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Preface

The preseNT BOOK 15 N attempt to present mn one volume some
of the more recent expertmental work on stress and stran in bones
and bone Most of the attention has been centered on mvestiga
tions 1molving the use of actual bones or sections of bones, al-
though anAlysis of stress and strun m plstie models of bones
and 1n the mtervertebrl dises have also been mcluded Many
excellent but somewhat more theoretical and speculative studies,
by means of diagrams, of the biomechamical behwior of bones
under assumed conditions of londing have been omutted Through
out the discussion particalar emphrsis has been pliced on the
relation of stress stramn phenomenn to fractures and osteogenesis
In preparation of the mwnuscript the author 1s especinlly
debted to the following friends and colleagues for their many
helpful suggestions 1nd erticisms  Professor Herbert R Lissner,
Chawman of the Deputment of Engineermg Mechnies Wayne
Unnersity College of Engineering read the entire manuscript
with particular attention to the parts dehng with engineering
techniques and termmology Drs Ermest Gardner F Mormn and
Gabriel Lasker of the Department of Anatomy Wayne Unver-
sity also were hind enough to read all or parts of the mnuscript
For the photographic 1llustrations the author 1s indebted to
Mr Charles Pichard Department of Medical Illustration Wayne
University, while the evcellent diagrams were drawn by Mrs
Ruth Rosenbaum Department of Anatomy Wayne Unnversity
Special thanks are expressed to Miss Futh Brandt for her careful
typimng of the manuscript
The author also wishes to express his special apprecintion to
Dr Gordon H Scott Dean of the College of Medicine, Wayne
Unwversity, for the actnve mterest he has always shown m the
author s own research on the biomechanical behavior and phy sical
properties of bones These mvestigations have been made with
the complete cooperation of Professors Herbert R Lissner and
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v Stress and Strain in Bones

Milton Lebow of the Department of Engmeering Mechames
Wayne University

The author also wishes to express his appreciation to the pub
Lishers of the following journals for their permussion to reproduce
figures appearing origmally 1n therr publications  Acta Anatom
1ca Acta Odontologica Scandmavica, American Journal of An-
atomy American Journal of Physical Anthropology, American
Journal of Surgery A wal Record A he Nachrich
ten, Annals New Yorh Academy of Science Archww f Rlinische
Chirurgie, Bulletino delle Scienze Medicine (Bolona) Instruc
tional Course Lectures American Academy of Orthopedic Sur
geons Journal of Bone and Jomnt Surgery, Journal of Appled
Physwlogy Journal of Neurosurgery, Libraine des Sciences,
Bruxelles Radiology Surgery Gynecology and Obstetrics, Zen
tralblatt f Chirurgie

The preparation of this book as well as most of the authors
other research on the biomechanics of bone has been mded m
part by research grants from the National Institutes of Henlth
U S Public Henlth Service The authors mvestigations on the
pelvis and vertebral column were supported by A research con
tract with the Aero Medical Laboratory Department of the Air
Force

Detroit Michigan F Gavaor Evans PuD
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Intioduction

Thie EAnLILST mention of the mechanienl sigmificnce of bone form
was made by Galilco (1638), but 1ts strength and other physical
properties were not extensnely studied until the Itter half of
the ninetcenth eentury This was followed by « pertod of some 20
years before the subject was agun mvestigated to any extent
Nowadays the great number of automobiles ind the mcreasing
populanity of air travel lend urgency to the question of the type
and magmtude of the stresses and strams the human body can
safely tolerate Crash pads windshields that fall out under 1m
pact, and better visibility for the driver are some of the snfety
features seriously considered by manufacturers and purchasers
of automobules

Various branches of the armed services are also mnterested 1n
the problem and are supporting basic research on the mechamcal
strength of the human body The stresses and struns to which
the pilot 1s subjected 1n jet fighter planes or tm emergency escape
from an arplane are especially mportant

The rapidly increasing rate of accidents 1s bemng studied by
spectal groups notably the Crash Injury Research group affihated
with Cornell Umversity Medical School orgamized to collect data
on automobile and aurplane crashes The data collected include
the speed of the vehicle at the time of crashing the position the
mjured person occupied 1n the vehicle the direction the person
faced the medical evaluation of the ijury and the structural
part of the velicle believed to be responsible for the injury

One of the most common 1njuries found m survivors of car or
arrplane crashes 1s fracture of one or more bones For this reason
the present monograph was prepared 1n an attempt to assemble
n a single small volume some of the available information on
stress and stran 1n bones especially s related to the fracture
mechanism  Most of the studies to be discussed are experimental

[31






Introduction 5

measured m kilogyams or pounds The magmitude of 2 couple 15
the product of one of 1ts forces and the distwice between them
Units for couples m1y be computed mn pound mches pound feet
or hilogrim meters Tor example one inch pound of torsion
(torque) 15 produced by 2 couple consistmg of two one pound
forces acting at 1 distance of one mnch from one another The
moment of 1 force “bout 1 pomt 1s the product of the force times
the distance from that pomt to the wction line of the force The
moment of 1 couple about my pomnt n the plane of the couple 1s
stmply the product of one of the forces and the distance between
them This 1s true no matter where the pomt of the moment 1s
located

Stress and strun are terms often erroneously used as synonyms
although each has 1 distinct meaning in mechamces  Stress (Fig
ure 1 b) 15 the intermoleculnr resistance within an object to the
action of an outside force which 1s vpphed to 1t An example of
stress in the humnn body 15 the mternal resistance produced
within the leg bones as the result of the compressiv e force appled
to them by the body weight when standing erect Stress cannot
be seen or measured directly, However its magmitude can be
computed by vanous formulas depending upon whether the ob-
ject 1s beng subjected to tension compression shearing torsion
or bending In these formulas 1t 15 assumed that the object 15
composed of 1 homogeneous and 1sotropic material which 1s not
true of a bone Consequent]y the usual formulas require modifi
cation before bemg appheable to 1 study of stress i bones

Stran may be tensile, compressne or shearing the latter
bemg a change m angle mstead of 1 change 1 linear dimensions
Total strain (Figure 1 ¢) 15 the change n the hnear dimensions
of an object as the result of the application of 4 force Tor ex-
ample 1f an object were one inch long before stretching and
three inches long after stretching 1t would have a total strun of
two mches  Unit stram 1s the ritio between the change m dumen
sions and the ongmal length of the object The magmitude of
umt strun 1s obtamed by dinidmg the total deformation of the
object by its ongnal length The sigmficance of unit straun may
l:d?é:{’:;ast]]f::l :)t) r;sﬂgmng to 1t the umt nches per mch which

presents the change m length per unit of



4 Stress and Stram mn Bones

tn nature aind myolve the use of actual bones or models of bones

Many excellent but more theoretical studies 1n which the forces

presumably acting upon bones hnve been myvestigated and anal
vzed by means of dingrams are omitted

The study of stress strain phenomena 1n bones 15 7 problem m

o TYPES OF FORCE biomechames and its analysis

Compresswe Jenste  Sheanng requires the use of mny of the

techmques cemployed by engt

neers to describe simlar phe

nomennt 1n structurnl matenals

Therefore 1 brief review of some

of the basic principles of me
Rk chames may be helpful

The muonts of the bones of
the body especrally those of the

Limbs serve s levers upon which

_df A the muscles act to produce move
ment During movement s well
as at rest the bones are subjected

4 to 1 vaniety of forces which are
primanly the result of muscle

action and body weight Conse

b STRESS c STRAIN

Stran Delovmancn (D)

Sises Euu(%l © “Lengn@  quently 1t 1s appropriate to be
gm with 1 discussion of forces
Figurel (From Evans Ann New A force 1s most simply defined

York Acad Sc 63 1953
orh Aead S 53) as 1 push or a pull There are

three kinds of force (Figure 1 1)—tensile compressne and shear
g A tensile force tends to pull an objeet apart or lengthen 1t
while a compressive force has a tendency to push an object to
gether or shorten 1t A shearing force tends to make one part of an
object slide over an immedsately adjrcent part

The various kinds of force ¢an act separately or in combination
with one another Two parallel oppositely directed forces of equal
magnitude but with different lines of action constitute a couple
When a couple 1s applied to n object perpendicular to 1ts Iong
axis 1t produces a forsion or twisting causing one part of the ob
ject to be rotated wath respect to the remainder

The magmtude of tensile compressne and shearmg force 1s
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mersured m hlogruns or pounds The magmtude of 1 couple 15
the product of onc of uts forces and the distince hetween them
Unts for couples may be computed 1 pound inches, pound feet
or Mlogrum mcters Tor exumple one ch pound of torsion
(torque) 15 produced by 2 couple consisting of two one pound
forces actmg 2t 1 distnce of one mch from one another The
moment of 1 force about 1 pomt 1s the product of the foree imes
the distance from that pomt to the iction line of the force The
moment of 1 couple abont v pomt 1 the plane of the couple 15
simph the product of one of the forces and the distance between
them This 1s true no matter where the pont of the moment 1s
located
Stress and stran are terms often erroneously used as synonyms,
although each has a distinct meaning in mechames  Stress (Fig
ure 1 b) 15 the mtermolecular resistance within an object to the
action of an outside force which 1s 1pplied to 1t An example of
stress m the human body 1s the mternal resistance produced
within the leg bones as the result of the compressis e force applied
to them by the body weight when standing crect Stress cannot
be seen or mensured directly However, its magnitude ¢ be
computed by \arous formulas depending upon whether the ob
Ject 15 being subjected to tension compression shering torsion
or bending In these formulas 1t 15 assumed that the object 15
composed of 1 homogencous and 1sotropic matertal which 1s not
true of a bone Consequently the usual formulas require modafi
cation before being applicable to 1 study of stress n bones
b Stran may be tensile compressne or shewring  the latter
Tf;l’r;% :l;:h:mg; n angle nstead of 1 change 1 hinear dimensions
of an oba:clt(asI%]ure 1 cl) Bf\he change n the hinear dimensions
ample ‘% b letrcsu t of the 1pphention of 1 force For ev
three inches lon leif t\\ere onle mch long before stretchmg and
two mehes Um[gst er strg]tc hing llt) would have 1 total stran of
s10ms and the a l’:"ll is e]ratxo ; ctween the change m dimen
unit stramn 15 obt'xgm:d ben%‘ X :i‘f t‘el o e mgmtude of
abject by 115 orgd n) th“ '11_] g the total deformation of the
be emphasized Lo ug eng he lsngmﬁcnnce of umt strun mny
indicates thg “)r signing to 1t the unit inches per inch which
epresents the change m length per unit of
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length 1n the object bemng studied The magnitude of the stramn
produced 1n an object can be measured by various types of ex
tensometers and strun gages If 2 strun 1s sufficiently large 1t
can be seen but stress 1s Always 1 derived quantity

