trabecular bone. A transverse section of tra-
becular bone was cut 5 mm thick just beneath the cartilage that
had been removed. A photograph of a typical sample of human
trabecular bone is shown in Figure 22. The buffers in Figure 20
were clamped in the center of the 3/4 inch ring of exposed tra-
becular bone. Care was taken to ensure that this area was indeed
the weight-bearing area of the knee. The relative stiffness was
measured only in this area for each patient used in the study.
The sections were then mounted and examined microscopically as
described in Section II. LL and NL were measured for each sample
so that the volume fraction bone, contiguity ratios, and trabe-
cular thickness and spacing could be calculated using relation-
ships in the introduction.

The right lower limbs of male New Zealand white rabbits
weighing between eight and ten pounds were loaded impulsively
with a force approximately equal to their body weight at a rate
of sixty times per minute for one hour daily. The reason for
doing this lies in Wolff's Law. By changing the stress in the
right leg, it was hoped that resultant changes in structure
(and properties) could be produced. The right leqg was held in
a polymethylmethacrylate splint so that its knee was in an
attitude of maximum extension. The dynamic force (which inci-
dentally contained a high frequency peak and a kroader peak

similar to the traces in Appendix A) was delivered to the splint
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Figure 22:

Human bone section just beneath cartilage. The
trabecular bone is evident in the center, with
a ring of thick cartilage surrounding it.
Approximately 1.5X.
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by a traveller connected to a motor-driven cam. The left limb
acted as a contrel, since it was held in an identical splint but
was not subjected tc the impulse loading. The apparatus was con-
structed so that the animal was suspended over the cam by a rack
which had holes in it for the extremities (see Figures 23A and B).75
Groups of rabbits were sacrificed at two day intervals for a
period of a month. Transverse sections 2 mm thick were machined
from beneath the left and right tibial plateaus. The relative
stiffness was measured for these samples on each rabbit. The
sections were subsequently mounted and examined microscopically
as described in Section II. Two of the rabbits were injected
with tetracycline in a dose of 1.4 mg/kg body weight intramus-
cularly every eight hours for two days, three days prior to
sacrificing. This was not administered to all of the rabbits
because of the reported effect of tetracycline on mechanical
properties of bone.76 Tetracycline is known to be deposited in
areas of new bone formation and it was hoped to be able to locate
the weight-bearing areas in the rabbit tibias through the use of
tetracycline fluorescence.

Several cats were also examined by the same techniques as
for the rabbits, after they had been impacted for a number of days.

Bone samples of the type used in this study have the advan-
tage of avoidance of edge effects. The cross-secticn is much
larger than the plunger used to load the sample. Unfortunately,
the geometric advantages are offset by an inability to calculate
a meanigful modulus. Relative moduli are easily measured. There-

fore the data for bone in this section are only relative. Samples



85

Figure 23A: Sketch of rabbits on impacting table.

The cams
rotate and cause the impacting.

Figure 23B: Detail of rabbit
with right and left legs
in splints. Only the right
leg received the impact,
the left leg serving as
a control.
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of similar geometry have been used for measurements of relative
. . ' 77
compressive strength of cancellous bone in the femur.

All Samples were measured wet, and within 48 hours of death.

Results and Discussion

Performance of the Equipment

To check the validity of the equations (17, (18), (19), and
(20) derived above, a piece of material one inch long with a cross-
section of 0.1 inch2 (a hollow piece of ceramic) was compressed
elastically in the Instron. The modulus at a strain rate of 0.05/
min was found to be 2.0 X 105 psi (just about at the upper limit
for the measurement of modulus in the apparatus). The modulus at
" 400 Hz as measured through direct readings of the stress and
strain by means of the slightly modified apparatus in Figures 24
and 25 was 5.16 X 105 psi. This apparatus utilized two phono
styli--velocity transducers--to give the information on the
strain in the sample. The subtraction of the amplitude of the
lower trace on the oscilloscope from that of the upper trace,
after one integration with respect to time, gives the relative
motion of the two ends of the sample, and consequently, the
strain. (This proved to be a very tedious and time-consuming
measurement and was the only measurement attempted on the modi-
fied equipment.)

The cyclic stress level in the relative gtiffness appara-
tus on the ceramic test sample was 0.58 psi. Using equation

(17) with the values in Appendix B and & = 0.58 psi,
E= 417 x 10° psi



Figure 24:
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Modified stiffness apparatus. This utilizes tWG
phono styli and a stress transducer to determine

the modulus of a test piece through direct mea-
surement of stress and strain.
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Figure 25: Schematic of moaified stitffness apparatus. Lock-
in amplifiers were necessary to retrieve the low-
level signals coming from the styli.
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This is in good agreement with the value measured on the modi-
fied equipment and is only a factor of 2 greater than the Instron
modulus. A possible explanation for this deviation is that the
modulus increases with increasing frequency (Section III).

The ceramic test sample was clamped with a preload of 85
pounds and the voltage input to the force transducer was increas-
ed over the range 0 to 70 volts. The stress from the stress
transducer, ¢ , was recorded for selected values of V. These
data are plotted in Figure 26. There is a linear relationship
here for V versus 6 , attesting to the validity of equation
(2) . The voltage input at higher levels gives proportionally
higher values of 0 . (In the case above V = 134v and 0= 0.58
psi. This point falls on the extrapolation of the line in Figure
26.)

Finally, the voltage input to the transducer was set at 134
volts and the preload was increased gradually from 0 to 150
pounds. The resulting stress level measured by the stress trans-
ducer is given in Figure 27 as a function of the preload F. Notice
that the value of O is constant after a preload of about S0 pounds.
At lower values of F there is much scatter in the data, indicating
coupling problems between the interfaces in the linear chain of
elements in the relative stiffness apparatus. After the coupling
is effected, the value of o is seen to be independent of F,
indicating that equation (18) is correct.

All of these measurements on the ceramic test piece show that
the equations governing tae behavior of the relative stiffness

apparatus are correct. The predicted dependence of V versus o

T T e s e
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Figure 26:
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Applied voltage versus stress level for the
relative stiffness apparatus.
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voltage for relative stiffness apparatus. O is
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below 50 pounds is due to interface coupling pro-
blems.




93

for constant E and the indeprendence of @ on preload are verified.
The modulus measured on this apparatus agrees with the static
vadue within a factor of 2, and with the dynamic value measured

on a separate apparatus within a factor of 1.25.

Rabbit Samples

The data for 28 rabbits is given in Figure 28 as relative
stiffness versus days impacted. The relative stiffness here is
the ratio of the modulus of the trabecular bone in the right leg
(experimental side) to that of the left leg (control side).
Notice that the data are generally clustered about a relative
stiffness (R.S.) of 1. Several rabbits in the period 0 to 20
days show marked stiffening of the bone in the experimental leg.
After 20 days, however, the points are not clustered near the
horizontal line representing a R.S. of 1. There is a definite
upward trend towards uniformly increasing R.S., as indicated
by the curved line beginning at 20 days.

Force traces obtained by strain gauging the splints of
the rabbits as they were run indicated that the forces applied
were not reproducible from cycle to cycle, or even from rabbit
to rabbit.78 There were additional problems encountered in
splinting the legs of the rabbits so they were held in an atti-~
tude of maximum extension. The scatter in the data is probably
due to these problems. Some rabbits received a more severe
impact than others. Therefore the mechanical properties of the
bone vary greatly from rabbit to rabbit although they were

impacted the same number of days in some cases.
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The data points in Figure 28 with the numbers beside them
represent samples that were examined microscopically to see if
there were any structural differences in specimens possessing
different mechanical properties. Samples 25 and 29 (Group A)
were selected as exhibiting no change in modulus from left to
right side (R.S. = 1). Samples 23 and 26 (Group B) exhibit
moderate changes (R.S. ¥ 1.4), and Samples 90 and 46 show extreme

- - dmme ITM ~ Y
propertieés (R.S5. = 2}.

changes in
To select the relevant area in the cross-sections to study
microscopically, the tetracycline-injected rabbits were processed
similarly to the rest of the group. Figure 29 shows a photograph
taken with ultraviolet illumination of the cross sections of the
tibias of one of these rabbits. The cross-section of the right
leg is glowing in a very localized region, while the left leg
seems to show no tetracycline fluorescence at all in the sub-~
chondral region. The flu. ‘escence is indicative of cellular
activity in the bone, and s_.ace Wolff's law predicts that bone
remodels in response to stress, this area of fluorescence should
be the weight-bearing area (the region of maximum stress) in this
rabbit.

When the cross-sections of the samples (the same cross-sections
as used for R.S. measurements) from Groups A, B, and C were exam-
ined, the structure of the trabecular bone seemed identical for
all of them, except in the weight-bearing region. Figures 30 thuyw
33 show typical structures in the weight-bearing area of the right
tibias of a control, a Group A, a Group B, and a Group C respectively.

There is good qualitative correlation here between R.S. and the
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Figure 29:

Left tibia Right tibia

Photograph of cross sections of left and right
rabbit tibias. Ultraviolet illumination. The
rabbit was injected with tetracycline. Areas of
new bone formation are shown to fluoresce. Only
the cortex in the control leg at left shows bone
growth. The subchondral region on the right side
(experimental side) also fluoresces, indicating
the weight-bearing area during impacting.
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Figure 30:

98

Photomicrograph of weight-bearing area of left
{(contzol) leg of rabbkit. Transverse Section.
Trabeculae appsar normal. 30X. (The black
spots are holes in the plastic mounting material
and should be disregarded.)
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Figure 31:

Photomicrograph of weight-bearing area of right
(experimental) tibia of Group A rabbit (R.S5. = 1).
Transverse section. This appears very similar to
the control in Figure 30 except for a small
amount of resorption. 30X
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Figure 32: Photomicrograph of weight-bs
(experimental) tibia of Gro
Transverse Section. Trabec
tion, and microfracture are




.ght
= 1.4).
resorp-

Figure 33: Photom
(exper:
Transv
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ight~-bearing area of right
of Group C rabbit (R.S. = 2).
Gross thickening of trabeculae




102

changes in structure of the trabecular bone. The Group A's

were virtually undifferentiable from controls. Group B's showed
such changes as thickening of trabeculae, callus formation around
probable areas of microfracture, and resorption. (The suggestion
is made that the resorption is due to the Law of Weinmann and
Sicher, discussed in Section VI. The spread of data above and
below R.S. = 1 in Figure 28 can also be explained through this
law. Soite rabbits received much more punishment than others.
Raesorption is expected in the former and lowered stiffness.)
Group C's showed the greatest changes of all. There were large
amounts of new bone formation, callus response to microfractures,
and the resulting trabecular thickening. No quantitative mea-
surements were attempted on the microstructures because there
were not enough trabeculae in the affected areas to get statis-
tically meaningful results. The qualitative differences between
the photographs in Figures 30 through 33 are striking just taken
at face value.

It appeared that, from studying the microstructures of the
cress-sections of the balance of the samples used for the R.S.
measurements, that there is extreme variability in the changes
that occurred. Massive areas of resorption were observed in the
weight-bearing areas of some of these rabbits. The trabeculae
seemed to be much thicker in these rabbits than in those not
exhibiting much resorption. It was almost as if the trabeculae
had thickened up as in Group C, and then tﬁe bone had died. The
resorption areas are an attempt to remove the dead bone and

replace it with new bone. This variability in structure and
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properties is believed to be due to the problems with impacting

discussed previously.