Some of the principles of stress and strun can be demon
strated by the behvior of a column subjected to various types
of loading This analogy 15 especially pertinent with reference
to the long bones which, m the Ining body are constantly sub
tected to bending nd twisting by the actions of muscles and the
weight of the body

ol

R

— o ———
-
\Lolc(/

T

|
|

Figure 2 (From Evans Instr Course Lect

Am  Acad Orthop Surg 9 1952) The

heavy arrow indicates the poimnt of apphca

tion of the force or load the ight arrows the

direction of the stram C == compressive

stram F = force orload T =: tensile stramn
A = neutral aus or plane



Introduction 7
A concentriealls loaded column (Figure 2 1) 1s subjected to
compressne stress and strun throughout the wet of ats cross
section  However 1f 1 column 1s eccentrically loaded (Frgure
2 1) 1t 1s bent m addition to bang compressed  As 1 result of
the bendmg tensile stresses nd strums are created on the con
ver side of the bent column while compressne stresses nd
strans anse on the concne side of the column The magmtude
of the stresses and struns 1s greatest at the surface of the column
and gradualls decreases to zero toward the center of the column
The plme at which the magmtude of the stress 15 zero 1s ealled
the neutral plane The more eccentric the loading the greater
will be the bending of the column and the magnitude of the
resulting stresses and strauns
Loading a column from the side, perpendicular to its long
aus (Figure 2 ¢) produces stmilar bending with consequent
tensile and compressive strams and stresses on the comvex and
concave spects respectinel of the bent column When couples
are applied to the ends of 4 column (Figure 2 d) the ends are
twisted or rotated n opposite directions to one another Ths
twisting produces tensile strams and stresses which spiral around
the column at a 45 angle to 1ts long axis
When the stresses produced n a matenal are plotted agamst
the corresponding strains a stress stramn cunve 1s obtained The
slope of this curve represents the modulus of elasticity of the ma-
tenal or the factor of proportionality between stress and stram
The modulus of elasticity 15 2 mensure of the stiffness of 1 matenal
and 1ts magnitude 15 obtuned by dividing the umit stress by the
umt stran when the stress strun cunve 1s a strught lne The
actual value for the modulus 15 commonly expressed n hilograms
per square centimeter or pounds per square inch
Elastscity 1s the phy sical properts of 1 matenal which permits
it to return to its onginnl form or shape after it his been deformed
by aload or force Few maternls not even a rubber band are
completels elastic  So practicalls all matennls hwve an elastic
lmut or pomt of mximum stress bevond which the matenal
will not retumn to 1ts ongnal shape
\\lu‘:l‘:or:wr b":[:fréant concept 1n mechanmes 1s that of energy
ay efined as the cipraih to do work In most
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lcngth 1n the object bemg studied The magmtude of the stram
produced 1 an object can be mensured by varous types of ex
tensometers and strun gages If a strun s sufficiently large 1t
can be seen but stress 1s 2lwavs 4 dernved guantity

Some of the principles of stress and stran can be demon-
strited by the behwior of a column subjected to vanous types
of loading This wnlogy 1s especinlly pertinent with reference
to the long bones which, in the hiving body, ar¢ constantly sub
jected to bending and twisting by the actions of muscles and the
weight of the body
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Figure 2 {From Evans Instr Course I ect

Am Acad Orthop Surg 9 1952) The

heavy arrow indicates the pomt of applica

tion of the force or load the hight arrows the

direction of the sttam € — compressive

stramn F == force or load T = tensile stram
N A = neutral aus or plane



2

Methods of Studymng Stiess and
Stram 1n Bones

Stress axp sTas 1 bones may be studied by the following
methods (1) studying sections or pieces of bone, (2) recording
stress stran phenomena 1 models of bones and (3) analyzing
stress strain phenomena 1n ntact bones

(1) The first method 15 historically the oldest and has been
used most extensnely Most myestigators sectioned different
bones mn various planes and studied the sections with the hope of
determining the functonal stgmficance, mn terms of stress and
stram of the orientation of the bony trabeculae Thus von Meyer
(1867), Roux (1885), Wolff (1870 1892), Janssen (1920), and
Carey (1929), to mention a few, studied the trabecular orienta
tion 1 sections of bones with respect to their presumed function
of resisting tension or pressure Elaborate and detuled mathe-
matical analyses of entire cross sections of long bones under
assumed conditions of loading were made by Xoch (1917), Gru-
newald (1920) and Manque (1945)

Other mvestigators, e g Wertheim (1847) Rauber (1876)
Hulsen (1896) Evans and Lebow (1951 1932) and Dempster
and Liddicoat (1952) cut pieces of bone to standardized size
and determined their vanous physical properties and biomechan
1cal behayvior under vanous types of stress and strain The tech
miques used were those employed by engineers m analvzing the
strength of matenals

(2) The studv of stress and strain 1n bones by analysis of
sumlar phenomena i models has also been used The first at
tempt was Culmanns famous trajectorial diagram pubhshed by
von Meyer (1867) of the lines of maximum internal stress 1 a
Farbairn crane which he assumed resembled the femur 1n shape
and m loading Culmanns analysis forms the basis for the tra-

[9]



8 Stress and Strain n Bones

vestigations of the strength of bones the energy wAs applied by
dropping n object upon the bone bemg tested Under these
conditions the magmtude of the energy applied to the bone can
be computed by multiplying the weght of the falling object by
the distance through which 1t truvelled before strihing the bone
The amount of energy absorbed by the bone (pcr umt yolume)
up to the pomnt at which it failed may be determmed by me \suring
the arca beneath the stress stram curve for the bone

In ascertumng the load a body can support before farlure the
speed of Joading 1s an mmportant consideration A greater load
can be supported without fulure if 1t 15 slowly (statically } ap
plied than of 1t 1s suddenly (dynamically ) applied However the
magnitude or the extent of the stran or deformation produced
m an object by a small load suddenly apphed m1y be equivalent
to that arising from 1 much greater Joad slowly appled

Under dynamic conditions te when the load 1s suddenly
appled energy absorbed s the fundamental criterion rather than
force The Iatter can only be identsfied under static conditions
when 1ts magmtude, direction and lne of whon are known
Thus 1t 15 necessary to speth of the energy of 2 blow rather
than the force of 2 blow  Energy and force cinnot be dircetly
related to one another 1s they are not the same and have duffer
ent units of measurement Thus, the magmtude of energy is
measured 1n hilogram meters or mch pounds while force 15 meas
ured 1n kilograms or pounds When a load 1s statically or slowly
applied the term force can be more appropriately used because
its three distmguishing characteristics can be determuned

The terms defined and the principles discussed briefly aboye
are those most frequently 1mvolved in studies on the bromechanycs
of bones Therr relation to specific i estigations of stress stramn
phenomena 1n bones will appear 1n subsequent chipters
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Stress axp sTRAN 1n bones may be studied by the following
methods (1) studying sections or pieces of bone, (2) recording
stress stran phenomena m models of bones and (3) analyzing
stress stramn phem)men'\ m mtact bones

(1) The first method 1s hustonically the oldest and has been
used most extensively Most investigators sectioned different
bones m various planes and studied the sections with the hope of
determining the functional sigmficance, n terms of stress and
stram of the orientation of the bony trabeculre Thus von Meyer
(1867) Roux (1885), Wolff (1870, 1892), Janssen (1920), and
Carey (1929), to mention 1 few, studied the trabecular orienta-
tion mn sections of bones with respect to therr presumed function
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matical analyses of entwre cross sections of long bones under
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Other investigators eg  Werthetm (1847), Rauber (1876)
Hulsen (1896) Evans and Lebow (1951, 1952), and Dempster
and Liddicoat (19532), cut pieces of bone to standardized size
and determined therr various physical properties and biomechan-
1cal behavior under various types of stress and stramn The tech
mques used were those employed by engineers in analyzing the
strength of materals

(2) The study of stress and stramn m bones by annlysis of
simifar phenomena n models has also been used The first at-
tempt was Culmanns famous tryectorial diagram published by
von Meyer (1867) of the lines of maximum mternal stress 1n a
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8 Stress and Stran 1n Bones

vestigations of the strength of bones the energy was appled by
dropping 1n object upon the bone bemng tested Under these
conditions the magmitude of the energy applied to the bone can
be computed by multiplying the weight of the fallimg object by
the distance through which 1t trunvelled before strihing the bone
The amount of energy bsorbed by the bone (per umt 1olume)
up to the pont at which it fasled my be determmed by measuring
the area beneath the stress strun curve for the bone

In ascertuning the load a body can support before failure the
speed of loading 1s an mmportant consideration A greater load
can be supported without fulure if it 15 slowly (statically) 1p
phed than if 1t 15 suddenly (dynamueally ) applied However, the
magnitude or the extent of the strmn or deformatron produced
m an object by a small load suddenly applied may be equisalent
to that ansing from 1 much greater load slowly apphed

Under dynamic conditions, 1e  when the load 1s suddenly
apphed, energy absorbed 1s the fundimentnl cnterton rather than
force The Iatter cn only be wdentified under static conditions
when its magmtude direction and line of action are hnown
Thus 1t 1s necessary to speak of the energy of a blow rather
than the force of 2 blow  Energy and force cannot be directly
related to one another as they 1re not the same 2nd have difer-
ent umts of measurement Thus, the magmtude of energy 1s
measured m Mlogram meters or nch pounds while force 1s meas
ured 1 Mlograms or pounds When 1 load 1s statically or slowly
applied the term force ¢ be more appropriately used because
1ts three distinguishing char icteristics can be de termned

The terms defined and the principles discussed briefly above
are those most frequently mvolved m studies on the biomechanies
of bones Therr relation to specific myestigations of stress stram
phenomena i bones will appear 1 subsequent chaptcrs
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studied Thus a three dimensional concept of the object can be
obtammed and by appropriate methods the stresses can be cali-
brated and accurate mathematical alises made of the actual
mternal stresses n the orgmal object  Studies bv means of
photoelasticity  of the stress and strun m models of bones hawe
been made by Hallermann (1934), \Milch (1940), and Pauwels
(1948 1951)

(3) Other industrral techmques emploved for stress strun
anabvsis of engincenng structures have been used for studying
stmilar phenoment m ntact bones The over all strun distribu-
tion 1n an object c1n be studied by cotting 1t wath 2 strun sensy
tve lacquer while the actual magmtude of the strun cmn be
measured with extensometers nd strun giges

The first mvestigator to use 1 strun sensitine Incquer for
studving stress and strun m bones was Runtscher (1934 1935
aand b) who used a method developed by Dietrich and Lehr of
the Maybach Company for deternuning pomts of weakness and
failure 1n machme parts The object to be tested ws coated with
melted colophomum which after drving cracked in response to
tensile strain or deformation in the underlving material The re-
sulting cracks were transverse to the direction of the tensile
stram and indicated sites of hughest tension where fulure or frac-
ture would occur under suffcient lond Bectuse of its Iow tensile
strength the colophomum cracked at a stress or lond far less than
the elastic it of the object bemg tested

Kuntscher applied the method to a study of the deformations
or stramns occurning mn the long bones of the human body under
different conditions of loading and onentttion He found that
if the colophonum were applied while still boiling 1t easihy
blistered and could not be used Therefore 1t was applied to the
bone after bemng evenly heated to shghtly less than 40 C The
best results were obtamed when the laver of colophonum apphed
to the bone wns approummately 1 mm 1 thickness The sensi-
tnaty of the colophomum was approumately 0001 jnches per
mch 1e evers time the underlying materal was stretched 0 001
mC]‘IefS ]:1 cerach would pper in the overhing colophonium

he mmo\::&sc]l:e;r ;: 1shed to exmune the bone for tensile strun
m the melted colophonum after the bubbles
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jectortal theory of bone wchitecture, although as will be dis
cussed later 1t has been severely criticized on many pomts
Shortly after Culmann Roux made 1 rubber model of an ankyl
osed knee jomnt which he coated with paraffin  He then loaded
the model of the joint n the w1y he assumed had occurred m
the Inmng indnidual and, from the cracks produced 1n the para
flin drew tryjectorial diagrams which he believed indicated the
functional sigmficance of the orientation of the trabeculae i the
actual specimen A more detruled discussion of this study as well
as the cnticisms advanced agamst 1t, will be given later

Within the last few decdes stress stran phenomena i bones
has been studied by the use of an engmeering techmque based on
photoelasticity The method 1s used 1 mdustry for stress strun
analysis of machine parts It consists of londing a plistic model
of the object bewng analyzed and studymg by means of polrized
Iight the stress patterns produced m the model The method de
pends on the fact that phenylformaldehvde resins are birefringent
under stress and beh e somewhat Iike temporary cry stals whose
molecular structure 15 ortented along the lines of stress

When the plastic models are exymmed under polarized Iight
the stress lines become evident With white hight the stress pat
terns exhubit all the colors of the spectrum but i engineermg
practice monochromatic hight 1s generally used The stress patterns
are not changed quantitatively or qualitatnely by monochro
matic Tight and 1n photographs the patterns appear as alter
nating bands of hght and dark

In analy zing the significance of photoelastic patterns 1t should
be pomted out that the alternating dark bands obtained 1n the
plastic model are proportional to the magmtude of the shearing
stresses within the model However at the margin or boundary
of the model the bands are proportional to the tensile or com
pressive stress because at any free margin the magmtude of the
shearing stress 15 equal to half the tcnsile or compressne stress
present The alternating dark bands do not show the direction of
the mavimum tensile and compressive stress in the model which
however can be determined from an 1sochme model

If the model 15 composed of a thermoplastic resm 1t can be
cooled under stress sectioned and tts mternal stress pattern



Vethods of Studgmng Stress and Stram m Bones 11

studicd Thus 2 thrce dimensional coneept of the objeet can he
obtamed and, by appropriate methods, the stresses can be eals
brated and accurate mathematieal analvses made of the actunl
internal stresses m the orgnal object  Studies by means of
photoclasticity  of the stress and strun in models of bones have
been made by Hallenmann (1931), Milch (1910) and Pauwels
(1948, 1951)

(3) Other industrnl techmques emploved for stress strun
analvsis of engmeering structures hwve been used for studying
sumlwr phenomena n intact bones The over 1ll strun distribu
tion 1n 1 object can be studied by conting 1t with a stram sensi
tne lacquer wlile the actual magmtude of the strun can be
measured with extensometers and strun gages

The first mvestigator to use 4 strun sensitive lequer for
studying stress and strun mn bones was Kuntscher (1934, 1935
aand b), who used 1 method developed by Dietrich and Lehr of
the Maybach Company for determining pomts of weakness and
failure 1 machine parts The object to be tested was conted with
melted colophoniun which, after drying erached m response to
tensile strun or deformation 1n the underlymg maternl The re
sulting cracks were trinsverse to the direction of the tensile
stramn and mdicated sites of ghest tension where fulure or frac
ture would oceur under sufficient load Because of 1ts low tensile
strength the colophonium cracked at a stress or load far less than
the elastic imit of the object bemg tested

Kuntscher applied the method to a study of the deformations
or strains occurring n the long bones of the human body under
different conditions of loading and orientatton He found that
if the colophomum were applied while still boihng 1t easily
blistered and could not be used Therefore 1t was applied to the
bone after being evenly heated to shghtly less than 40 C The
best results were obtained when the Iay er of colophonium applied
to the bone was approximately 1 mm 1 thickness The sensi
traty of the colophomum was approximately 0001 inches per
mnch ;e every time the underlying matenial was stretched 0 001
mches a crack would appenr 1n the overlying colophonium

If huntscher wished to exammne the bone for tensile strun
he removed 1t from the melted colophomum after the bubbles
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jectornal theory of bone architecture nlthough, as will be dis
cussed Iater 1t has been sevcrely cnticized on many points
Shortly after Culmann, Roux made 1 rubber model of an ankyl
osed knee jomnt which he coated with paraffin  He then loaded
the model of the jomnt in the way he assumed had occurred 1n
the Iising dnvidual and from the erachs produced m the para
fin drew tryjectonl dragrims which he believed indicated the
functionnl significance of the orientation of the trabeculae in the
actual specimen A more detuled discussion of this study s well
as the enticisms advanced aganst it, will be given Inter

Within the Ist few decades stress strun phenomen i bones
has been studied by the use of an engmeering technique based on
photoelasticity The method 1s used m industry for stress strain
analysis of machme parts It consists of loading 2 plstic model
of the object bemng analyzed and studying by means of polarized
Iight the stress patterns produced mn the model The method de
pends on the fact that phenylformaldehyde resins are birefringent
under stress nd behave somewhat like temporry erystals whose
molecular structure 1s ortented along the Iines of stress

When the plastic models are examined under polarized light
the stress lines become evident With wlite hight the stress pat
terns exhubit all the colors of the spectrum but in engmeerng
practice monochromatic hight 1s generally used The stress patterns
are not changed quantitatively or qualitatively by monochro
matic Iight ind m photographs the patterns appear as lter
nating bands of hight and darh

In 1nalyzmg the sigmficance of photoelastic patterns 1t should
be pomted out that the alternating dark bands obtuned m the
plastic model are proportional to the magmtude of the shearing
stresses within the model However at the margin or boundary
of the model the bands are proportional to the tensile or com
pressive stress because at any free margin the magmtude of the
shearing stress 1s equal to half the tensile or compressive stress
present The alterniting dark bands do not show the direction of
the maximum tensile and compressive stress in the model which
however can be determined from an 1sochme model

If the model 1s composed of 2 thermoplastic resin 1t cin be
cooled under stress sectioned nd s iaternal stress pattern
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with the stresscont Tequer 1 2 dark undercorting matennl 1s
used the cracks appear as white upon 2 dark baickground The
cracks m the stresscoat Tequer man also he visualized by punting
the area with 1 red dyve etehant, wiich s allowed to remaun on the
object 1 short time before bemg removed  Howerver, the dye
changes the sensitnaty of the lacquer ind the object must be re-
coated before amother test can be conducted For this reason
the dve 1s less desirble than the statiflux powder

At the time of 1 test the scnsitinaty of the lnequer on the el
bration strips 1s determined 1n mches per inch, which 1s also
a measure of the tensile strun necessany to cause the lnequer to
crick For example, if the sensituty of the Iacquer 15 0 0005
mnches/inch 1t means that when an mch of the underlying ma
terial has stretelied as much s 5/10000 of an inch (00005
mches) the overlying matenal will erach Thus every erach indi-
ctes a stretching or tenstle stran of the underlying material by
at least 00005 mches The sensitivity of the lacquer 1s markedly
mfluenced by the temperature aind hurmdity conditions at the
tume of the test

The stresscoat Iequer has 1 ugher sensitivity than does the
colophonium and since 1s does not need to be heated s much
easier to use as 1t 1s applied to the test object with a spraygun
Consequently the Incquer 15 well impregnated with minute ur
bubbles so that 1 crack occurring 1 1t 1s constantly mterrupted
by new air bubbles and must, therefore, continue to be propa
gated only by the tensile strun m the underlying materill  Al-
though cracks i the colophonium also arose from tensile strun
n the underlying matenal their continued propagation did not
depend upon the strun conditions n the matenal The end of
every crich m the colophomum xas an area of lugh stress con
centration, and the cracks continued to be propagated m their
mtial direction without regard to the actual stress conditions 1n
the underlymg materinl This was the result of the homogenenty
of the colophomum s there were few ar bubbles which could
interrupt the propagation of the cracks

The stresscont method was first applied to 1 study of stress
and strain 1 bones by Gurdjpn and Lassner who with ther
co workers have used 1t n n evtensiye seres of studies on shull
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had disappeared, and allowed 1t to cool If compressive stram
were to be studied the bone was placed 1n - testing machme and
then coated with the colophomum which was permitted to cool
In tensile testing the colophonium cracks appeared as the load
was gradually mcreased m compressive testing they appeared
as the Ioad was slowly decreased The area of the bone 1n which
the crachs first appeared was the site of huighest tensile strun In
tensile testing the strun was created by the pull or tension
exerted upon the entire system  In compressive testing the cracks
appeared m the areas formerly under compression from the ten
sion or stretching of the bone as the load was gradually remosed
The method gave a furly good over all picture of the stran dis
tnibution m 1 bone subjected to tensile or compressive londing
Recently the distribution of tensile stram 1n whole bones has
been restudied by the Stresscoat method developed by deForest
and Elbs (1940) The prmeiples of the method are almost 1den
tical with the colophonium techmque but stresscont 1s ester to
use nd more sensitive than colophonum The test object 1s
sprayed with an alummnum or dark undercoating which 1s allowed
to dry before stresscoat, a brittle resmous lacquer, 1s apphied The
stresscoat 15 evenly apphed by 2 spriy gun and permtted to dry
for 24 hours before the object 15 tested Steel calibration strips
are coated at the stme time as the test object The grade or num-
ber of stresscoat lncquer used depends upon the temperature and
humidity conditions certun grades bemng better for winter and
others for summer Like colophonum stresscoat cracks m re
sponse to tensile stramn mn the underlying material the cracks
lying transverse to the direction of the stram and first appearng
1 the area of highest tensile stram
Just before testing the stressconted object 1s coated with 2
Liquid sensitizing material which 1s wiped off as soon s the test
1s completed The object 1s then spraved with a1 white powder
called Statflux which because of its electrostatic charge col
lects along the crachs mn the stresscont lacquer and makes them
visible
The statiflux powder does not change the sensitnvity of the
Jacquer and 1f no cracks are visible another test with greater
load or energy can be made without having to recoat the object
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with the stresscont Tequer 1 2 durk underco ting maternal 1s
used the erachs appear as white upon 1 dark background  The
cracks m the stresseont lequer may also be visualized by punting
the rea with a red dve etehant, which ss dlowed to remun on the
object n short time hefore bemg removed  Howeser, the dye
changes the sensitivaty of the Inequer and the object must be re-
coated before amother test can be conducted  For this reason
the dye 15 less desirable than the statiflux powder