Human Samples

Condyles from twenty random patients were obtained at autopsy
for this part of the study. The only requirements for selection
were that the patients have no history of degenerative joint disease,
that they be less than 65 years of age, and that they be male
(Section VI). In such a random population, it is certain that the
patients will have very different 1life styles and different levels
of physical activity. The combination of this with differences
in body weight leads to the conclusion that the structure and
properties of the bone in the twenty patients will vary consider-
ably through Wolff's Law considerations.

Transverse planes of section were examined for the twenty
specimens that had been machined and that had had relative stiff-
ness measurements made on them. The same area was examined and
photographed as had been in contact with the buffers in the R.S.
apparatus. Several quantities were measured from these photo-
graphs: the volume fraction of bone present, the contiguity of
the holes in the bone, the average thickness of the trabeculae,
and the average trabecular spacing (or the number of trabeculae
per unit length). These data are related to the R.S. measured
for each sample in Figures 34 through 37.

The wide variation in the stereological quantities indicates
that the assumption that the bone from the random patients would

be different is verified. The R.S. data also show great variétion,
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Figure 36: Relative stiffness versus average trabecular
thickness for human trabecular bone.
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by about a factor of two. This, incidentally, correlates well

with the observation in Section III that the modulus as a func-
tion of frequency varies by a factor of 2 around the average

value (see Figure 16).

There is spread in the data for R.S. versus trabecular
thickness(tTltrabeculae per unit length (TLland volume fraction
bone(VVB°nél There seems to be a direct proportionality, never-
theless, between R.S. and thess quantities. There is less spread
in the data for R.S. versus contiquity of holes(bH),which is an
inverse relationship. If R.S. is plotted as a function of VvBone/
Cyr as in Figure 38, the scatter is even less. This suggests
that the Vy and C,y are more important parameters of the micro-

structure than t

T or TL‘

The microstructures of the twenty samples can be classified
as either uniform or non-uniform. The uniform samples had regular
arrangements of trabeculae and uniform thickness of trabeculae
(See Figure 39A). The non-uniform ones had regions with massive
areas of bone, where apparently bone growth had been accelerated
locally (See Figure 39B). If the R.S. versus CH is plotted for
the uniform samples, (See Figure 40), much of the scatter in the
R.S. versus CH in Figure 35 is eliminated. Similarly, if the R.S.
versus VV is plotted for the non-uniform samples (Figure 41), a
considerable amount of the scatter in Figure 34 is eliminate.

The correlation of R.S. with CH for the uniform samples

suggests a simple explanation for the mechanical behavior of

these samples of trabecular bone:
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Figure 39A: Human trabecular bone showing uniform micro-
structure. Transverse section. 20X

Figure 39B: Human trabecular bone showing non-uniform micro-
structure. Transverse section. Notice the patches

of dense bone, much thicker than normal trabeculae.
20X
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THE OBSERVED ELASTIC PROPERTIES OF TRABECULAR BONE ARE
DUE TO THE FLEXING OF THE SHEETS OF BONE THAT FORM
THE TRABECULAE.

When the contiguity of the holes decreases, the trabeculae are
kept from bending and buckling under the applied compressive load
in the same manner that a floor can be kept from sagging by the
placement of a beam under the floor. This is illustrated in
Figure 42, for the cases of high C_ and low C.. These diagrams

H H

show that, all things being equal except C the deflection All

HI
(high CH) is greater than the deflection 412 (low Cy) . Since the

applied force is the same in both cases, the resulting moduli

are as follows: i F[A . F4,
El - —ZEZ; - RA_I" /q, =‘€Z ) AQ,)AQZ
E, = F/A _ F4,
2 =

A'QZ/I‘_,. AAlz
Thus the conclusion is that:

. > E,
The area A is taken to be the same in both cases, and is the area
of the cross-sectional area of the rectangular solid containing

the low C,, structure. This is analogous to the cross~secticnal

H
area of a cylindrical sample of trabecular bone, and bears no
relationship to the actual area (or volume) of bone in the sample.
Figure 43 shows two idealized trabecular microstructures,
viewed in a plane normal to the applied compressive stress. The
first structure shows two test lines at right angles, one having
a Cy of 0 and the other a Cy of 1, giving an average Cy of 0.5.
The second structure shows two test lines each with a Cy of 0 for

an average Cj of G. Thus, as the value of Cy goes from 0 to 0.5,

the trabecular microstructures go from a complilete network to a
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Figure 42: Schematic showing that the modulus of the
uniform group of samples is controlled by
a plate bending type of deformation.
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igure 43: 1Idealized microstructures exhibiting contiguities
of 0.5 and 0. Transverse sections analogous to
photomicrographs shown elsewhere.
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system of parallel sheets of bone. The latter is capable of a
buckling deformation while the former is not. Figures 44A and
44B show actual microstructures of two human samples, the former
having a CH of 0.3 and the latter a CH of 0.1.

The correlation of R.S. with VVBone for the non-uniform group
of specimens indicates that the buckling is not as important as
for the first group. The buckling seems to be prevented by the
large, mechanically stable patches of bone. The mechanical be-
havior can be depicted as in Figure 45 for the second group,
with no buckling effects. The effective area is A in both cases
and is the cross-sectional area of the rectangular solid contain-
ing either of the two structures. All things being equal except
Vyr the deflection al, , is greater than 4592. Therefore, from
the reasoning above, the modulus of the low VV structure is
lower than that of the high VV structure.

The samples selected as being uniform did not have equal Vye
The vdriation in VV in these samples was about the same as for
the whole group of twenty samples. However, VV was unimportant
in influencing the R.S. in the uniform samples. An analogous
situation occurred for C, in the non-uniform samples. CH varied

over a wide range, but had no effect on the R.S.

Conclusions

l. The relative stiffness apparatus enables one to measure the
relative stiffness of two geometrically identical specimens
by obtaining the ratio of the stress levels produced in the

apparatus for each sample.
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Figure 44A: Human trabecular bone with a C, of 0.3. Transverse
section. 20X H

Figure 44B: Human trabecular bone with a C, of 0.l. Transverse
section. 20X H
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Figure 45: Schematic showing that the modulus of the
non-uniform group of samples is controlled
by a plate compression mode of deformation.
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The rabbits run on the impaction apparatus show significant
subchondral bone stiffening at day 20.

The sections of trabecular bone from the rabbits show increas-
ing stiffness with increasing amounts of bone in the weight-
bearing area. This bone reaction is due to Wolff's Law, and
is probably due tc callus reaction to microfracture and nor-

7 remodelling.

mal osteoblastic-osteoclastic

Sections of trabecular bone taken from the weight-bearing area

of the medial femoral condyle of humans show the following

structure-property relationships:

A. If the microstructure is uniform, the relative stiffness
is inversely proportional to the contiguity of the holes
in the structure.

B. If the microstructure is non-uniform (contains patches of
dense, thick trabeculae) the relative stiffness is directly
proportional to volume fraction bone.

The elastic behavior of trabecular bone can be characterized

as follows:

A. If the sample has a uniform trabecular microstructure,
the elasticity is controlled by the bending of the sheets
of bone that comprise the trabeculae. In the limit Cy = 0y
the elasticity is controlled by the bulk compression of the
bone.

B. If the sample has non-uniform microstructure, the elastici-

ty is controlled just by the compression of the bone with

no significant buckling behavior.

s e A

cara
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V. STRUCTURAL MODEL FOR TRABECULAR BONE

Introduction

Previous Work

The only work done on a structural model for trabecular bone
is that by McElhaney, Alem and Roberts.80 This model is used
only to explain the observed variations of modulus and strength
as a function of the density, and is applied only to the cancel-
lous bone in the cranium and the vertebrae. This work explains
that much of the standard deviation observed fcr properties is
due to variations in internal arrangement of the trabeculae. The
model does not account for these structural effects, and it is
semi-empirical. The data show roughly a linear relationship
between modulus and volume fraction bone. In developing this
model, the assumption was made that all bone has the same physi-
cal properties in the small. In other words, bone of different
types has the same microscopic properties but varying macroscopic

structure and resulting properties.

Structure and Mechanical Function of Trabecular Bone

It is generally accepted that the structure of trabecular bone
consists of a system of sheets of bone.81 Indeed, the photomicro-
graphs presented in this thesis show cross-sections of trabecular
bone to consist of interconnected sheets, a conclusion based on
the observation that their cross-sections of intersection with the
planes of polish are of the type to be expected when a sheet is
sectioned. 1In the vertebral bodies, trabecular bone is shown to
have rodlike and sheetlike morphologies under observation by

. 82
scanning electron mccroscopy. The SEM also reveals that the
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open spaces present in the trabecular bone are interconnected.

There has been much work done concerning the relationship of
structure to function for trabecular bone. The very word "tra-
becula" gives an indication of the functional role of trabecular
bone in the body: the Latin translation is "little beam."83
This definition suggests that the trabeculae act as small sup-
porting members in the bones.

It is generally asserted that the solidity of the skeletal
elements is obtained with a minimum of building material.84 Tra-
becular bone is typically present in the ends of the long bones.
The stresses in most skeletal elements are determined by the
loads exerted at the ends of these bones, i.e. at the joints.
Indeed, the joints serve as the weight-bearing areas of the
skeleton and also as the points of muscle attachment. The result-
ants of the body-weight loads and muscle forces usually diverge
from the bone axis so as to stress the bone in bending. The
function of trabecular bone is to support and direct the loads
and forces through the ends of the long bones to the shaft. It
is found through photoelastic studies that the trabeculae in
the long bones of humans are arranged in the direction of the
normal stress trajectories and therefore they serve an important
supporting and stress-directing function.

The structure of the human knee joint is shown in Figure 46.
The femoral condyles rest on the tibial plateaus and serve to
transmit the body weight to the lower leg. The condyles are
roughly cylindrical structures, and consist of a thick layer of

cartilage, a thin layer of cortical bone referred to as the
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Figure 46: Schematic of human knee joint. The cartilage
is very thick compared to a trabecular taickness.
The subchondral plate is roughly the same thick-
ness as a trabecula.
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subchondral plate, and the region of trabecular bone immediately
underneath the plate. The amount of trabecular bone present is
large compared to the amount of cartilage and the thickness of
the subchondral plate. The region between the cartilage of the
condyles and plateaus is filled with.synovial fluid, which
serves two functions: nourishment of the cartilage86 and lubri-
cation.87 The synovial fluid serves no mechanical function other
than 1ubrication.88

A mathematical model for the elastic properties of condylar
structures89 has shown that, under static conditions, the role of
the trabecular bone in the condyle is important in load-carrying.
In addition, 80 percent of the surface loading is transmitted
through the trabecular region. The subchondral plate, furthermore,
was found to be loaded with a combination of bending and membrane
stresses. The trabecular bone was shown to have maximum shear
stresses directly under the load in roughly a circular region.
Finally, from the differences in properties between cortical and
trabecular bone, it was concluded that the stresses in the trabe-
cular region are large compared to those in the cortical bone of

the shaft of the femur.

Computer Technique

The use of the computer to solve bio-mechanical problems is
not new. Probably the most recent use is a program for the
analysis of stresses in long bones.90 This allows calculation of
stresses and strains through the use of standard stress-strain

relations and the stress function Q'91,92 for a bone consisting of
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any cross-sectional shape and variation of cross-section with
length.

The use of finite-element techniques93 has led to a greater
understanding of mechanical behavior of composites.94'95 It is
also applicable to a number of other systems and lends itself
expecially well to the analysis of very complex structures.