At the tunc of 1 test the sensitinty of the lncquer on the cali
bration steaps 1s determined i mches per mnch, wlich 1s also
a measure of the tensile strun nceessary to ewse the lacquer to
crachk For example, 1f the sensituity of the laequer 1s 00005
mches/inch, 1t means that when an nch of the underlying mn-
terial has stretched s much s 5/10000 of an mch (00005
inchcs) the averlying matenal wall erach Thus, every erack indi
cates a stretehung or tensile strum of the underlying material by
at least 000035 inches The sensstivaty of the lnequer 1s markedly
nfluenced by the temperature and humidity conditions at the
time of the test

The stresscont lncquer has a hugher sensitiity than does the
colophonium and since 1s does not need to be heated, 1s much
casicr to use s 1t 1s applied to the test object with 4 spraygun
Consequently, the Icquer 15 well mpregnated with minute ar
bubbles so that 1 erack occurring 1n 1t 15 constantly mterrupted
by new arr bubbles and must therefore continue to be propa-
gated only by the tensile stramn sn the underlyimg matenal Al
though cracks 1n the colophomum also arose from tensile strun
n the underlying materml their continued propagation did not
depend upon the stramn conditions m the matenal The end of
every crack i the colophonium %1s an area of ngh stress con
centration and the cracks continued to be propagated m their
mtil direction without regard to the actual stress conditions m
the underlying material Tlus was the result of the homogeneity
of the colophonium s there were few aur bubbles which could
mterrupt the propagition of the cracks

The stresscoat method was first applied to - studv of stress
and strun m hones by Gurdpan nd Lissner who, with therr
co workers have used 1t m an extensne series of studics on shull
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deformtions and fractures (1945, 1946 1947, 1950, 1953) It
has been similarly employed by Evans, Lissner, and Pedersen
(1948, 1949 1951 1932, 1953) mn studies on femoral deforma
tions and fractures Evans Hayes, and Powers (1933), using the
stresscoat techmque have computed the approumate magnitude
of the tensile stress produced by dynumic trinsverse londing of
the human femur

The great adhv mtage of strun sensitive Jacquers 1s that they
enable one to visurhze the over all stramn distibution produced
m an object under controlled conditions of loading and orienta
tion  Furthermore 1 photograph can be taken of the pattern
and then the Inequer can be removed 2 new cont appled and
additional tests made upon the same object Thus a companson
can be made of the type and distrsbution of stratn produced n the
same obyect under various conditions of loading nd orientation
In addition, if one wishes to take very accurate metsurements of
the magmtude of the stramn produced in an object under gren
experimentl conditions the strun pattern produced m the lac
quer mdicates the site where extensometers or stram gages should
be placed

The magmtude of the tensile and compressne stramns pro
duced m intact bones under various conditions of loading and of
orientation has also been measured by different ty pes of extenso
meters Runtscher (1936) used Olhuizemn extensometers for
measuring the tensile and compressive struns produced m the
nech of the femur under various loads The extensometers had a
gage length of 10 to 20 mm and an accuracy of 015 Manque
(1945} also made a study of the femoral neck and shift using
Huggenberger extensometers of an accuracy sumlwr to those
employed by Auntscher

Recently the tensile and compressne struns occurrmg in
bones of Inng dogs hve been recorded by wire resistance stram
gages connected wath eathode ray oseilloscopes  Gurdpan and
Lissner (1944) used such gages m studyng the struns produced
m the skull of the hving dog under loads of varous magmtades
This methad has also been used by Evans (1953) 1n collabora
ton with Coolbaugh and Lebow 1 recording the struns pro
duced m the tiba of the I ing walking dog By proper cahibration
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of the gages with the msalloscopes the wetud] magmtude of the
varous types of struns en be computed

Wire resstince strun gages we Dased upon the prinaple
that when 2 wire 1s stretched or shortened ats clectrieal resistanee
to the passage of 1 current changes m proportion to 2 change
m the Jength of the wire These changes i resistance c¢an be de
termmed by clectrical means and are the basis for measuring the
changes w the length of the wire wd  thercfore, stmlar changes
occurring n the matertal to which the clectrie strun gage 1s
cemented

The gages are generally made from an alloy of nichel copper
(45% mchel and 557 copper) wire 0001 inches m diameter For
each gage the rtio of the umt change of resistanee to the umt
change of Jength of the wire 1s constant This ratio 1s cnlled the
gage factor which 1s 21 for most gages made i this country
However the factor vanies for different wires used in making the
gage Thus 2 stran gage having 2 gage factor of 21 would hawe
an ncrense of resistance of 0 21% when its length 1s changed by
01% 1 stretching or shortening When the wire 1s stretched (ten-
sile stramn) 1ts length increases while its diameter decreases, m
proportion to 2 ratio (Poissons) for the particular metal used m
makig the wire By embedding the ghge m a plistic material
to prevent 1t from buckling ~ strun gage of thus type ¢ also be
used for measuring compression Bectuse of thewr extreme ac
curacy 0000001 inches under optimal conditions 1 mensuring
munute changes in the Imear dimensions of the surface to which
they are attached gages of this type have been extensively used
m industry smce 1938

In subsequent chapters the results obtuned 1n studying stress
and stramn 1n bones by each of the above described methods will
be discussed fully
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deformations and fractures (1945, 1946, 1947 1930 1953) It
has been similahy employed by Evans, Lassner, and Pedersen
(1948 1949 1951 1952 1933) m studies on femoral dcforma
tions nd fractures Evans, Hayes, and Powers (1953) usmg the
stresscot techmque hive computed the approsimate magmitude
of the tensile stress produced by dynamic transverse loadmg of
the human femur

The great advantage of strun sensitne Incquers 1s that they
enable one to visuthze the over all strun distribution produced
m 1n object under controlled condttions of loading and onenta
tion Turthermore 2 photogriph can be taken of the pattern
and then the lcquer can be removed 2 new coat 1pphed and
additional tests made upon the same object Thus A comparison
can be made of the type and distribution of stran produced 1n the
same object under various conditions of londing and onientation
In addition if one wishes to tahe very accurite measurements of
the magnitude of the strun produced n an object under gnen
expermmental conditions the strun pattern produced m the lac-
quer mdicates the site wherc extensometers or strun gages should
be placed

The magmtude of the tensile and compressive stramns pro
duced 1n mtact bones under vartous conditions of loading and of
ortentation has also been measured by different ty pes of extenso
meters  Kuntscher (1938) used Oklwizemn extensometers for
measuring the tensile and compressive strans produced 1 the
neck of the femur under various loads The extensometers had a
gage length of 10 to 20 mm and an nccuracy of 01% Manque
(1945) also mrde « study of the femoral neck and shaft using
Huggenberger extensometers of an wceurwcy sumlar to those
employed by Kuntscher

Recently the tensile and compressne stramns occurring n
bones of In g dogs have been recorded by wire resistance stramn
gages connected with cathode ray oscilloscopes Gurdpan and
Lissner (1944) used such gages m studying the strains produced
m the shull of the Iiving dog under loads of various magnitudes
This method has also been used by Evans (1953) 1 collabora
pon with Coolbwugh and Lebow 1 recording the strains pro
duced m the tiba of the Ining walking dog By proper calibration
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of the gares wath the oseilloscopes the actunl magmtude of the
vanous types of struns cam be computed

Wire resistance strun gages e based upon the prnaple
that when a wire 1 strctehed or shortened ats dectnel resistance
to the passage of 1 enrrant changes m proportion to 1 change
m the length of the wire These changes n resistinee e be de
termined by clectricnl means d are the basis for mesunng the
changes m the length of the wire and thercfore simlr chnges
occurting n the matenal to which the ddectrie strun gage s
cemented

The gages are generally moade from i alloy of mickel copper
(45% mekel and 557 copper) wire 0001 mches m dimeter Tor
each gage the ratio of the umt ehnge of resistwee to the umt
change of length of the wire 15 constnt This ritio 1s called the
gage factor which 1s 21 for most gages mide m this country
However the factor varies for different wires used m making the
gage Thus a stran gage havng 1 gage factor of 21 would have
an increase of resistance of 0217 when tts length 1s chinged b
017 1n stretching or shortening When the wire 1s stretched (ten-
sile stram) 1ts length mcreases while its diameter decreases m
Proportion to a ratio (Poissons) for the particular metil used
making the wire By embedding the gage m 2 plistic material
to prevent 1t from buckling a stran gage of this tvpe cn 1lso be
used for measuring compression Because of their extreme ac-
curacy, 0000001 inches under optim+l conditions 1n measurmg
minute changes n the linear dimensions of the surface to which
they are attached gages of this type have been extensnely used
in mdustr) since 1938

In subsequent chapters the results obtuned 1n studs g stress

and stramn 1n boncs by each of the above described methods will
be discussed fully
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Mathematical Analysis of Stiess and
Stiain 1 Bones

ALL THE METHODS of stress stram analysis discussed m Chapter
Two have been appled to human long bones especially the
femur The results obtamed by mathemitieal analysis of cross
sections of bones will be discussed first, because of the historic role
such analysis has pliyed m the development of varous theores
of the functional architecture of spongy bone

Mathematical analysis of sections of bones w1s used by hoch
(1917), Grunewald (1920), and Manque (1945) m studying
stress and strain 1n the long bones Some of the difficulties en
countered s pomted out by Manque are (1) bending of the
bone takes place m more than one plane, and (2) the shape of
the transi erse section s well as the ratio between the amount of
compact and spongy bone constantly changes along the length
of the bone Consequently the moment of mnertt1 and the center
of gravity change from one section to another In addition be
cause of the asymmetrical shape of the cross section the prin
cipal axes (of mertia) about which bending occurs and the exact
location of the neutral axis 1lso change along the bone Therefore
all these charactenstics must be determmed separately for each
section m order to compute the stress and stram of the section
Although Manques remarks referred to the femur they 2pply
equally well to mathematical analysis of sections of ny bone
The ways m which different mnvestigators ha e attempted to solve
these difficulties will now be discussed

The most thorough study of stress and strain n 2 bone by
mathematical analysis of cross sections 1s Aochs classic paper
(1917) on the Laws of Bone Arclutecture hoch was particularly
qualfied for such a study because he was a professional el
engmeer before becommng a Doctor of Medicme

{16]
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Roch first made A prelmmary study of some 25 femurs from
dissecting room cadavers but did not attempt 1 detasled mathe
matical nalysis, since no datr were wvalable about the mnds
viduals whose bones were studied imally he obtuned the fe
murs of 1 healthy 200 pound, s foot tall Negro man 1bout 35
years of age, who had been accidentally hilled Comparison of

these femurs with those of 30
dissecting room cadv ers showed
them to be typieally normnl
bones The nght femur wns cut,
at % mch intenvals 1nto 75 cross
sections the majonty of wlich
were subjected to detuled quin-
titative mathematical analysis
The left femur was cut mto ser1al
frontal sections

Koch 1n accord with Amer-
1can engineering practice, gave
s values for stress and strun m
terms of pounds per square inch
(Ibs/m”) while those of Grune
wald and Manque are given mn
Lilograms per square centimeter
(hg/em ) Pounds per squire
inch may be converted into
hilograms per square centimeter
by multiplying by 00703 Kilo
grams per square centimeter ¢an
be changed into pounds per
square mch by multiplying by
1422

The computations of stress
were based upon an assumed
vertically apphed load of 100
pounds m standing 160 pounds
m walking and 320 pounds
runmng  koch believed the me
chanical effects of body weight
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were far more important i determming bone architecture than
was muscle action and ignored the latter mfluence Figure 3
gives the values obtuned, nccording to section for the mavimum
tensile (—) and compressine () stress produced by 2 100
pound load The magmtude of the stresses should be multiplied
by 06 for standing ‘at attention,” by 16 for walking and by
32 for running
The muimum umt tensile stress (974 Ibs/in”) for the entwe
bone was found n the middle of the femorl neck (section exght )
That for the shnft (921 Ibs/1n") occurred 1n section 24 near the
junction of the prowimal and middle thirds of the shaft The
areas of the bone subjected to tensile stress were the superior
aspect of the nech and the Iateral aspect of the shaft as far as
section 64 distal to which the region was under compressie
stress
The entire medral aspect of the femur ncluding the mferior
aspect of the neck, was subjected to compressive stress, the
magnitude of which 1n each section exceeded that for tension
Section erght had the highest compressive stress (1310 Ibs/mn )
for the entire bone The highest compressnve stress i the shaft
(1253 Ibs/m ) was mn section 28
The magnitude of the assumed load did not change the level
of the highest tensile and compressive stress although the actual
value for each type of stress was meieased Thus under an as
sumed load of 160 Ibs the tensile and compressive stress i sec
tion eight mcreased to 1560 Ibs/mn and 2098 Ibs/m respectively
When the assumed loid was 360 Ibs the stress rose to 3117
Ibs/in and 4192 lbs/m for tension and compression respectively
The shearing stress m section eight wmounted to 231 Ibs/in” under
1 load of 100 pounds 369 Ibs/m under - Ioad of 160 pounds nd
400 Ibs/in with a load of 360 pounds
In Grunewald s study (1920) the stresscs and strans i the
femur and tibia were computed on the basis of 1 vertically 1p
phed load of 30 kg representing the body weight when stand
mg m a comfortable position TFor purposes of analysis the fe
mur was cut mto 11 cross sections three mn the neck one p
parently between the nech and the shaft and seven in the shift
The sections from the neck were designated @ b and ¢ Section
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a was nearest the hod b the niddle of the neck nd ¢ next
to the junction of the neck with the shaft The mgmtude of the
tensile compressne  wd shoanng stresses was computed for
the sections from the nech and the first s sections from the
shaft

According to his cileulations the maximum tensile (548
hg/em”) ind compressne (647 kg/em”) stress m the nech were
m sectton ¢ which being 1 dnger area, was remforced by thick-
ening of the compnct bone on the mfenor aspect of the neck
Section b, the site of most femoral neck fractures, was wenkly
constructed and hiad no such thickening of compact bone The
tensile stress on the comvex (superior) aspect of the nech n see
tions b and ¢ was 299 kg/em® and 549 kg/em” respectnvely
The compressive stress on the concave (nferior) aspect of both
sections was 544 Lhg/em  Section ¢ had a shearing stress of 225
Ag/em” and a compressne stress of 21 kg/em”  According to
Grunewnld, these ltter values were the same for the entire
femor 1l neck because the direction of the nech and of the load
remained constant In contrast to Kochs results the highest
tensile (634 hg/cm”) nd compressive (78 8 hg/cm-+) stresses of
the entire bone were found m the first section of the shaft

In analyzing the tib1n Grunewald considered the weight hine
as falling 1 the neighborhood of the posterior border of the bone
about m the center of the frontal plane The neutral avis was
nearer the anterior border of the bone The load was 2ssumed to
be a body weight of 30 kg Tor purposes of mathematical analy
sis the bone was divided mnto 1 proximnl and a distal half Under
these conditions Grunewald found that the maximum tensile
(70 kg/cm”) and compressive (47 7 hg/em ) stress occurred
the distal half of the bone The corresponding values for the
proximal half of the tiba were 59 kg/em® and 26 Lhg/em?, re-
speetively Thus under the same load the magmtude of the ten
sile and compressive stresses developed m the tibia was con
siderably less than that in the femur

Marique s study (1945) of stress and stran 1 the fomur was
based on 16 cross sections taken from 2 left femur No data were
gven about the mdnidual from whom the specimen was ob
tamed nlthough the nght femur (Femur 1) had previously been
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used for mewsurmg with Huggenberger cxtensometers, the de-
formations produced by static vertienl loading

The first of the 16 sections wis through the approwumate
middle of the neck and the rem-uning ones, starting at the imferior
border of the lesser trochanter, were sawed from the shaft at
mtervals of 2 em  Roentgenograms were tahen of each sechon
Because the roentgenograms were always shghtly distorted by
the < rays, which struck the object obhquely, the mathematical
analyses were made on photographs which had been enlarged
four tunes  Sections one, three eight and 12 were then nalyzed
m detml with respect to such factors as the moment of mertia,
the axes of mertia, the center of gravity, the wrea densmty, and
magnitude of the vanious types of stresses m the sections As 2
control a transverse section from the neck of wmother left femur
was studied Presumably the load apphed to the head of the
femur was 100 kg

The magnitude (hg/cm ) of the various stresses n the fe-
mur as computed by Manque, 15 summanzed below

Nech Shaft Sect 12
Sect 1 Sect 3 Sect 8 Epicondyler
Stress Femurl FemurlV  Less Troch Mid Shaft  Regton
Tensile {\ax ) 117 14 10384 10582 8820 1177
Compression {Max ) 14881 13932 14872 10339 396

Marnique s figures show that the neck of the femur was the
site of highest tensile stress m the entire bone The Inghest com-
pressne stress oceurred m the nech and 1t the level of the lesser
trochanter The magmtude of the compressne stress eveeeded
that for tension 1 each section although both types of stress de-
creased dstally along the shaft of the bone

In companng the results obtuned by hoch Grunewald, and
Marique one must consider the way m which each myestigator
tried to overcome the difficulties mherent i analyzmg eross see
tions of long bones The chief problem was computing the mo
ment of mertia for sections having both spongy and compact
bone The moment of wmertia 1 turn depends upon the method
of determuming the principle axes of mertia

The moment of mertia of a sechion must be known, because
its value 15 one of the factors wed n the formula for calculating
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the magmitude of the stress m the scetion: The moment of inertin
15 1n turn related to the prmeiple wes of the section wd the
ratio betw cen the 1mount of compact and of spongy bone m the
section In cross sections composed mostly of compact bone,
eg those of the shaft, there 1s little difficulty Iowever, i sec
tions through the nech of the bone where therc 1s 1 lnrge amount
of spongos, computmg the moment of wertin 1s more dufficult
because the \arious physical propertics of spongy bone, especnlly
its modulus of elasticity, are not as well known as those for com
pact bone

The moment of mertia 15 2 mathematieal expression used
engimeening to represent 1 partral measure of the strength of a
structural member Its use 1s dependent upon the fact that the
design of the parts of an engineering structure 1s based upon
the cross section area of the part and not upon the part as a solid
body The moment of mertia 15 determmed for an area about
an axis (of nertia) around which bending occurs This may be
done by dnviding the aren about the axis mto a large number of
small areas, the moment of ertia for the entire area being
equvalent to the sums of the products obtamed by multiplying
each of the small arcas by the square of its distance from the
avs

Koch 1dentified the axes of mertia by visual mspection and
Grunewald by analogy with regular geometric figures Marique
however, located the axes by finding the area of a section and 1ts
center of gravity by graphic mtegration The axes of mertia are
the two axes, perpendicular to each other, which cross in the
center of gravity and have moments of mertia greater than and
less than those about any other axes through the center of gravity
Koch determmed the center of gravity of his sections by suspen
sion and Grunewald who never considered the spongy bone
even in sections of the femoral nech by analogy to a section with
a regular geometric figure or by expermmentl determination of
a section cut out of paper
thatln“u]],zr:l?]?:::c?i mertlatof lthe \1r10usdsectmns Koch stated
the moment of mertllanl;S ?:'r:retygoml;ose of cancelluted bone
the same size and sha C'I'l Fseotion wae warpct bone hving

pe e section was weighed and the ratio



22 Stress and Stramn in Bones

of spongy bone to compact bone of the same area and thickness
was computed This ritio was called the ratio of consistency of
cancellous bone, and wns obtuned by werghing the section and
then calculating the weight of the compact bone for a section of
the same thickness and area The value for the ratio of consistency
was then subtracted from the total weight of the section to ob
tan the weight of the spongy bone The effective moment of
mert11 1 terms of compact bone, was then calculated by mult
plymg the ratio of consistency by the moment of mertia of com
pict bone Simce the modulus of elasticity of compact bone was
known ats value could be used in the formula for computing the
moment of mertia

Koch included the formula for calculating the moment of
ertia 1 his discussion of the theory m which he states that
throughout this discussion of beams 1t 15 assumed that the
cross section of the beam 1s umform throughout 1ts length  Such
a condition however does not ¢ st 1 a long bone Furthermore,
m using his ratio of consistency when computing the moment of
mertia for sections having both spongy and compact bone koch
tacitly assumed that the ratio of the elstic moduli was the same
as the ratio of the weights In view of Raubers (1876) findings
with regard to the difference i the compressive strength of
compact and spongy bone such in assumption seems unwar
ranted

Tn order to determume the moment of mertia for the section
through the neck of the femur Marique also found its neces
sarv to determine the exact proportion of compact to spongv
bone The method he used was shghtly different from that em
ployed by koch The spongy bone was carefully sawed out of
the section and weighed separately from the rmg of compact
bone which remammed Thus the proportions of spongy and com
pact bone 1n terms of the percentage of the total weight of the
section were obtamed It was found for the section from the
nech of Femur I that the compact bone constituted 51% (0714
gr ) and the spongy bone 49% (0636 gr ) of the total weight In
order to deduce the relative densities of the compact and the
spongy bone the area of each was measured with a planimeter
on a photograph which had been enlarged four times These
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measurements showed that for the same surfree, the compact
bone w1s four tiies more dense than the spongy bone A co
efficient of density w15 then ealeulited, from the enlrged photo
graph, on the basis of o diagram of the width of the section
paralicl to 1YY aus Then, startmg with the AA s, which was
perpendicular to the 1Y wis he took four times the length of
the compact part by one time the length of the spongy part to
get the coefficient of density Tlis coefficient was then used n
the formuln for calculating the moment of mert1n of the section

The underlymg assumption for the use of the coefficient of
density was that the only difference 1n the physieal properties of
spongy 1nd compact bone was the greater density of the latter
This assumption seems to be no more warranted than Koch s that
the ratio of the elastic moduli of the two types of bones was the
same s the ratio of theirr weights Furthermore Marique offered
no evidence to support lus contention that the weight borne by
the neck of the femur ws evenly distributed between the com-
pact and spongy bone