The structural system is considered as an assemblage of idealized
elastic elements joined together at discrete nodes. Using the
direct stiffness concept, which allows adding together at each
node the stiffness coefficients of adjacent elements, a stiffness
matrix for the structural system is obtained. This matrix

relates the external forces acting on the nodes to the displace-

ments of the nodes:
{F}"' [KJ{J} (1)

An inversion of the stiffness matrix [K] allows calculation of the
influence matrix, which gives the nodal displacements [J} as func-

tions of the external loads acting on the structural system:

{61 =17 {F} (@

This is solved for the nodal displacements{gj'; and once the nodal

displacements are known, the solution is specified. Using the

same strain pattern that was assumed in derivation of the stiffness
matrix, one can derive the matrix of stress coefficients giving the

stress in a particular element as a function of the nodal displace-

{on} = [Snl{en} (3)

ments:
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A continuum, therefore, can be represented as an assemblage of
elastic elements joined at nodes as above, and the equations for
internal displacements and stresses can be derived using the
matrix techniques outlined. The finite-element method is in fact
a solution that minimizes the total potential energy of the sys-
tem.”©

The system used in the present study is ICES STRUDL 1197
developed at the MIT Civil Engineering Systems Laboratory. This
system allows the calculation of a stiffness analysis on a struc-
ture that is specified geometrically in conventional three-space.
The stiffness analysis is a linear, elastic, static, small dis-
placement analysis applying the finite-element method in an effi-
cient algorithm. It requires the specification of element pro-
perties in acceptable form and treats the nodal joint displace-
ments as unknowns. The analytic procedure provides stresses and
strains at the centroid of each element, and displacements and
reactions at the joints.

The plate bending and stretching element (PBST)98 is a six
degree cf freedom (six nodal unknowns), flat, triangular element
which considers both the in-plane and plate bending forces. The
gross results available for this element are displacements,
strains, stresses, and moments. The element formulation uses
the following displacement expansions: two for orthogonal
stretching in-plane, two for in-plane rotation, and two for bend-

ing displacements out~of-plane.
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Small-Deflection Theory of Flat Plates

The sclution of the structure involves the small-deflection
theory of flat plates.99 This assumes that the thickness h of the
plate is small compared with its length and breadth. In the
generalized theory of elasticity, there are six independent com-
ponents of stress necessary to define the state of stress of a
body and three displacement components to define its position in
space. Therefore a total of nine functions of x, y, and z are
necessary for solution of the elasticity problem, as shown in
Figure 47A. The small-deflection theory (plane stress) allows
the neglection of three stress components as being insignificant
6%.’U§z, and1;y, since the plates are thin compared to their
length and breadth. The remaining stresses vary over the thick-
ness of the plate. 1In order to avoid dealing with these distri-

buted stresses, one may represent them by their resultant forces

and moment couples. The stress resultants Ny, Nyy' and ny, and

the moment couples Mysr Myy' and Mxy are given as follows:
% Wa
No = | 42 ) Mxx=f xzdz (1)
"%
hA
Ny),/crdl (5) Myy fo—),z&,z_ (8)

k
ny :L‘/;nyﬂz (6) MX}/ f/ /C -}ii (9)

The stress resultants and moment couples are given in force per
unit length (lbs/in) and moment per unit length (in . 1bs/in)
respectively. The displacements in the x, y, and z directions
are given by u,, Vo, and w, respectively. The results of the

STRUDL II Analyses are given in the form of stress resultants,
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Figure 47A: Non-zero stress components for an infinitesmal
element of a sheet in plane stress.

Figure 47B: Stress resultants N and moment couples M of the
type calculated by STRUDL II.

Figure 47C: A state of stress in a thin plate resolved into
a bending component &y and a membrane stress dh.
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moment couples, and displacements. Strains are presented in a

calculation from the displacements. Reactions at the supports

are given as forces and moments. In addition, the angular rota-

tions in radians for each joint are given as three components

?x' ¢y' ¢z for rotations about the x, y, and z axes, respectively.
The problem for thin plates thus separates into two solutions:

the membrane problem involving N and the membrane dis-

xx’ Nyyr Nyy

placements ug, v,, W and the transverse bending problem involv-

o;
ing the moment couples Moo Myy, Mxy' These are illustrated

in Figure 47B. The general solution to the problem is then re-
presented by superpesition of these two solutions,looas in Figure
47C for a sheet loaded excentrically by a point load of P.

From equations (4), (5), and (6), the membrane stresses are

approximately given as follows:

Ox NXVH (10)
. N

Oy & »/h (11)
~ N

Ty = /h (12)

The loads for each member are just the stress resultants multi-

plied by the breadth of the plane:

Px “ NXX ) B {(13)

Py = Nyy b (14)

The stresses associated with the transverse bending of the

101
plate are given by the following expressions:
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Oy = —h—g.Mxx (15)

Oy = 3 Myy (16)

(17)

The maximum values of O, and T} , these bending stresses, are

at values of z =th/z, which is at the surface of the plate.

Effect of Stress Concentrators

The stress distribution in a thin plate is altered by the
presence of a hcle of any type. For an elliptical hole (Figure
48A) with semi-axis a (semi-axis in x-direction) and b (semi-
axis in y-direction), and stresses Og on the contour of the

02
hole are given by:l

SIN%@ +2KsIn*O - K2 cpsleo
SIn%8 + K2cos546 (18)

O'é-.:-

where O is the tensile or compressive membrane stress and k = g.

@ = 0 corresponds to the axis of application of O .
The bending moments in a thin plate are similarly altered by

the presence of an elliptical hole (Figure 48B). The moment Mg

103
along the contour of such a hole is given by:
r 2(1+v)(1-m)  m— cos26
= + e
Mo ML1 3+v mZ - 2mcos 26 + 1 (19)
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Coordinates for calculation of stress concen-
tration due to an elliptical hole in a thin
sheet from equation 18.

23 2b

g 7K

2
N 2b M

Figure 48B:

Coordinates for calculation of moment concentra-
tion due to an elliptical hole in a thin sheet
from equation 19.
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, , . -b . 1
where V 1is Poisson's ratio and =2 otice that —— = K).
son m = 33p (noti t 1im )
It is well-known that the stress concentrations around these
holes can lead to failure if the fracture strength of the material
around the hole is exceeded. The material develops a small unstable

fracture and then tears apart.

Griffith Fracture
Whether or not the local fracture leads to complete failure
is answered by the @riffith theory of fracture.104 According to
the theory, a local crack will propagate and produce failure if
an incremental increase in its length does not change the net
energy of the system,that is, the tradeoff between surface energy
created when the crack opens up and the elastic energy change
when the material strains locally. The critical stress necessary
for failure due to a crack of length c is given by:
- - ()"

e (20)

where E is the modulus and ¥ is the surface energy of the crack
surface. It is assumed, of course, that the fracture strength

of the material is exceeded at the edge of the crack.

Buckling
Another method of failure is buckling.105 This can occur in
compression of thin plates loaded uniaxially. The criterion for
buckling is basically as follows: "When slightly disturbed from
an equilibrium configuration, does a system tend to return to its
106

equilibrium position or does it tend to depart even further?"

The critical uniaxial compressive load for buckling of a plate
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. . . 0
with both ends clamped is given by:l 7

_ 4m2ET
P= 2

Where E is the modulus of elasticity, I the moment of inertia

(21)

of a cross-section and f the length of the plate. The value of

108
I for a plate is:

3
_ bh™
12 (22)
where b is the breadth of the plate and h the thickness. Sub-
stituting, 3
P~ T2Ebh
3L (23)

This is the maximum load that a plate can support in a stable
configuration.

It should be pointed out that buckling failure occurs under
compressive loads. Stress concentration failure may occur under
either tensile or compressive conditions. The critical area for
failure around a stress concentrator may change position 8 for
two identical plates with identical holes, one loaded in tension,
the other in compression, as shown by equations (18) and (19),

depending on the particular geometry of the stress concentrator.

Mechanical Properties of Trabecular Bone

The accepted value for the modulus of cortical bone is 2 X
109-112
106 psi (see Section IV). The strength properties for

cortical bone are approximately 20,000 psi in compression and

18,000 psi in tension. Poisson's ratio for cortical bone is

113

very close to 0.3. The compressive strength of cancellous
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bone is 500 - 1000 psi depending on where in the femur the bone

. 114
is talen.

Experimental Procedure

A structural model for trabecular bone was developed that,
it is hoped, best incorporates the salient structural features of
the real material and exhibits the same mechanical behavior, yet
is soluble through the use of finite-element techniques. 1In
developing this model, effort was made to have a structure very
similar to the trabecular bone in the human knee.

Similar to the model for cancellcus bone developed by McElhaney,
Alem, and Roberts,115 the assumption is made that the trabeculae
individually have roughly the same mechanical properties as cor-
tical bone, that is, a modulus of 2 X 106 psi and compressive
and tensile strengths of 20,000 and 18,000 psi respectively, and
Poisson's ratio of C.3.

It was decided to model a small section of trabecular bone
just beneath the cartilage in the distal end of the femur. The
model simulates the structure of the subchondral plate and the
trabeculae immediately beneath the plate. A photograph of the
model is shown in Figure 49A. It is instructive to compare this
with a photograph of the transverse section through the human
medial condyle given in Figure 49B. From studies of longitudinal
sections similar to that in Figure 49B, it is evident that trabe-
culae oriented perpendicular to the subchondral plate are the ex-
ception rather than the rule. Most of them are inclined at some

angle to the vertical. The model contains 5 vertically-oriented



142

The subchondral
1/5X%X

trabecular bone.
e plane at top.

Figure 49A: Model for
plate is th

se thin gection, H & £ strained. through
e showing cartilage at top right, the
ing trabeculae.

late.,
th the jdealized model above.

Transver
human kne
subchondral P
Compare this wi

Figure 49B:
50X



el
'

P



143

trabeculae to add structural stability and 4 inclined trabeculae
for investigation of the behavior of these elements. The vertical
trabeculae act as stiffer supports because of lower internal bend-
ing moments (the computer output verifies this). To reduce the
effective stiffness of the model to that of real trabecular bone,
it was necessary to have a slightly smaller vaone (larger tra-
becular spacing and thinner trabeculae) in the model as compared
to the real bone (see Table 3). It was reasoned that the mech-
anical behavior of the model should then be very similar to that
of the real bone.

The model is illustrated schematically in Figure 50. The
plane labelled 10 is the subchondral plate. Planes 1 through 9
are the supporting trabeculae, and plane 1l is a plane added to
simulate the lateral stabilizing trabeculae observed in longitu-
dinal sections of trabecular bone. In scanning many thin sections
of trabecular bone, it was decided to use a length of 0.1 inch
for the distance between the subchendral plate and the lateral
trabeculae, since this was about the scaled spacing between lat-
eral trabeculae in the human knee. The area of the subchondral
plate, plane 10, is 0.4 X 0.06 inches. To approximate the effect
of inclined trabeculae, planes 2 and 8 are inclined at an angle
of 24° from the vertical, and planes 4 and 6 at an angle of 37°.
Angles of this size have been observed in thin longitudinal sec-
tions. These inclined planes were included to investigate the
response of inclined trabeculae to applied stress. The portion
of the model below plane 1l is a mirror image of the structure

above plane 1ll, but is only one half of that structure. The ends
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TABLE 3

COMPARISONS BETWEEN MODEL AND HUMAN TRABECULAR BONE

MODEL

E, psi 105
Thickness of Trabeculae;

inches 0.003
Trabeculae/inch 22.5

Bone
VV 0.11
cHoles 0.5
Loading 100 psi

Properties of Con-
stituent Material

Same as cortial

UCS

UTS

bone

6
2 X 10 psi
20,000 psi

18,000 psi

= 0'3

HUMAN

0.003 - 0.0079

31.6 = 63.5
0.2 - 0.47
0.1 - 0.45

100 psi (estimated)

Unknown. But pro-
bably close to that
of cortical bone,
by assumption.
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of the supports are fixed in space. The model is thus symme-
trical about plane 5.