Grunewald did not even attempt to solve the problem ansmg
m sections having both types of bone s he stited m a footnote
that herewith only the firm part of the bone (corticalis) 1s con
sidered  Therefore his values for stress would only apply to
those sections having no spongy bone

Koch s mvestigation was the most thorough of the three dis
cussed, as more secttons were analyzed but Marique seemed
more careful i his determmations of the principal axes of in
ertia  In evaluating the figures for stress obtuned by Koch and
Marique 1t should be pomnted out that n engmeermg practice
bending stresses are generally determmed from the formula

s=-y- m which s 1s stress m the endmg moment of the sec

tion ¢ the distance from the neutral aus to the pomt at which
the stress 1s determined and I the moment of mertia The formula
states that the stress 1s directly proportional to the bending mo
ment wd the distance from the neutral aus but 1s mersel

proportional to the moment of mertia of the cross section of thi:
object bemg bent The formult was developed on the assumption
that the object was composed of homogeneous 1sotropic material
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of a uniform cross section It was nlso assumed that bending oc-
curred about one of the principal aves of mertia of the cross
section and that the moduli of elasticity of the material are equal
m tension nd compression

Although the cross section dimensions of 1 bone gradually
change from one section to another, the use of the bending
formula 1s vahd However the fact that « bone consists of
cancellous (spongy ) and compnet bony tissue having different
physical properties mvaldates the direct application of the flex
ure formula to the problem In engmeering practice the diff
culty 1n calculating bending stress in beams composed of two
dissymilar materials, e g remforced concrete, 1s surmounted by
equating one of the materinls with an equnvalent amount of the
other Such equating must be done on the basis of the relatne
modult of elsticity of the materls s 1s revealed by the de
rivation of the flexure formula (see any textbook on the strength
of matertals) The difficulty mn applymg tlus procedure to a
mathematical 1nalysis of the bending stress i bone 15 that the
modulus of clasticity of cancellous bone 15 not known

Hulsen (1896) mnade eight tests of the modulus of elasticity
under tension of the pulp from long bones and gave an average
value of 264 kg/mm  Four of the specimens were from 2 human
femur and four from an ox tibin The material was obtuned by
extracting the orgamic salts with a 2% solution of hydrochloric
acid Consequently lus values represent only the modulus for
the organic constituents of the pulp rather than the complete,
normal pulp

Koch attempted to obtun the necessary factor of equivalents
between cancellous and compact bone from the ratio of the
weight of the two types of bone while Manque based is equiva
lents on the ratio of the density of spongy and compact bone
Both assumptions were false and consequently the value they
obtamed for the various stresses arismng from bending were n-
correct The problem was especially acute in analyses of the
stress 1n sections through the proumal and distal ends of the
femur where there 15 a relatively large amount of spongy bone
Grunewald, as previously mentioned made no attempt to solve
the problem 1 dealing w ith such sections
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Summary

In spite of its mgenuity, several criticisms have been made
of the results obtuned by mathematical analysis of cross sections
of bones The first of these criticisms, as stated by Runtscher
(1934), 15 that the formulas used 1 such analyses are based on
the assumption of 1n even distribution of force m the cross sec-
tions, 1 condition which rarely occurs n 1 bone  Although these
formulas are appropriate for studymg the strength of matennls
and forces in relatively simple bodies, they are not applicable to
a complieated body such as 2 bone Secondly a bone 1s not an
evenly formed body, whereas the theory of columns and of beams,
both of which have been used in mathematical analysis of stress
and stramn m bones are based on the assumption that the body
beimng analyzed 1s of umform shape throughout and composed
of homogeneous material These conditions do not apply to a
bone Thirdly the results of mathematical studies deal with two
dimensions instead of three

Consequently, the actual values for the magnitude of the
various stresses, 1s computed by Koch Grunewald and Marique,
produced m a femur under the assumed conditions of loading
are probably not valid However the results of all three mvesti-
gators are 1 agreement that the superior aspect of the neck and
the entire medial aspect of the shaft are the regions of the femur
subjected to tensile and compressive stram and stress, respec-
tively All except Grunewald found that the highest tensile strain
occurred m the supenor aspect of the neck, but there was some
shght disagreement as to the exact level of the medial aspect of
the bone exhibiting the ghest compressive strain  In each sec
tion the compressive strun and stress exceeded the tensile stress
and stran for the same section
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Stiess-Stiain Stuches With Models of Bones

The rmst attempt to study stress and stramn m bones by means
of models was that by Roux (1885) who used 1 paraffin conted
rubber model of an ankylosed human knee joint Although Roux
did not know the case history of the individual from whom the
specimen was obtuned, he assumed that the concave aspect of
the jomt had been subjected to mcreased pressure in walking
The cracks arising m the paraffin when loads were apphed to
the model served as the basss for trajectoral diagrmms which
were then used to explam the functional significance of the orten
tation of the bony trabeculre across the jomnt Roux believed that
tensile stresses were the primary trophic stimulus for the forma-
tion of bony tissue but did not attempt to deterrmne the mag
nitude of the supposed stresses and strains

Kuntscher (1935) criticized Rouxs method on the grounds
that the deformations 1n the rubber model were so great that the
plane of application of the force sifted during hus tests and thus
changed the direction and magnitude of the force Neither was
he convinced of the trajectortal niture of the trabeculae

Further attempts to study stress and strun m bones by means
of models were made by Hallermann (1934), Milch (1940) and
Pauwels (1948 1951) In therr studies a plastic model of 1 bone
was made and the stress patterns produced mn 1t by vartous lods
were studied under polarized Iight The princtples of this method
which 15 widely used for stress stramn analysis of engineerning
structures were described i Chapter Two

Hallermann used a simplified cellulord model of the leg bones
wnd studied the stress distribution produced by even avial pres
sure The pressure poles of the tibia and fibula were mdicated
by dark areas which disappeared under compression After n
oblique osteotomy of the tibia continued loading resulted n

(261
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stress accumulation of the fibula dingonally opposite the oste
otomy At first the fibulx w1s under compression but 4 neutral
lIine gradually appeared 1n the lateral edge of the model and
shifted medinlly during the test A transverse osteotomy of the
tibin was found to produce an mcrensed compressive stress in
the fibuln at the level of the osteotomy The stress could be made
to predominate 1 level by enlarging the aren of the model
cross section

Figure 4 Photoelastic patterns in models of vanous bon
es  (F) B
] Bone ¢& Joint Surg 22 1940 ) (From Milch
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Stiess-Strain Stuches With Models of Bones

The Fmst attempt to study stress and strun in bones by means
of models was that by Roux (1885) who used 1 paraffin coated
rubber model of an ankylosed human knee joint Although Roux
did not know the cse history of the mdividual from whom the
specunen was obtuned he assumed that the concave aspect of
the jomnt had been subjected to mncreased pressure m walking
The cracks arsing 1 the pariffin when loads were apphed to
the model served as the basis for trajectonal diagrams, which
were then used to explun the functionnl significance of the orien
tation of the bony trabeculae across the joint Roux beheved that
tensile stresses were the primary trophic stimulus for the forma
tion of bony tissue but did not attempt to determine the mag
mtude of the supposed stresses and struns

Runtscher (1935) criticized Rouxs method on the grounds
that the deformations 1n the rubber model were so great that the
plane of application of the force shifted during his tests and thus
changed the direction and magmtude of the force Neither w1s
he convinced of the trajectorral nature of the trabeculae

Further attempts to study stress and strain in bones by means
of models were made by Hallermann (1934), Milch (1940), and
Pauwels (1948 1951) In therr studies a plastic model of a bone
was made and the stress patterns produced 1n 1t by varous loads
were studied under polarized hght The prineiples of this method
which 1s widely used for stress strain analysis of engineering
structures were described in Chapter Two

Hallermann used a simphfied cellulord model of the leg bones
and studied the stress distnbution produced by even axial pres
sure The pressure poles of the tibia and fibula were mdicated
by dark areas which distppeared under compression After an
oblique osteotomy of the tibra contmued loading resulted n

[26]
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stress accumulation of the fibuly dingonally opposite the oste
otormy At first the fibulh w1s under compression but 2 neutral
line gradually appeared n the lateral edge of the model and
stufted medilly during the test A trinsverse osteotomy of the
tibia was found to produce an meresed compressinve stress m
the fibula at the level of the osteotomy  The stress could be made
to predommate 1y level by enlarging the aret of the model
cross section

F
igure 4 Photoelastic patterns 1 models of vanous bones (From \lilch
J Bone & Jont Surg 22 1940 )
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Hallermann s photographs are not clear, nor did he state the
magmtude of the loads producing the patterns He believed the
method was Iimited to solving problems of general bone me
chames and was not adaptable to dynamic studies because
the factor of veloeity could not be demonstrated

Milch published better photographs of the photoelastic pat
terns produced by compressive loading of medels of 1 femur nd
calcaneus The stress patterns produced m models of femurs with
a Lorenz bifurcation and 1 Schanz osteotomy were lso studied
The models were cut from plates of plastic %s of an mch thich
and the stress patterns produced by londing the model, were
studred under polarized light

According to Milch the stress ines produced by compressive
loading of the model of 1 normal femur (Figure 4a) were mark
edly reminiscent of the trabecular structure seen on longitudmal
section of the femur Tilting the model to simulate the con
ditions of abduction and ~dduction under weight bearmg shifted
the stress lines to one or the other longitudmnl systems Longer
models gave better representation of the stress lmes which
seemed to extend between pomts of compression and did not
radiate nto the trochantenc regions The stress lnes m the nor
mal femur model were more concentrated on the medial side
toward the mechamcal axis The lmes usually stopped m the
region of the epiphy sis but this could be modified by the addition
of traction forces The possible mnfluence of the tension exerted
by the trochanteric muscles was wvestigated by studying the
stress pattern (Figure 4b) produced by pullng on wires simu
lating muscles attiched to the trochanters of @ model femur

In a model of 1 femur with a Lorenz bifurcation the stress
pattern produced by loading the upper end of the proumal seg
ment was concentrated along the medsal aspect of the shaft
Howeser 1if the load were applied to the head of the bone the
stress Imes shufted to the lateral aspect of the shaft in the direc
tion of the misplaced mechantcal axis  Similar results were ob
tamed from loading a model of the femur having a Schanz oste
otomy (Figure 4c) With two pomnt loading the majority of the
stress lmes were longitudmally oriented along the lateral border
of the shaft Ewidence of stress appeared mn the base of the
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greater trochanter but few af amy hines were seen m the lesser
trochanter  Stress patterns were also obtuned by compressive
loading of 2 model of 1 normal caleneus (Figure 4d) The load
was apphed at three points to simulite normal weight bearing

Milch believed that the stress patterns emphasized the 1m
portance of the mutwal reltions of the anatomicnl and mechan
1ca} es s related to the deposition of bony tissue Thus, shaft-
mg of the mechanical s to exther side of the anatomienl s
was accomprnied by 1 similar change 1 the position of the stress
Imes In an actunl femur nccording to Milch, the aspect of the
bone correspondmg to the region of stress concentrition m the
model would be thickened by increased deposition of bony tis-
sue Thichening of ether the laternl or the medial aspect of the
femornl shaft would tend to convert the bone into = strarght rod
This 15 prevented by lengthenmg of the femorl neck Bending
seemed to have little nfluence on the production of the stress
pattern