The trabecular thickness was chosen as 0.003 inches, just
about at the lower limit observed for the human patients studied
in Section IV (see Figure 36). The average trabeculae per unit

length in the model is 23 per inch as opposed to 30 per inch

for the human samples examined. The volume fraction bone in the
model is 0.11l. The lowest volume fraction encountered in the
human samples was 0.2.

A transverse section through the model just beneath the sub-
chondral plate reveals that the model has a contiguity ratio
Cy of 0.5 (see Section IV). The highest contiguity ratio in the
human group was 0.44.

The model was loaded uniformly on the subchondral plate with
a stress of 100 psi. This is based on an estimation of a weight-
bearing area in the human knee of 2 square inches and a body weight
of 200 pounds. It is assumed all the body weight is being carried
on one leg, for example, during walking. The thick layer of car-
tilage in the knee is capable of evenly distributing the load to
the subchondral plate,116 so the assumption of even loading of the
plate is justified.

The comparisons of the model to the real trabecular bone in
the human knce are summarized in Table 3,

To render the model soluble by STRUDL II, each of the planes
numbered 1 through 11 had to be broken up into triangular ele-
ments. Figures 51A and 51B show how a typical horizontal plgne

and a typical vertical plane were broken up. The accuracy of
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the solution improves as the number of elements increases, but
the practical limitation on number of elements is economy, as the
cost to analyze a structure is roughly proportional to (elements).2
This model had 244 nodal joints and 414 elements.

All joints were free to move in three-space except the sup-
ports, (the bottom ends of planes 1 through 9). The joints at
these positions were fixed in space. This was necessary to render
the structure statically determinate.

Three analyses were made on the structure. The first was a
static stiffness analysis on the intact structure (INTACT). The
second (FRACTURE) was run with plane 6 removed to simulate a
fracture of a trabecula in order to determine the redistribution
of stresses in the structure. The third run (CALLUS) was made
with plane 6 back in but with a thickness of 0.005 inches to
simulate fracture healing and callus formation.

A program for a very simple structure is given in Appendix

C as an example of a typical run.

Results and Discussion

INTACT

The data from the run on INTACT revealed that, in the sup-
porting trabeculae just beneath the subchondral plate, the highest
bending moments exist where the trabeculae contact the plate.
Indeed, a free-body diagram (see Appendix D) on a trabecula in-
clined at an angle to the subchondral plate and loaded vertically
has bending moments as a functicn of vertical distance X along the

trabecula as follows:
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Mo = Pan o (5 -X) (24)

where P is the vertical load, L the length of the trabecula,
and o« the angle of inclination of the trabecula from the ver-
tical. This equation shows that a zero bending moment exists
at x = L/2, and that M is a maximum for x = 0 and L. Figure
52 shows a plot of the computer data for the bending moment
Myy for plane 6 as a function of vertical distance below the
subchondral plate. The maximum bending moment occurs at the
subchondral plate. The plot is not symmetrical along the length
of plate 6 because of effects of the transverse plate present
at the bottom and the inclined support beneath this. These data
generally agree with the prediction of equation (24).

Using the computer-generated data, and equations 10 and 15,
the average compressive stress (membrane stress) in the plate
is 2600 psi. The maximum bending stresses are * 5230 psi.
Therefore, on one surface of the trabecula, a compressive stress
of 7830 psi exists, while a tensile stress of 2630 psi exists on
the other surface.

Using equations (18) and (19), one calculates that the maxi-
mum stress and moment concentrations are at 0 =$90°, leading

to the following relations:

o"ez 0—(11'2'() (25)

o * o (1 +o.7<5K) (26)
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Figure 52: Bending moment M along plane 6 as a function

of vertical distance y beneath the subchondral
plate, plane 10.



152

For a membrane stress of -2600 psi and K = 2, Qg = -13,000 psi.
For bending stresses of 5230 psi and K = 2, Cpe= +13,500 psi.
Therefore on one surface of the trabecula, there exists a tensile
stress of 500 psi, while on the other surface, a compressive
stress of 26,500 exists, which exceeds the compressive strength
of the bone. Local fracture would therefore be expected to occur
at the end of the major axis of the elliptical hole on the com-
pressive side of the trabecula (the positive - Z side of the plane
in Figure 53).

The structure of trabecular bone is known to consist of sheets
with holes in them.117 The holes provide interconnecting passage-
ways for marrow and blood vessels. Therefore, the presence of
stress concentrators as above is to be the rule rather than the
exception. Local fracture would therefore be expected in the
real trabecular bone. Whether these local fractures widen to
cause a break in a typical trabecula is open to question. The
Griffith criterion for fracture could be invoked if the surface
energy of the bone-fluid interfaces were known (see Section VI).
There is some reason to believe that, whether trabecular micro-
fracture occurs by a Griffith mode, or by fatigue, it does occur
in vivo. (See typical examples of trabecular microfracture in
Figures 54A and 54B.) Callus reaction to the fractures indicates

that the fractures occurred in vivo and are not artifacts.

FRACTURE and CALLUS
Since some type of trabecular fracture is to be expected, in
unfavorably oriented trabeculae, the FRACTURE model was run to

show the redistribution of stresses and displacements occurring
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7 LOCAL
FRACTURE

Position of local fracture around stress
concentrator in an inclined trabecula.



Figure 54A: Trabecular microfracture in human bone. Slight
callus reaction evidant. 180X
24

Fexn,%l Pl
i 52

Figure 54B: Trabecular microfracture in rabbit bone. Advanced
callus formation is evident. 260X
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after fracture of a selected trabecula, in this case, plane 6,
which is the one in which the stresses are the highest.

Thickening of the trabeculae (probably following fracture)
in rabbits and humans of up to 50% has been observed in the
bone studies (see Figure 55). Therefore, the CALLUS model was
used to study the redistribution of stresses after a thickening
of a trabecula from 0.003 to 0.005 inches. A comparison of the
data for the three runs should give an indication of the redis-
tribution of stresses occurring after fracture and subsequent
healing.

Figure 56 gives the vertical displacements for positions
along plane 10 (the subchondral plate) for the three runs. Since
the ability of a sttucture to act as a shock-absorber (see Sec-
tion VI) is dependent on the deflections the structure undergoes,
it is evident that the shock-absorbing properties vary locally
across the subchondral plate. Shock-absorbtion is less above
vertical supporting trabeculae, and greater where the plane can
flex freely.

Figure 57 shows the local modulus on plane 10 for each of the
three models. The modulus was calculated by using only the ver-
tical displacements, Vo+ The local strain at the positions indi-
cated is given by:

€ = % (27)
where L is the total height of the model, in this case 0.15 inches.
The local modulus is given by dividing the stress, 100 psi, which

is imposed on the subchondral plate, by the local strain.
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Figure 55: Thickening of trabeculae in rabbit tibia. 97X
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Modulus Changes

The comparison of the local modulus at the same positions
for the INTACT, FRACTURE, and CALLUS models is indicative of the
effects of trabecular microfracture and subsequent callus forma-
tion on the local mechanical properties of the bone immediately
adjacent to the knee. Notice that, due to the geometric con-
figurations and resulting bending moments, the deflections were
positive in 3 positions. Even though a compressive load was
applied evenly on the subchondral plate, the compressive load
leads to local upheavals of bone in these positions.

In the INTACT model, the modulus (neglecting the values at
the ends of the model due to edge effects) varies from about 10
to 105 psi. The positive deflection in the center would pro-
bably increase the effective modulus of the whole structure to
about 105 psi. The modulus measurements in Section III were made
under conditions of uniform applied strain to the trabecular
bone. This is the method employed in measuring modulus of most
materials. 1In the model, the local moduli are calculated from
conditions of constant surface loading. The moduli determined in
this manner should have more physiological significance than
machine-moduli. 1In vivo, the stresses are uniform through the
weight-bearing area and the bone responds locally to the uniform
stress. Some areas of the bone are stiffer than others, but the
cartilage tends tc compress into the less stiff areas and away
from the stiffer cnes. Most of the local moduli are close to 105
psi, the value measured experimentally for trabecular bone in

Section III.
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In the FRACTURE model, the local modulus in the area above
the fractured trabecula is roughly a factor of 10 lower than the
same area in INTACT. The local moduli away from the fracture
are affected, due to changes in the deflection of the subchondral
plate. Some of these areas become stiffer than in INTACT.

After the callus has formed, the region of callus formation
is roughly four times as stiff as the same area in INTACT. The
areas immediately adjacent to the callus are roughly the same
mechanically as in INTACT, butsignificantly stiffer than in

FRACTURE.

Scresses in Trabeculae

Tables 4, 5, and 6 summarize the stress resultants and moment
couples in the areas of interest in the threse models. Positive
stress resultants are tensile. The convention for the moments is
shown in the figure accompanying each table. The stress situation
is seen to be worse in the subchondral plate than in the trabeculae.
The moments are higher, and the stresses are more often tensile
than compressive, ‘due to the sagging of the subchondral plate, in
the data for INTACT. For example, point 9 in Table 4 has tensile
membrane stresses of 730 psi and bending stresses of +8,700 psi.
In the presence of a circular stress concentrator, K = 1, the
tensile stresses become 2190 psi and the bending stresses are
t15,600 psi. Therefore, on the tensile side of the subchondral
plate, a tensile stress of 17,790 psi exists. This is very close
to the tensile streagth of the bone. It should be emphasized
that the stress concentrator in this case is a very mild one, a

circular hole.
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Applied Stress

ELEMENT NUMBER

8, ,9 10
-1 Jt e
+Mp 2
+Myg
TABLE 4:

33

63

93
123
153
183
213
279
286
291

298

310
315
322
327
334

INTACT

STRESS AND MOMENTS FOR INTACT MODEL

STRESS RESULTANT

MOMENT COUPLE

(1lb/inch) (in 1lb/in)
-6.1 -4.7 x 1073
-8.5 -3.6 X 1073
-7.8 7.8 X 1073

1.4 1.3 x 1078
-7.8 -7.8 x 1073
-8.5 3.6 X 1073
-6.1 4.7 x 1073

2.2 -6.0 x 1074

2.2 1.3 x 1072

2.1 7.7 x 1073

2.2 -4.8 x 107%
-1.7 1.8 X 1072
-1.7 1.8 X 1072

2.2 -4.8 x 1074

2.1 7.7 x 1073

2.2 1.3 x 1072

2.2 6.0 x 10”4
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lApplied Stress
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FRACTURE

TABLE 5: STRESS AND MOMENTS FOR FRACTURE MODEL

POINT ELEMENT -NUMBER STRESS RESULTANT MOMENT COUPLE
(1b/inch) (in 1b/in)
1 33 -6.6 -1.3 x 1073
2 63 -8.7 -4.4 x 1073
3 93 -2.5 1.5 x 1072
4 123 ~8.6 -7.4 x 1073

5 (deleted)

6 183 -9.8 1.2 x 1072
7 213 5.0 7.5 x 1073
8 279 2.5 1.3 x 1073
9 286 2.5 1.5 x 1072
10 291 2.4 7.8 x 107
11 298 2.5 -7.1 x 1073
12 303 1.3 2.8 x 1072
13 310 1.2 1.9 x 1072
14 315 1.4 -3.2 x 1072
15 322 1.3 1.8 x 1072
16 327 1.6 2.2 x 1072

17 334 1.6 -5.0 x 1073
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CALLUS

TABLE 6: STRESSES AND MOMENTS FOR CALLUS MODEL

POINT ELEMENT NUMBER STRESS RESULTANT MOMENT COUPLE
(1b/inch) (in 1b/in)
1 33 -6.2 -4.0 x 1073
2 63 -8.5 -3.6 x 1073
3 93 7.5 8.8 x 1073
4 123 8.7 1.4 x 1073
5 153 -7.4 -1.9 x 1072
6 183 -8.4 2.9 x 1073
7 213 -6.1 5.5 x 1073
8 279 2.3 -2.3x 1074
9 286 2.2 1.3 x 1072
10 291 2.2 7.7 x 1073
11 298 2.2 1.3 x 1073
12 303 -1.5 1.7 x 1072
13 310 1.4 1.4 x 1072
14 315 2.1 3.6 x 1073
15 322 2.1 7.2 x 1073
16 327 2.1 1.2 x 1072
4

17 334 2.1 -9.0 x 10
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In FRACTURE, the stress problems are even worse. The
redistribution of stresses and moments leads to increased
probability of additional localized fracture both in the
trabeculae and in the subchondral plate, as indicated by the
changes in stresses and moments for points 9 and 14.

In CALLUS, things seem to have returned to close to those
values in INTACT, even in the thickened trabecula. The increased
moment gives a maximum outer-fiber stress of 4550 psi, based on a
calculation involving a plate thickness of 0.005 inch., The com-
pressive stress is 2460 psi, leading to compression on one side of
the plate by a stress of 7010 psi and a tensile stress on the
other side of 2090 psi. These calculated stresses are similar
to those of the original trabecula. During the callus formation,
the defect that originally led to the fracture would probably

have filled up so that fracture would probably not reoccur.

Buckling Calculations

Using equation (18) for the critical buckling load, one calcu-
lates a buckling load of 0.356 pounds for the idealized plate.
The stress of 100 psi on the subchondral plate is distributed
evenly over an area of 0.06 inch by 0.4 inch. The total load on
the structure is 2.4 pounds. Since there are 9 supporting trabe-
culae, each must support roughly 0.267 pounds. This is below
the critical buckling load for an individual trabecula. However,
each trabecula does not support the same load, as shown by the
membrane stress resultants in Tables 4 through 6. The highest
load supported is that at point 4 in INTACT. The effective load

at this point is 0.51 pounds. The minimum load in any element in
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this trabecula is 0.45 pounds.. Thus, buckling of such a trabe-
cula is to be considered. Any trabecula with a stress resultant
greater than 6.0 lb/hl compression is a candidate for buckling.
The bending moments in the trabecula are such that (see Figure
52) the trabecula is deformed into a S. This tends to cause a
mode of buckling different from that predicted by eq. (21). The

2
fixity factor (coefficient of . EI') in equation(21l) varies

typically from 1/4 to a maximum of 4 for different configurations
of the plates.118 The calculations in this section for a fixity

factor of 4 can thus be regarded as an upper limit for the critical

load for any geometry encountered.

Other Considerations

Additional types of stress concentrators present in trabecular
bone could be of importance. The canaliculi, lacunae, and the
lamellar structures (Section II) are all present in the sheets of
bone. The canaliculi and lacunae are so small and localized, in
that they do not extend all the way through the sheet of bone, that
they would probably be of less importance. Lamellae that end in-
side the structure could cause obvious problems at their points of
termination, depending on the mechanical properties of the inter-
faces between the lamellae. These interfaces, however, could pro-
vide effective barriers to crack propagation, whether they were
fatigue or Griffith type.

It must be remembered that the model was only loaded with a
stress roughly equivalent to static body weight. It is to be
expected that, during walking or running, the peak stresses dev-

eloped will be several times this value.119 Therefore, the
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results presented in this section must be interpreted as minimum
calculations. If the stress on the subchondral plate is increased
by a factor of four, buckling of some trabeculae would be expected.
Furthermore, the stresses would be such that the ultimate strength
would be exceeded in the outer-fibers of the trabeculae even with-
out the presence of stress concentrators. This has great implica-
tion as far as fatigue life considerations are concerned (see
Section VI). The possibility of buckling and fracture suggested
for the static lnading will become a probability during abnormal
conditions of high stresses. The static stress of 100 psi applied
to the model is well below the compressive strength of 500 - 1000
Psi observed for cancellous bone as a whole. The possibility of
collapse of trabeculae due to overall stresses in excess of 500

psi should be mentioned.

Conclusions

l. A model for trabecular bone has been developed that is good
for exhibiting elastic properties under conditions of static
body~-weight loading. The elastic modulus of the model com-
pares very well with measured modulus of 105 psi for trabecu-
lar bone.

2. Some areas of the trabecular bone in the weight-bearing area
of the distal human femur are expected to show local variations
of up to an order of magnitude in elastic modulus. In some
places, upheavals in the subchondral plate are to be expected.

3. The ﬁembrane and bending stresses in the trabeculae are such

that, in the presence of mild stress concentrators, such as
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the holes in the trabeculae that allow intercommunication of
the marrow spaces, the tensile and compressive strengths of
the consitutuent material is exceeded. Fatique fractures and
Griffith-type fractures are thus a possibility.

Calculations of critical buckling load show that buckling is
to be expected in some of the trabeculae.

The bending moments and buckling behavior suppert the hypo-
thesis in Section IV that wn certain types of trabecular
bone (uniform trabecular bone, a description that the model
fits) the elastic behavior is controlled by the buckling and
bending of the sheets of bone that comprise the structure.
The role of the subchondral plate as a stress-transmitting
and supporting structure is demonstrated. The moments and
stresses in the subchondral plate are such that mild stress
concentrators, such as circular holes (lacunae, canaliculi),
are all that is necessary for local fracture initiation.
Under abnormal stresses, no stress concentrators would be

needed for local fracture.
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VI. SPECULATIONS ON THE ETIOLOGY OF OSTEO~ARTHRITIS

Introduction

Osteoarthritis
Degenerative arthritis, osteoarthritis or arthrosis, is a
disease of the joint that involves changes in the structure and
properties of the cartilage and the underlying bone. Bony spurs
often develop, as well as bone thickening (sclerosis) and cysts
in zones of pressure. Total disintegration of the joint often
results after years of suffering and misery. The joints most
often affected by osteoarthritis are those that bear weight (hip,
spine, knee) and the joints subjected to unrelenting muscle action
and muscle compression (finger joints).120
The degree of degeneration in a joint can be revealed by
studying the chemical makeup of the cartilage in the weight-bearing

121 One of the first detectable changes in the

area of the joint.
joint at the onset of osteoarthritis is loss of mucopolysaccharides
(MPS) from the cartilage. Longitudinal sections stained with
safranin red-0 and counterstained with methyl green show clearly
and geographically the distribution of MPS in the cartilage.
Normal cartilage (Group 0) exhibits MPS rather uniformly in the
cartilage all the way to the surface. Early arthritic joints
(Group 1) show slight MPS loss from the surface. Moderately
advanced arthritic joints (Group II) show moderate MPS loss and
occasional cloning of the cartilage cells. Advanced arthritic
joints (GrouplII) exhibit marked MPS loss associated with carti-

2
lage thinning, fibrillation, and frequent chondrocyte cloning.12
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The only work relating trabecular bone mechanical property
changes to osteoarthritis123 suggested that the stiffness of
Group I is significantly higher than either Groups 0 or II. An
additional conclusion that was dismissed as statistically insig-
nificant was that the stiffness of Group III bone is higher than
Groups 0 and II, but not as high as Group I. These measurements
have been criticized because of the mode of deformation of the
bone employed: dropping a weight on the bone plug to be mea-
sured.

The most recent hypothesis124 for the etiology of ocsteocarthri-
tis suggests that joints wear out by repetitive impulse loading.
The coefficient of friction of the cartilage is so low that rub-
bing is not a possible mechanism for wear. The mechanism proposed
for the process is that increased impulsive loading leads to Wolff's
Law (see Section IV) stiffening of the trabecular bone underlying
the cartilage. It is suggested that this remodeling occurs through
the mechanism of microfracture. Since the components in the joint
can be thought of as elastic elements in series, an increase in
stiffness of one element implies higher peak forces in other ele-
ments. Thus, the stiffening of the trabecular bone causes the
cartilage to receive more mechanical punishment and leads to car-
tilage degeneration. A similar proposal has been made by Frostlz?
in a discussion of the effect of changes in the elasticity of the

subchondral region on the function of the joint as a bearing.

Function of Trabecular Bone

This theory suggests the importance of trabecular bone as a
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shock-absorber. This role is very likely, since trabecular bone
i$ present in areas where such a function is important: the
skull, vertebral bodies, condylar structures in the knee, and

in the femoral head. The shock-absorbing abilities of trabecu-
lar bone were demonstrated as early as 1827 by simple experiments
involving the momentum transfer by collision of ivory balls. The
momentum was seen to be almost completely absorbed if a trabecular
bone ball was substituted for an ivory one. Articular cartilage
has been shown not to absorb peak forces, but to transmit them to

127,128 This in combination with the

the soft tissues and bone.
observation that the amount of trabecular bone present in the bones
is much larger than the amount of cartilage shows that the trabe-
cular bone functions as a shock-absorber in the joint, sparing the
cartilage from mechanical punishment.

A treatment of the purely-elastic shock-absorber shows that
the important criteria for shock-absorption are prescribed stiff-
ness and capability of experiencing a specified maximum deflection.
The helical spring is widely used as a shock-absorber because of
its capability of experiencing a relatively large deflection while
limiting the stress to a safe magnitude. The deflection seems to
be the most important criterion for shock-absorption. Damping, on
the other hand, serves to dissipate energy from a vibrating struc-
ture.130

It is evident that the shock-absorbing characteristics of the
human joint can be broken into two parts: (1) The elastic part

corresponding to the trabecular bone, which serves to limit peak

stresses, and (2) the damping part provided by the soft

129
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periarticular tissues, which serve as regions of energy dissipa-

tion in close proximity to the joint.

Usually the trabecular bone acts as an elastic shock-absorber.
However, if the gross compressive strength (500 - 1000 psi) of
the trabecular bone is exceeded by a peak force, massive col-
lapse will occur. In this case, to spare the cartilage and long
bones, the impact energy is absorbed by fracture. Collapse would
only occur in the weight-bearing region, and would probably ﬁot
extend very deeply into the subchondral region, because of the
functioning of the joint as a variable surface bearing. The
weight-bearing area would simply increase due to trabecular col-

lapse until the load is supported.131

Fracture in Bone

There have been some recent experiments done by Swanson, Day
and Freeman132 to investigate the pathogenesis of the bony spur
formation in osteocarthritis. The first step in the formation of
these osteophytes is the vascularisation of the normally avascu-
lar cartilage,133 the blood vessels entering either through the
synovial membrane or the subchondral plate. The experiments
were designed to examine the possibility that vessels enter the
cartilage through mechanically-~induced defects in the subchondral
plate such as microffactures, around the margins of the articu-
lar surface of the femoral head. The results are relevant to the
present work not because of their applicability to fracture at
the periphery of the cartilage surface, but because of the possi-

bility of fracture in the weight-bearing area,
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which the authors do not discuss. They also calculated the fatigue
life of cortical bone subjected to zero minimum stress (as opposed
to zero mean stress) of roughly 103 cycles at a maximum stress of
11,700 psi to 107 cycles at a maximum stress of 8,750 psi (Figure
58) . The measured stresses at the margin of the articular carti-
lage were such that, considering the natural turnover rate of bone,
fatigue fracture would not occur.