Milch assumed that the stress ines m his models did or could
be made to represent actunl conditions of loading m real bones
He also believed that the stress patterns were experimental con
firmations of both Rouxs and Wolff s lnws of bone growth and
transformation Both of these authors were adherents of the tra-
Jectortal theory of bone arclutecture, according to which the
trabeculae of spongy bone are 1ud down along the Imes of maxi-
mum mternal stress trajectories m the bone Consequently the
limes of trabeculae should cross one another at nght angles and
should be perpendicular or tingent at thewr pomts of junction
with the margin of the bone or articulr cartilhge  However, the
stress lines m the photoelastic patterns Milch obtaned do not
conform with these requirements

Roux and Wolff also believed that tensile stresses were the
primary stimulus for bone growth but Milch made no clear dif
ferentiation regarding the type of stress represented m his photo
elastic patterns The majonty of the stress lmes m the varous
models 1illustrated were more or less pullel and did not 1 the
authors opimon seem remmuscent of the trabecular orienta-
tion of actual bhones

In contrast to Hallermann and Milch the photoelastic tech-
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Figure 5 Photoelastic pattemns 1n models of a femur (From
Pauwels Acta Anat 12 1951)

mque was used by Pauwels (loc ait ) to demonstrate the way m
which muscles and higaments acting as traction braces reduce
the magmtude of the stress m the femur and humerus respec-
tively The numerals along the sides of the lustritions of the
stress patterns Pauwels obtuned i his studies are the fringe
numbers wluch represent the order of appearance of the darh
bands 1n the models  Judging by the values he gave for the stress
the thickness of the models he used was such that the stress was
equal to ten times the fringe number

In the model of a femur without a traction brace (Figure 51)
the bods weight alone produced a tensile stress of 69 hg/em” on
the lateral aspect of the shaft and 1 compressne stress of 83
hg/em” on the medial aspect of the shaft When a traction brace
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representmg the 1liotibial tract, was attached to the greater tro
chanter of the model femur the Iughest tensile stress was re-
duced to 8 kg/em” nd the compressi e stress to 48 hg/em” (Ig-
ure 5b) The reason for this reduction m the magmtude of the
stress 1s that the traction brace tends to bend the femur laternily,
thus reducing the medinl bendmg produced by the body weight

The magmtude of the tensile and compressn e stress produced
m the antenor mnd postenor aspect respectnely, of the humeral
shaft by the weight of the forearm when fleved to 1 90 angle
showed considerable variation n the prouimal and distal half of
the model (Figure 61) In the prouimal half of the model the
highest margmal tensile and compressne stress was 85 hg/em”
and 81 kg/em” respectnely but in the distal half of the model

(From Pauwels

Figure 6 Photoelastic patterns 1n models of a humerus
Acta Anat 12 1951 )
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the corresponding stresses had mcrensed to 92 kg/cm® and 88
kg/em”

When a single traction brace, representing 1 umarticular
muscle Ithe the braclualis, was added the magmtude of the
stresses was reduced mn a proximo distal direction (Figure 6b)
Thus the tensile stress was reduced from 89 hg/em” m the prox
imal half of the model to 10 kg/cm” near the articular surface at
the distal end of the shaft The compresst e stress on the oppostte
or posterior aspect of the shaft was decreased from a maumum
of 85 hg/em® m the proxumal half to a minumum of 10 kg/cm
near the distal articular surfice The stress m the part of the
humerus spanned by the muscle 15 reduced beeause that portion
of the bone 1s bent 1 a direction opposite to that produced by
the weight of the forearm Furthermore the lever arm through
which the muscle acts upon the bone represented by the vertical
distance betw een the action line of the muscle and the anatomical
axs of the bone creases toward the jont This enhances the
mechancal efficiency of the muscle The effect of these v arous
factors 1s to decrease the stresses tow rd the jomt Thus the
magmtude of the stress 1s least at the center of the jomt where
the bending action produced mn the humerus by the weight of
the forearm 1s almost elminated

With the addition of 2 second traction brace representing a
brarticular muscle such 1s the biceps brachu the stresses were
reduced evenly throughout the entire length of the humerus
(Figure 6¢c) Thus the tensile stress in the antenor aspect of the
humerus decreased from 89 kg/cm- to 58 kg/cm 1n the upper
part and from about 20 kg/cm to 12 kg/em® n the lower part
of the shaft The compressive stress i the posterior border of the
humerus was reduced from 85 hg/cm to 69 kg/em” m the prox
imal half and from about 30 kg/em to 25 kg/em 1 the distal
half of the region The explanation for this relatively even re-
duction 1n the stress of the different parts of the model hes m
the fact that the traction brace 1s only shghtly mchned to the
anatormeal avis of the model humerus Consequently there
would be relatively httle mcrease m the length of the lever arm
through which the brace (or muscle) acts upon the humerus
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Summary

The chief criticism agunst anlysis of stress and stram m
bone by means of the photoelastic techmque 15 that the method,
as used mn engineering 15 for stress strun analysis of sohd ob
jects of homogeneous composition In all the works cited 1bove
the bone models studied were made from 2 solid resmous ma-
terinl of quite uniform composiion Furthermorc they were
usually cut from thin plates of the material so that the resulting
stress pattern was in just two dimensions All of these models
were quite different from 1 hollow bonc of heterogeneous com
position nd complicated trabecular orgamzation The latter fea
ture as Runtscher (1934) pointed out, 15 impossible to duplicate
m any model Thus the various photoelastic patterns obtaned
by Hallermann, Milch, and Pauwels simply represent the stresses
produced by loading solid models composed of homogeneous
material resembling a bone 1n outline
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Stiess and Stram 1 Shull
Defoimation and Fractuie

Stress awp stram 10 the human skull has been expenmentally
studied under both dynamic and static conditions mn attempts to
determme the strength of skull bones and the mechamsm of skull
fracture  Tn dynamic loading the force or Joad 15 suddenly ap
phied to the skull while m static loading 1t 1s slowly apphed
Most skull or head mjunies occur under dvnamic conditions as
the result of impacts and arc energv problems Therefore the
results obtamed from dynamic loading studies on skull deforma
tion and fracture will be considered first

Dynamic Loading Studies

The behavior of the mtact human shull under dynamic load-
mg has been studied extensnely by Gurdpan Lissner and their
associates with the aid of the stresscoat method and electric stram
gages The principles of these methods are discussed in Chap
ter Two

The first problem mvestigated was how closely the stress
coat deformation patterns m dry bones resemble those which
would be produced m living bones under similar experimental
conditions The problem was solved (Gurdpan and Lissner 1845)
by companng the stramn pattern produced 1n the stresscoated shull
of s dogs and two macaque monkeys under three different ex
permmental conditions In the first senies of tests the scalp of an
anesthetized ammal was reflected the underlying shull cleaned
stresscoated and then hit with 1 hammer In the second senes
of tests the ammal was sacnificed and the experiment repeated
with the shull contents wtact In the third series of tests the
expermment was repeated on the thoroughly cleaned and dried
skull of the same ammal

{841
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Figure 7 Stresscoat patterns on a monkey shull (From Gurdjian and
Lissner Surg Guynec & Obst 81 1945 ) Upper row—PFattern on skull
of anesthetized monkey \iddle ron—Phttern on skull of dead ammal with
skull contents mtact Bottom row—Pattern on dry skull of the sume amimal

These studies clearly demonstrated that the stram pattern
{Figure 7) was essentially similar regardless of the experimental
conditions Therefore conclusions based on stresscoat studies
of a dry bone are valid for predicting the tensile stram pattern
which would be produced 1n the corresponding living bone under
sumilar experimental conditions The cluef differences noted m
the tests were that the strain pattern was somewhat more exten
sive mn the skull of the living ammal and that m the dry skull
the propagation of the strain tended to be interrupted by the
suture lines The resemblance between the deformation pattern
of the lning and of the dry skull indicates that the direction of
the tensile strain was simlar 1n both but does not mmply that the
magnitude of the stram was the same
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Stiess and Strain in Shull
Deformation and Fractue

Srress anp smam m the human skull has been expenimentally
studied under both dynamic and static conditions 1n attempts to
determine the strength of shull bones and the mechanism of shull
fracture In dynamic loading the force or load 1s suddenly 1p
plied to the shull while mn static loading 1t 1s slowly applied
Most shull or head 1njuries occur under dynimic conditions as
the result of impacts nd are energy problems Therefore the
results obtamed from dynamic loxding studies on skull deforma
tion and fracture will be considered first

Dynamic Loading Studies

The behavior of the mtact human skull under dynamic load
g has been studied extensively by Gurdjian Lissner and their
associates with the ud of the stresscoat method and electric strun
gages The prinaiples of these methods are discussed m Chap
ter Two

The first problem mvestigited was how closely the stress
coat deformation patterns in dry bones resemble those which
would be produced m Iiving bones under smmilar experimental
conditions The problem was solved (Gurdjian and Lissner 1945)
by comparing the stram pattern produced i the stresscoated shull
of six dogs and two macaque monkeys under three different ex
permmental conditions In the first seres of tests the scalp of an
anesthetized ammal was reflected the underlymng skull cleaned
stresscoated and then hit with a hammer In the second serles
of tests the ammal was sacrificed and the experiment repeated
with the shull contents mtact In the third senes of tests the
experiment was repeated on the thoroughly cleaned and dried
skull of the same anmal

[34]
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Figure 7 Stresscoat patterns on 1 monkey shull  (From Gurdpan ind
Lissner Surg Gynec & Obst 81 1945) Upper row-—Pattern on skull
of anesthetized monkey Middle row—Pnttern on shull of dend ammnl with
shull contents mntact Bottom row—Pittern on drv skull of the same anim1l

These studies clearly demonstrated that the strun pattern
(Figure 7) was essentinlly similar regardless of the experimental
conditions Therefore, conclusions based on stresscoat studies
of a dry bone are valid for predicting the tensile stramn pattern
which would be produced 1n the corresponding Iiv tng bone under
smilar experimental conditions The chief differences noted m
the tests were that the stram pattern ws somewhat more exten
swve 1 the shull of the lwing amimal and that n the dry shull
the propagation of the stran tended to be interrupted by the
suture lines The resemblance between the deformation pattern
of the lving and of the dry skull indicates that the direction of
the tensile stram was sumlar m both but does not imply that the
magnitude of the stram was the sme
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The strain patterns revealed that strihing the skull with a
hammer caused an mbending of the bone, which gave nise to
tensile strain 1 a crreular and 1 radial direction around the site
of impact Radial stram, mdicated by concentrically orented
stresscoat crachs was closer to the site of impact Circular stram
shown bv radially oriented cracks was more distant Sumlar
tensile strain occurs 1n a rubber ball when pushed m with the
thumb