It is difficult to understand why Swanson, Day, and Freeman
made no reference to the work on fatigue fractures by Blickenstaff
and Morris.134 The general characteristics of fatigue fractures
observed by them clinically are as follows:

(1) Generally, involvement of the shaft of a long bone.

(2) Onset without violence.

(3) Frequently, association with prolonged muscle effort.

(4) Except occasionally in a metatarsal or rib, absence of

any audible snap or of any suspicion by the patient that
fracture has occurred.

(5) Usually, pain as the outstanding symptom.

(6) Liberal formation of callus and its subsequent development

into mature bone.

(7) Presence of variable degrees of accumulated fluid

in the tissue spaces.
The suggestion is also made that the affected bone may have some
defect in crystalline structure, trabecular orientation, or ground
substance.135

The effects of stress on bone are well known and may be general-

ly characterized by Wolff's Law (Section IV). Disuse or
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immobilization results in rapid osteoclastic resorption and
decreased osteoblastic activity. Overuse, as in the case of
fatigue fractures, leads initially to the resorption of bone.

n136 which

This is the so-called "law of Weinmann and Sicher
states that "increase of pressure or tension beyond the limits
of tolerance leads to the destructicn of bone by resorption.”
Increase in stresses within the tolerance limit leads to apposi-
tion of bone and consequent strengthening. .

137 performed on 30 patients with fatigue fractures

A study
in the thin posteromedial region of the tibial cortex approximately
10 to 12 cm below the tibial plateau revealed a partial disorgan-
ization (unraveling) of the collagen lamellar structure due to
stress on the bone and resulting elastic deformation and recoil.
These fractures occurred just beyond the last of the internal
bracing supplied by the metaphyseal cancellous bone. This area
is completely osteonal in adults but consists of circumferential
lamellar bone in teenagers. The remodelling from lamellar to
osteonal bone occurs between the ages of 18 and 28 years. Because
the lesion developed within the lamellar cortesx, the suggestion
is made that fatigue fracture may represent an acceleration of
the normal internal remodelling of circumferential lamellar bone
to adult osteonized bone.138

In summary, fatigue fracture, as characterized by Blickenstaff,
begins with excessive elastic deformation. Subsequent local re-
sorption of bone is followed by callus formation. In these unsup-

ported osteoporotic areas, if the mechanical stress is to great,

a gross fracture occurs.
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Fatigue fractures have been observed 1 to 2 cm below the
articular surface of the medial tibial plateau.139 The same types
of fractures have been diagnosed in the femoral neck, very close
to the margin of the articular cartilage, in patients from 20
years to over 60 years of age.140 These were gross fractures all
the way through the femoral neck.

Measurements of the work of static crack propagation in
cortical bone have been made by Piekarski.141 The work of fracture
(area under the stress=-strain curve) was equated to the surface
energy of the crack. This is not an equality. It is known that,
when a crack propagates, elastic energy is reduced in the area
of the crack, and this contribution goes to surface energy in
addition to the work done by the machine. Thus, the true values
of the surface energy should be higher than the fracture work as
measured by Piekarski. Nevertheless, using Piekarski's data, one
calculates typical values of the work for slow propagation of the
crack of 60 kg-cm/cmz. If the Griffith crack theory (Section V)
were applied, a critical crack length of 76.5 mm is necessary for
propagation. The Griffith theory therefore does not apply because
the critical crack length is impossibly large, and this is confir-
mation of the microscopic indications that the slowly-propagating
fracture is essentially a mechanism of pullout of fibers from the
organic matrix and not a Griffith-type brittle fracture mode.

This pullout is typical behavior of a fiber-reinforced composite
material. For fast catastrophic crack propagation, & is about
1 kg-cm/cm2 and C is 1.3 mm. Defects of this size exist in

trabecular bone, but not in cortical bone.
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Additional observations made by Piekarski were the following:

(1) The fracture tends to avoid Haversian canals and follows the
interlamellar interfaces and cementing lines.

(2) Blood vessels, canaliculi, and lacunae can act as crack
arrestors by blunting the tip of the crack which enters them,

(3) Non-critical cracks may nucleate at the tips of voids such
as canaliculi and lacunae, in addition to the critical crack
that is propagating.

Piekarski made no comments as to the behavior of the observed non-

critical cracks in a fatigue situation.

Experimental Procedure

The sections of cartilage that were machined from the weight-
bearing area of the medial femoral condyles of the twenty patients
in Section IV were fixed in neutral buffered formalin. They were
decalcified in a solution of 25% buffered formic acid, and longi-
tudinally sectioned. The thin sections were stained with safranin
red-0 and counterstained with methyl green and examined for degree
of degeneracy (Groups 0, I, II, and III). The relative stiffness
data from Section IV was used to see if any correlation existed
between stiffness and degree of degeneracy.

The autopsy reports, charts, and case histories of the twenty
patients were obtained and the specifics that might relate to
arthritis and mechanical behavior of bone (occupation, body weight,
age, muscular activity) were noted and recorded systematically.

Metallographic secticns of the trabecular bone from the rab-

bits and humans in Section IV were studied to determine if any
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significant microstructural changes could be related to the
etiology of arthritis. In particular, areas of resorption,
callus formation, microfracture, trabecular thickening, and

unusual formations of trabeculae were noted.

Results and Discussion

Mechanical and Structural Changes with Osteoarthritis

Table 7 summarizes the case histories of the twenty patients
used in thisstudy. The age and height are for time of death. The
weight is the normal weight of the patient prior to death. The
causes of death indicated should have no effect on the mechanical
properties and structure of the bone in the legs, or on the degree
of degeneracy of the joint as given in Table 8. Occupation, age,
and body weight are seen to have no effect on the degeneracy of
the joint, if the data in Tables 7 and 8 are compared. Of course,
the occupation does nbt generally indicate the level of activity
in which a person engages in his leisure time. The level and type
of activity should have an effect on the joint degeneracy, but,
unfortunately, these data were not available.

If the relative stiffness data for the trabecular bone is
plotted for each group of degeneracy (0, I, II, III) as in Figure
59, it is evident that the stiffness of Group I is the highest,
Group III next, and Groups 0 and II the lowest., This is the same
conclusion as was reached in the original study by Radin, Paul,
and Tolkoff.142 The hypothesis that subchondral bone stiffening
occurs in early arthritic joints is supported.

Figure 60 shows the relative stiffness as a function of



L9T

06T
Lt

voe

96T

€LT

SLT
8C1

6tT
SET
86T

LHOITAM

podoTaaap~TISM

Kyeoms
{padoTanap-TTIaM

AyatesH
podoToasp-TISM

padoTa2a3p-T oM
tosaqo A73ybTTS

pedoToasp ‘TIoMm
{paysTanou ‘TIsSMm

SSSUTTT

*xk gz ‘utyg-

paisem ATPTIW

asaqo

NOIILdIYDS3A

I9yoealz Aj3rsasatun wlS 174 %
wl S /4]

IDATIP Yonag, w9.,S SP

w6.:G LS

$3JIe suTjy-3juspnis wC19 Le
w6.:S ¥

wlS 99

wu€.9 oc

I93IOM IJdDURUDIUTRW

‘IBATIP YOonag, w656 65
wull.S 6€

w9.:S Z9

uoseyp uC,s9 ot

padiotdusun u6.:S 69
NOILYdNODO0 LHOIHH it 1) 4

yoruwols JO euwouTtdIe)d
STSOI9TOSOTIIIIY

uoTy
~0JeJuT TerpIesolu a3noy

9SeISTP
I3y OTJOIDTOSOTIDIAY

SWOIPUAS S,UueyaIen

eTwaoT3dag ydejg

stsdasg

awoxpudis s,uejiey

eTUOWNBUJ
seaxoued JO rwoUuTOIERD

abeaaxouway
TEeUT3ISS3UT-0I3SeH

wsTToqWs Texqaxadd

sTsoquoxyl Axeuoxo)

HLY3d J40 dSNVO

XdNLS NI SINIILVd JO SITYOLSIH ASVYO

L JT19YL

ST

Pl

€T

1
11
0T

ID..H



£6T

SPT

0stT
ST¢

€02

SSeT

6LT

IHOTEM

padolaassp~-TIaM

TTT A11R0
-TUoIyYd> ‘UuTylL

DITOYLOTY

asaqo

NOILATYOSHA

I9T3sny ‘asxoqe] wG.9 GE
I9)I0OM

SUTY uoT3lonpoad Wl S 0s

UeTOTSNK w€4 S €S

VAW - ssautisng w€.9 144

I93uTbhu® TOI3UOD wl S {9
aaubrsap

autyoeu padlordwsun WIT.S €S
I2Tquasse

SOTuUOoa3lD0=aTd ulaS 1A%

NOILV¥dNDD0 LHOITH qJov

wsTINaUR DTIAOV &4

snbeydosyg JO euwourdae) T¢
ST3TPIED

-OpuU® TeTIs3loeq IINOY 0z

eTUOUMaUg 6T

etuoumaud yde3s 8T

ewo3lA00x3SY LT

BUOjPWDY TeIqaIadeIjul 9T

HILVY3Id J0 ISNYO ‘a‘r

AdNLS NI SINIILVd 40 SHATHOLSIH ISYO

(psnur3juod)/ ITLY.L



182

TABLE 8

RELATIVE STIFFNESS, DEGENERACY OF JOINT,
AND MICROSTRUCTURE FOR PATIENTS USED IN STUDY

.D. RELATIVE STIFFNESS GROUP MICROSTRUCTURE
(Uniform or Non-uniform)
1 1.0 II U
2 1.1 0 N
3 1.3 II N
4 2,2 I U
5 1.7 I U
7 1.2 0 U
9 1.0 0 U
10 1.3 0 U
11 1.6 I U
12 1.3 I N
13 1.3 I U
14 1.8 I U
15 1.3 I N
16 1.6 I N
17 1.7 III N
18 1.6 I N
19 1.1 0 u
20 1.3 I N
21 1.0 11 N
22 1.6 IIT N
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volume fraction bone for the set of samples with nonuniform
trabecular bone (see Section IV). The degeneracy group is
indicated beside each data point. Group III's are stiffest, then
Group Group I, and Groups 0 and II lowest. Figure 61 shows the
relative stiffness versus contiguity of the holes between the
trabeculae for the uniform set of samples. Group I's are highest,
Group 0's lowest. Although the correlation of properties to
structure is good (as discussed in Section IV), these plots are
not very revealing concerning the effect of arthritis. However,
there are definitely more 0's and I's in the uniform set and more
I, II, III's in the non-uniform set.

If all the points are plotted as relative stiffness versus
the ratio VV/CH' (Figure 62), the points for the same groups fall
closer together than in the plots of R.S. versus other micro-
structural quantities. The Group I's with high R.S. are clustered
about medium and high values of VV/CH; Group 0's and II's are low
on the curve, both in V'V/CH and R.S. The two points for Group
III's are very close together and indicate rather high stiffness
and low Vy/Cy. It is easy to draw fields (Figure 63) to indicate
regions in the plot where data points for the four groups fall.
Such a plot might be useful in predicting the degeneracy of a
joint from measurement of R.S., Vy, and Cyz. This plot does not
imply a relationship between R.S. and Vy/Cy. The data points in

Figure 62 show little correlation.

Proposed Etiology for Osteoarthritis
A characterization of bone changes in the development of

osteoarthritis is therefore proposed as follows:
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Normal and early arthritic joints contain trabecular

bone in which the stiffness is controlled by the con-
tiguity of open spaces between trabeculae, Cq-

The early arthritic bone (Group I) is significantly
stiffer than the normal bone.

The change from Group 0 to Group I is effected by the
formation of a network of trabeculae which results in
lower Cy. This is a natural consequence of Wolff's

law: the trabeculae are shown to deform elastically

in a bending mode (Section IV, V). Increased impul-

sive loading within the limit of tolerance, as suggested
in the introduction, tends to cause the bone to stiffen

to resist this compression. The best way for it to
strengthen is to build up supports perpendicular to the
sheets of bone that are bending. Thus, the value of Cy
decreases and the R.S. goes up. Typical microstructures
from four different patients showing osteoid growing
perpendicular to the pre-existing trabeculae so as to
wall-off the open spaces are given in Figures 64A through
65B.

The transition from Group I to II occurs with the micro-
structure changing into non-uniformity, with large patches
of dense bone growing in the structure (Figure 66). These
persist into Group III. Resorption is noted in many places
in the trabeculae (Figures 67A,B). The stiffness decreases

are due to resorption and lowered Vy in Group II.
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Figures 64A,B:

Typical microstructures of Group 0 and Group I
bone respectively. Transverse sections. Notice
that the Cy is lower for Grouwp I than 0. Osteoid
is seen to be growing so as to stabilize the
trabeculae against buckling deformation. 28X
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Figures 65A,B: Typical microstructures of Group I bone. Trans-
verse sections. Notice the osteoid growth.
From two different patients. 28X
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Figure 66: Large patch of dense bone in a sample presumably

undergoing transition from Grcup I to II. Trans-
verse section. 28X



Figures 67A,B: Resorption areas in Group II bone. Transverse
section. Resorption appears as scalloped out
areas in the trabeculae. 110X
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5. Group III bone seems to be necrotic, with regions of
osteoid forming and regions of resorption (Figure 68).
The new bone growth accounts for the slight increase
in stiffness of the Group III's. Although the micro-
structure is classified as non-uniform, the structure
nevertheless resembles in many ways the transition from
Group 0 to Group I. There are probably Vy and Cy depen-
dence in this group, as evidenced by the closeness of
the two points in Figure 62 for the plot of R.S. versus
VV/CH. These pecints were brought significantly closer

than they were either in R.S. vs. Cy or R.S. vs. Vy.

Feedback Mechanism for Initial Degeneration

The postulate of a feedback mechanism for the degeneration
of the joint is made on the basis of the above five observations.
The cartilage probably begins slight MPS loss due to repeated
impulse loading. As shown in the model in Section V, the trabe-
cular bone is often very stiff locally, and may even upheave
under compressive stresses. The formation of the dense patches
of bone in Figure 66 are regions of high stiffness. If the im-
pulsive loading of the joint is continued, the cartilage just
above this region naturally receives more punishment and compres-
sion than cartilage just adjacent to this area, because of the
local variation in shock-absorbing properties. Therefore, the
MPS loss is accelerated locally, and a lesion develops. (This
nas been observed in thin longitudinal sections of cartilage.)

This merely aggravates the problem, because, as the cartilage



Figure 68:
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Typical Group III bone. Transverse section.
Notice the resorption areas and osteoid growth.
The general appearance of the older bone is
different frcm that in Group 0, I, ard II bone,
indicating that it is probably necrotic. 19X
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degenerates, the Wolff's law reaction of the bone accelerates.
The cartilage degenerates locally at the same time as the bone
stiffens lccally. This happens in the transition from Group I
to Group II. Thus, the initial process leading to joint degen-
eration is a coupling of local changes in the cartilage and in
the subchondral bone immediately underneath. This initial local
destruction of the arches of collagen in the cartilage paves the

way for massive disintegration in later development of the disease.

Subsequent Changes
The mechanical integrity of the joint has been impaired
by the above process. The stresses change, and pain in the joint
is noted. This probably leads to reduced physical activity of
the patient, and resulting resorption of bonerdue to disuse. Dur-
ing this period of reduced activity, the bone continues to change
and the cartilage degeneration continues, even under low applied
stresses. A reasonable alternative to this is the possibility
that resorption occurs because the changed geometry of the trabe-
cular bone causes changes in stresses beneath the subchondral
plate and the law of Weinmann and Sicher is invoKed. If the
patient indulges in normal activity, fracture in the cancellous
region may occur due to the resorptian and reduced mechanical
integrity of the joint. Disruption of vascularity results, with
bone death, and subsequent osteoclastic-ostecoblastic remodelling.
Trueta has discussed these possibilities.143
Bone death is indeed observed in Group III, and therefore,

normal remodelling accounts for the changes in this stage of

osteoarthritis, when the Group III bone begins its resorption and
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apposition. The sequence of mechanical and structural changes
in the bone and cartilage are self-consistent and a very natural
process of remodelling, thie response of the joint to its initial
mechanical disruption. The proposed etiology is summarized in

Table 9.

Remodelling

Exactly how does this remodelling occur? In all probability,
the noraml osteoclastic-osteoblastic remodelling accounts for a
part of it. However, certain trabecul.e in rabbits and humans
have been seen to fracture and remodel. as in Figures 69 - 72,
As discussed in Section V, if a trabecula is oriented unfavorably
under an applied stress, it will breal. If the ends of the frac-
ture do not meet, the trabecula will ke under no stress, and
resorption uvccurs to remove the trabecula. If the ends do meet
so as to stress the trabecula, normal healing and callus formation
begins, and the new trabecula thickens and grows in a slightly
different orientation so as to best resist the applied stress.
Thus, a mechanism of remodelling based vn microfracture is appro-
priate, similar to the remodelling from amellar to osteonal bone
in the tibial cortex, by fatigue fractu:c. As the calculations
on the idealized model show, the initial fracture of one trabecula
can lead to overload of adjacent trabecvliz. The law of Weinmann
and Sicher says that these overloaded trabeculae will undergo
resorption. It is possible that the areas of local fracture, i.e.
incipient fatigue fractures, will undergo re:rorption rather than

callus formation, leading to increased stresses in the smaller
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TABLE 9

PROPOSED ETIOLOGY FOR OSTEOARTHRITIS

CARTILAGE CHANGES GROUP BONE CHANGES
Normal 0 Normal

Increased impulsive Stiffening of bone results
loading causes increased from increased impulsive load-
punishment of cartilage ing. Cy reduced and R.S. in-
and slight MPS loss creases.

v

Development of lesions of I Accelerated bone growth
increased MPS loss above stiff in areas resulting in patches
patches of bone in subchondral of dense bone beneath local
region lesions in cartilage

N\\___Feedback ’,/)ﬂ
mechanism

Integrity of joint II Changing stresses result
disrupted when arches of in increased rate of fatigue
collagen in cartilage break microfracture. Resorption due
in the lesions. Moderate to law of Weinmann and Sicher.
MPS loss. Trabecular collapse in re-

gicns.

VVBone decreases and R.S.
decreases.

Fibrillation of cartilage. III Bone death in collapsed
Marked MPS loss. regions. Resorption and
apposition.
R.S. increases slightly.
v
Gross destruction of Advanced Formation of cysts and

joint stages osteophytes
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Figure 69: Fractured trabecula Figure 70: Site of probable
showing no callus formation. fracture with extensive callus
240X formation evident. 120X

Figure 71: Site of probable Figure 72: Site of probable
fracture after significant fracture after extensive
remodelling has occurred. remodelling. 120X

Notice how patches of lam-
ellar bone have been re-
arranged. 240X
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amount of bone that is left.

Fracture of Trabeculae

How does the trabecula fracture? The possibilities as dis-
cussed in Section V and the introduction to this section include
buckling, Griffith-type fracture, and fatigue. Buckling was
shown to be a distinct possibility. Indeed, static compression
tests 6n individual trabeculae144 in which there were no macro-
scopic holes reveal that buckling occurs before the fracture point
is reached. Thus, buckling contributes tc the bending stresses
necessary for fracture. Suffice it to be said that some trabecu-
lae will fracture in a buckling mode, depending on the value of
Cy. This probably a less imprrtant mode of fractuvrz in intact
trabecular bone.

Piekarski's work concerning Griffith fracture in bone showed
that the stress concentrator necessary for slow-propagation is
too large to be considered for cortical bone. This is also true
for cancellous bone. However, in catastrophic propagation, the
critical crack length is shown to be roughly 1.2 mm. This is
often the size of the open spaces between the trabeculae and also
the size of some holes observed in the sheets of bone that comprise
the trabeculae. Thus, catastrcphic crack formation is also a dis-
tinct possibility in trabecular bone.

Fatigue fracture, however, is most important. "A fatigue
fracture always starts as a small crack which, under repeated appli-
cations of the stress, grows in size."l45 The results of Section
V show that local yielding and fracture is to be expected around

elliptical and circular defects in trabeculae. These stress-



206

concentrators exist in large numbers in normal bone. The Piekarski
work rules out the possibility of a Griffith-mode of fracture for
these concentrators. Therefore, fatigue considerations become
important. The work of Morris and Blickenstaff has shown clini-
cally that macroscopic fatigue-type fractures are exhibited in
different regions of the body, notably the femoral neck and 1 to
2 cm below the articular surface of the tibial plateaus. These
observations strongly suggest that the macroscopic fracture is
preceded by microscopic fatigue fractures in the trabecular bone
just beneath the plateaus. The cortex fractures in fatigue be-
cause the important supporting and shock-absorbing functions of
the trabecular bone in the tibia are disrupted.

The stresses present in the trabeculae and the subchondral
plate (Section V) are very similar to the stress levels reported
in the fatigue tests on cortical bone by Swanson and Freeman.
Thus, the fatigue be.avior of trabecular bone should be similar
to that for cortical bone. If anything, the fatigue life should
be shorter for trabecular bone because higher stresses are dev-
eloped during abnormal physical activity. It is expected there-
fore, that the trabeculae fatigue fracture before the cortex frac-
tures.

From the computer model, stresses higher than 11,700 psi
(fatigue life of 103 cycles) were observed in the presence of
stress concentrators at static loads. Assuming a conservative
increase of a factor of 2z in stress during walking, the stresses
in trabeculae in the absence of stress concentrators exceed

11,700 psi. It should be emphasized that these calculated cyclic
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stresses are for zero minimum stress. Extrapolating the data of
Swanson and Freeman as shown in Figure 58, the expected fatigue
life of a trabecula is less than 103 cycles. lO6 cycles represent
a year's walking, during which time incipient fatigue fractures
would undoubtedly heal. Assuming a walking rate of 1/second, it
would take roughly a twenty-minute walk to exceed the fatigue
life of some of the trabeculae. Fatigue fracture during normal
activity in selected areas of trabecular bone is therefore post-
ulated.

Defects strikingly similar to fatique cracks have been

14¢

cbserved in human bone (Figure 73). Frost has also observed

tatigue-type fracture in human bone.

Remodelling in Normal Bone

It is suggested, in addition, that fatigue fracture occurs
in trabecular bone in normal use, and that this is a normal mech-
anism of remodelling in the bone, as discussed above. A low level
of constant fatigue fractures is physiologically tolerable, due
to the constant turnover of bone. Many of the structural changes
observed in the development of osteoarthritis could be related to
an accelerated rate of fatigue fracture. The remodelling effects
of fatigue fracture in the cortex of the tibia have already been
shown bv Johnson as discussed in the introduction. The work of
Swanson and Freeman concerning fatigue fractures in subchondral
bone suggests that fractures do not occur at the periphery of the
cartilage. This author feels that if they had measured the stresses
under the load, that fatigue fracture in the weight-bearing area

is to be expected.



208

in human trabecular bone.

Possible fatigue cracks

220X

Figure 73:
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Further Implicationsg

of trabecular bone acting as ap elastic shock-~¢

pulsive nature of the type of loading causing j

range with higherwfrequency Fourier components.
Showead that trabecular bone behaves Purely elas

Certain frequencies, Thus for most of the comg

trabecular bone, thus sparing the cartilage frc
Since the feésonances are controlleqd by the
ture of the trabeculae, it is expected that che

Structure will change the resonance Spectrum,

trabecular bone fronm normal andg Osteoarthritic
changes related to the degeneracy. Recent work
the resonant frequency of long bones changes wi

ative diseases, This is more than likely due ¢
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changes in the trabecular bone present in the ends of these

long bones, as discussed in Section V.

Conclusions

1.

Osteoarthritis occurs as a result of concurrent changes in
bone and cartilage. The bone changes follow this sequence:
increased stiffness in early development of the disease
followed by decreased stiffness in later stages.

The lesion on the cartilage begins because of a local
increase in stiffness in the underlying subchondral region.
These areas have been observed in patients witﬁ known degen-
erative join-'s, and are shown to consist of dense patches of
bone in an otherwise normal-appearing trabecular region.
Griffith-fracture is a possibility in trabecular bone, as
well as fracture caused by a buckling mode of deformation.
The most probable mode of fracture in trabecular bone is
fatigue. It is suggested that fatigue fracture plays a role
in the development of structural changes observed in the
course of osteoarthritis, by mediating remcdelling in addi-
tion to the normal osteoclastic-osteoblastic typej.“"8
A normal joint is expected to exhibit microfractures. Simi-
lar to fatigue fracture remodelling in the tibial cortex of
normal bone, remodelling in the trabecular region due to

microfracture is probable, even in the absence of osteo-

arthritis.
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VII. GENERAL CONCLUSIONS

Trabecular bone behaves purely elastically in the low audio
range except at sharp resonant frequencies, under conditions
of low strain-rate, low stress, and low strain.

Young's modulus of trabecular bone may depend on C or

Holes

VVBone' according to the type of microstructure.

The shock-absorbing properties of the bone in the knee are
expected to show great local variation across the weight-
bearing area.

Fatigue fracture in trabecular bone is impcrtant.

The structure and properties of trabecular bone are intimately

related to osteoarthritis.
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VIII. SUGGESTIONS FOR FUTURE WORK

Use a frequency analyzer in experiments similar to that in
Appendix A. This would provide detailed information as to
the frequencies »resent in force waves in the human skeleton
and across the joints.

Measure the static (Instron) modulus and fracture behavior
of samples of trabecular bone. See how the small-strain
modulus compares with the dynamic data in Section III.

Set up and analyze computer models for structures with vary-
ing CH auiid Vy,, to determine analytically the dependences of
modulus on these quantities.

Increase the batch of samples studied in Sections IV and

VI, especially for Groups II and III. It would be interest-
ing to see how the data for a new set of human specimens fit
into the theories developed in this thesis.

Design and build a viscoelastometer of the type described

by Ferryl49 and Fitzgerald.150 This would be more versatile
and easier to operate than the viscoelastometer used for this

thesis.

Perform a critical experiment to determine if the resonances

discussed in Section III are controlled by the lamellar spacing

in the trabecular bone. A possible experiment would be to
measure the resonance spectrum for several samples with widely
varying lamellar spacing. This could be done for samples from
different animals such as elephants, horses, etc. It would
be interesting to characterize the resonance spectrum for

both the cortical and trabecular bonre from these animals.
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Do a controlled study of the changes in the resonance spec-
trum for trabecular bone from Group 0, I, II, and III joints
to see if the spectrum depends on the degree of degeneracy.
Run a set of rabbits on the impacting apparatus at varying
dynamic loads to investigate the law of Weinmann and Sicher.
Run a set of rabbits until the joints totally deteriorate to
investigate the formation of osteophytes in arthritic joints.
The rabbits could be sacrificed at various intervals and
examined as in Section III for mechanical properties and
microstructure. The possibility of fatigque fractures could
also be examined in such an experiment.

Complete the work already in progress on the mechanical
properties of individual trabeculae. An extension of
this work would be to examine the fatigue behavior of indivi-
dual trabeculae in a specially-designed three-point bending

apparatus.
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IX. APPENDICES



APPENDIX A

RESPONSE OF THE HUMAN FRAME TO PHYSIOLOGICAL
MECHANICAL LOADS

Introduction

It has been suggested in the literature that so-called
"impulse loading" of the body during daily activity may be im-
portant in activating certain changes that bone is known to

151 The hypothesis is that, even though we walk, for

undergo.
instance, at a rate equal to roughly one cycle per second, the
actual rise time for the mechanical impusle through the skele-
ton is significantly higher than this and is in fact in the low
audio frequency range. Opponents of this argument state that
the shock absorbing properties of articular cartilage and soft
tissues would iriure that such relatively high frequencies would
be severely attenuated.lsz'153 If they were present in the im-
pulse at the heel, they would in all probability not be present

154,155

in the femur or even in the tibia. Recent work has

shown that articular cartilage does not attenuate peak forces.
Only the periarticular soft tissues and bone have significant
force~attenuating properties.

It is important to know the freguency components of the
impulses that are trasmitted by the human frame because it is
well known that mechanical properties of some materials are
extremely frequency-dependent. To determine meaningful mech-
anical properties of a material requires one to measure these
properties under mechanical conditicons as close as possible to

those of the material in service (in vivo). It would be un-
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reasonable to measure the static properties of a material and
ascribe physiological importance to these measurements if the
in service loading of the material is of a dynamic impulsive

nature.

Experimental Procedure

An Endevco Model 2215 Accelerometer was securely strapped
to the knee of a live, healthy human. Cloth straps and adhesive
tape were used to ensure that the accelerometer was situated as
tightly as possible just above the left medial condyle of the
femur (Figure 74). The subject then ran in place at a frequency
of about one per second. The subject was barefooted and was
careful to impact his heel so that the accelerometer would pick
up a reasonable signal. The output of the accelerometer was fed
into a Kistler Model 504 Charge Amplifier and the output of this
was fed into an oscilloscope (See Figure 75). A typical acceler-
ation trace is shown in Figure 76. This was found to be exactly

reproducible.

Results and Discussion

The acceleration trace depicted is very indicative of the
shape of the mechanical impulse trasmitted through the knee dur-
ing running in place. Notice that the rise time of the first
sharp peak is about 1.0 millisecond. If this is taken to be a
sine wave, this corresponds to a frequency of 250 Hz. The peak
is in fact slightly sharper than a sine and appears to resemble
a triangular wave. This suggests that there are Fourier compo-
nents in the impulse that are of much higher frequency than 250

Hz.
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Figure 74: Placement of accelerometer above left medial
condyle of femur.
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Figure 75: Schematic of instrumentation used in study.
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Figure 76: Typical plot of voltage output from accelerometer
versus time for one step during running. The trace
consists of two peaks, one sharp and one broad.
Both correspond to frequencies in the low audio
range, 250 and 10 Hz, respectively.
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One may ask if running in place on the heel is really phy-
siological. This method was chosen because it produced sharp,
very reproducible traces in the experiment. The position of the
accelerometer on the femur insures that some of the impulse is
lost in the skin and soft tissue, and that the trace is only
indicative of what is being transmitted through the knee. A
change in the mode of running would be expected to alter both
amplitudes and frequencies. It was found that even during normal
walking the same general shape of the trace was produced, but
with the first sharp peak severely attenuated. The suggestion
is made that the sharp peak (probably at a slightly different
frequency) is indeed present in the weight-bearing area of the
knee during walking but is not picked up because of the placement
of the accelerometer away from this area.

The broad peak in the trace corresponds to a frequency of
10 to 20 Hz. This was reproduced exactly during normal walking.
This is not a pure sine wave either, and therefore has higher-
frequency Fourier components. Thus in a strictly physiological
situation, the mechanical impulse has a rise-time in the range

of 1 to 10 milliseconds with higher-frequency components.

Conclusions

The mechanical impulses transmitted through the human knee
under physiological conditions have rise times of the order of
1l millisecond. This corresponds to a steady-state dynamic load
at 250 Hz. These impusles are found to have even higher-frequency
components associated with them. Thus the hypothesis that the
lower leg is capable of transmitting high-frequency impulses to

the femur is verified.
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APPENDIX B

CONSTANTS FOR CALCULATION OF MODULUS OF CERAMIC TEST
SPECIMEN IN SECTION IV

5

V = 134 volts; cv” = 2.34 X 107> in-lbs
Ey = 7.7 X 10° = E
1 ! - 3
0, = 0.125 inch, a; = 0.197 in2, v, = 0.0246 in’
f, = 1.0 inch, a, = 0.1 in®, v, = 0.1 in’
f3 = 0.080 inch, Ay = 0.1 in%, v5 = 0.008 in3
F = 85 lb.

E=17.2X 1056'



222

APPENDIX C

SAMPLE COMPUTER RUN FOR A SIMPLE PROBLEM

STRUDL *SIMPLE PROBLEM' 'SONE ANALYSIS!

TYPE SPACE FRAME

DEBUG ALL

DUMP TIME

JOINT COORDINATES

1' 0- 00 S

0. 0. 0« S

l. 0s 1o

0 0. 1

0. 1. 1

le 1.1
0
0

L) L3 - L]

le 1. S
00 1. o S
LEMENT INCIDENCES

AUFWUN=IMITTNOUTFWN -

oUW W
@O WU W

NN -

JNITS (RS INCHES

ELEMENT 2ROPERTIES

1 TO & TYPE 'P3ST* THICKNESS 924003
CONSTANTS £ 2000000.0 ALL

P0ISSON 043 ALL

LOADING 1 *TOP¢

ELEMENT LOAUS

3 TO 4 SJURFACE FORCES GLOBAL PY =100.0
GLOBAL SJRFACE FORCES

STIFFNESS ANALYSIS WITH REACTIONS NJ® 3
LIST DISPLACEMENTSs STRESSESsy STRAINSs FUORCESs REACTIONSs ALL

FINISH z
A 1{100 pSi
5
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APPENDIX D

FREE-BODY DIAGRAM FOR INCLINED TRABECULA
P

A
P
-~ 4"4b B \eo> 9

*<

To keep the inclined trabecula in a stable equilibrium there
could be an external shear force or moment providing lateral sup-
port. The latter is assumed to provide the total amount of support
needed to keep the trabecula from leaning over. It is evident

that from Figure 1:

SF<P-P=0

Summing the components of the moments about the center point a

of the trabecula:

SM = 2P Jtana - 2M = ©

. PLtan«
M =
2

Therefore, at any point B along the trabecula given by the ver-

tical distance x, (Figure 2) the moment equilibrium is as follows:

2M = Pxtana ~M + My =0
My = PL_%“!L".-thnd

Mp = vaw((%\- -x)

Thus, the internal bending moment in the trabecula is a function
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of (L/2 - x), and is a maximum at x = 0, L.
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