After these experiments tensile stran patterns were produced
m human skulls by hammer blows of varying mtensiies Fne
drv skulls and three intact cadaver heads wath the scalp reflected
50 the bones could be stresscoated were used In contrast to the
rather generilized and estensie patterns seen n the dog and
monkey skulls discrete patterns at the site of mpact were found
Usually only radially oriented cracks mdicatmg tensile stramn
m a cireular direction arcund the site, of mmpact were present
Superimposttion of several stramn patterns ndicated that after
a blow the skull vibrated before coming to equilibrum and rest

The most important result of the study was the demonstration
that hnear fractures of the skull arose from fulure of the bone
as the result of the tensile stress created m 1t by the blow Fre
quently the most extensive deformation occurred some distance
from the pomt of mpact of the blow The shape and thickness
of the shull as well as the area to which the blow was applied

f d the develop of the deformation pattern These
factors account for the differences between the tensile stram pat
terns 1n the human skull and those of the dog and the monkey

Gurdpan and Lissner (1946) also made quantitatne deter
mnations of deformations expenmmentally produced m human
cadaver skulls The skulls were kept i a saline solution until
tested at which time they were coated with stresscoat lacquer
having a sensitivity of 000100 = 00003 wnches/inch Deforma
yons produced by application of 143 mch pounds of energy to
different regions of the skull were studied 1n six specimens weigh-
mg from 107 to 223 pounds The energy was applied by drop
png the skulls on a 140 Ib steel block m such a way that the
blow was perpendicular to a plane tangent to the pomt of impact
on the skull Each skull was caught by hand on the rebound so
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that at struck the steel block just once The weight of the shull
multiphed by the distance through which it was dropped gawe
the energy (inch pounds) apphed to the shull The velocities
of the skull at the time of impact varied from 54 to 99 feet per
second

In the first si experiments 14 3 inch pounds of energy were
applied to all the shulls but later varymg amounts of energy
were used The strun patterns produced by ~ constwnt amount
of energy vaned in different places of a single skull as well as
between shulls Three shulls were tested wath energies varymg
from exght to 24 inch pounds, appled to the mdfrontal, the rmd
oceipitnl and the laternd posterior pavietal regions In these
skulls 1t ws found that eight mch pounds of energy 1 the oc
cipital region ten inch pounds of energy m the lateral posterior
parietal region, nd 14 to 28 mch pounds of energy mn the md
frontal region produced A threshold or mmmal tensile stramn
pattern The path of the strun depended upon the shape con-
tour, and thickness of the bone 1n the area of the impact The
deformation patterns were more common m the weaker than m
the buttressed regions of the shull relatively few patterns bemng
found 1n the region of the zy gomaticofrontal «nd petrosop-netal
buttresses There were also  few cricks in the immediate pline
of the frontal and of the occipital bones The results of these
experiments were corroborated by chimeal data The ease with
which deformations were produced m the region of the foramen
magnum and 1n the parietotemporal 4rea may, according to the
authors account for the many fractures of these regions which
occur without loss of consciousness

The tensile strain pattern produced on the outer and the
mner aspects of the skull by -«ppheation of 16 meh pounds of
energy to varous regions was likewise imvestigated (Gurdjran,
Lassner and Webster, 1947) A stellate pattern was found on the
mner surface of the skull opposite the pomt of impact while on
the outer aspect of the shull the stresscoat cracks radiated from
around the general e of the impact (Figure 8) The stellate
pattern consisted of radilly arranged cracks mdicating tensile
strun n a1 arculr direction as the result of the mbending of
the bone The cricks on the outer aspect of the skull, Iy g some
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The stramn patterns revealed that strihing the skull with 2
hammer caused an wmbending of the bone, which gave nise to
tenstle strun m a errcular and 1 radil direction around the site
of mmpact Radsal strun, wndieated by concentrically oriented
stresscoat crachs, was closer to the site of impact  Circular stram
shown by radually oriented cracks was more distant Sumlar
tensile stram occurs m = rubber ball when pushed 1 with the
thumb

After these experiments tensile strun patterns were produced
m human skulls by hammer blows of varying intensities Frve
dry skulls ind three intact cadaver heads, with the scalp reflected
so the bones could be stresscotted, were used In contrast to the
rather generalized and cxtensie patterns scen mn the dog and
monkey shulls, discrete patterns at the site of impact were found
Usually only radially oriented cracks mdicating tensile stram
m 1 circular direction 1round the site of 1mpict were present
Supermmposition of several stran patterns indicated that after
a blow the skull vibrated before comimg to equilibrium and rest

The most important result of the study was the demonstrahion
that Imear fractures of the skull rose from fatlure of the bone
as the result of the tensile stress created m it by the blow Fre
quently the most extensne deformation occurred some distance
from the powt of impact of the blow The shape and thickness
of the shull as well as the area to which the blow was appled
wmfuenced the development of the deformation pattern These
factors account for the differences between the tensile strun pat
terns 1 the human skull and those of the dog and the monkey

Gurdpan and Lassner (1946) also made quantitatne deter
minations of deformations expermmentally produced in human
cadaver skulls The shulls were kept m a saline solution untit
tested, at which time they were coated with stresscoat lacquer
having a sensitivity of 000100 = 00005 mches/inch Deforma
tions produced by application of 14 3 inch pounds of energy to
different regions of the shull were studied m six specimens weigh
g from 107 to 223 pounds The energy was appled by drop
pmng the shulls on a 140 Ib steel block m such 1 way that the
blow was perpendicular to a plane tangent to the pomnt of impact
on the skull Each skull was caught by hand on the rebound so
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sion fractures or perforations, the deformation patterns suggest
that shearmng mv hwe occurred between the outer and the
mner table of the shull

The hnear frictures produced in the tests arose from falure
of the bone bechuse of the tensile strun m the outer surface of
the skull The fracture was imtinted some distance from the site
of impact and then propagated both toward and awy from the

Figure 9 Undulation of the skull atampact (From Gurdjin W ebster and
Lissner Am J Surg 78 1949)
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Tigure 8 Stresscont patterns on human skull  (From Gurdpan Lissner and
Webster Surg Gynec & Obst 85 1947)

distance from the site of impact, arose from outbending of the
bone and sigmified - tensile strain 1 1 more or less circular diree
tion around the aren of impact The stellate pattern suggested
that the tensile strain was concentrated at the site of impact and
mbending of the shull

Although the stresscont pattern only shows areas of tensile
stramn 1t 15 known that when bending occurs tensile stramn 1s
created on the convex surface and compiessive stram on the con
cave surface of the bent bone Therefore, the presence of a de
formation pattern on just one surface of a shull indicates that
bending had occurred mn the direction of the aspect of the shull
having the pattern Inbending of the shull 1s 1ccompanied by
outbending 1n certun selected areas showing that an undulation
of the skull had occurred (Tigure 9) The mbending 1s in the
region of the impact while the outbending starts at the border
of the inbent 1rea After a deceleration impact the mbent area
1s Iimuted by the radius or curvature of the skull in the region
of the blow Because of differences m the shape and thickness
of the skull 2 single impact may produce outbending in different
planes of the various regions of the skull The mbent area 15 also
modified by the presence of buttresses and forammna When the
blows are not sufficiently severe or localized to produce depres
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mation without fricture than can the outer table The study
clearly proved that if the site of impact 1s known the direction
of the resulting fracture line can be surmised and vice versa

Skull deformations and changes in mtracranial pressure oc-
curring 1 dogs 2t the time of head injury hawve been measured
by Gurdpan and Lissner (1944 ), with wire resistance stran gages
(Figure 10) and cnthode ray oseilloscopes  Small plastic pres
sure plugs traversed by platinum wire electrodes in contact wath
the brun and cerebrospinil flmd, were pliced 1n the temporal
regions of the shull The resistance changes m the stramn gage
(Sr4 Type C-3) were measured by 2 potentiometer circuit and
recorded on an oscilloscope

Application of a blow close R
to a strain gage produced com n
pressive stramn (Figure 11a) be i
cause of the mbendmg of the i
bone Tensile stramn ansmg from i
an outbending of the skull or a L-
decrease m 1ts radws of curva »
ture occurred when the blow was — g 5y - y r
applied to the bone on the side g |
oppostte to that bearing the gage
(Figure 11b) Approxuimately
%000 of a second was required [
for maximum deformation of the
shull  After its wutial deforma-
tion the skull returned to its ong
mal shape although two to four -*-
additional oscxll%tlons of de ¢ l ’ *
formation occurred Ethbrmm )
was attained m about Yoo of 2
second after the begmnmg of the
blow Increasing the intensity of
the blow mecreased the amplitude
of the deformation but not the

time period of the mtial de Figure 11 Oscillograph records of

deformation 1n dog skull
formation which remamed 1400 from Gurdjian :mdngssner (}K 82{7!::‘:0"
of a second (Tigure 11c) How surg 1 1944)
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Tigure 10 Electric strain gige on dog shull (From Gurdjan and Lissner
J Neurosurg 1 1944}

impact site The fracture line was propagated toward the site of
mmpact because at the mstant of impnct the rea of mbending
(the outer surfice of the shull at the site of impact) 15 actually
under compression The rebounding of the bone creates tensile
stramn with its greatest magmtude at the center of the impact
area From this center point outward the tensile stram decreases
rapidly mn 7l directions  On the basis of the stellte pattern on
the mner surface of the shull the fracture should extend m both
directions from the center of the area of 1mpact as far s the
border of the area of mnbending but lnear frictures did not 2l

ways oceur The latter feature may be related to the two lnyer
construction of most of the vertex of the skull the mner table

because of its thinness, bemng able to undergo a greater defor-
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mation without fracture tha can the outer table The study
clearly proved that 1f the site of impact 15 known the direction
of the resulting fracture hine can be surmised and vice verst
Skull deformations nd changes m mtracramal pressure oc-
curring m dogs at the time of head mjury have been measured
by Gurdjian and Lassner (1944) with wire resistance strun gages
(Mgure 10) and cathode r1y oseilloscopes  Small plastic pres-
sure plugs truversed by plitinum wire electrodes m contact with
the bramn and cerebrospmal flud were pliced m the temporal
regions of the skull The resistance changes m the strain gage
(Sr4, Type C 5) were mensured by a potentiometer circutt and
recorded on n oscilloscope
Application of a blow close .
to a stramn gage produced com " H
pressne strain (Figure 11a) be- I y
cause of the mbending of the :
bone Tensile stram, arsing from ! i \
an outbending of the skull or 1 l L. l
decrease 1n 1ats radis of curva ’L- -
ture occurred when the blow wns
applied to the bone on the side g -?r ! = Wr
opposite to that bearing the gage
(Figure 11b) Approximately
Y000 of a second was required
for maximum deformation of the i ¥
shull  After 1ts mmtial deforma
tion the skull returned to its onig
nal shape, although two to four
additional oscillations of de
formation occurred Equilibrium ) i

+
1
4 -
1

was attamed 1 about 400 of 1 s ! ?:
second after the beginningof the 2 < EE
blow Increasing the ntensity of £ 8 oootse !
the blow increased the amphtude § THE i:

of the deformation but not the
time period of the wutal de Figure 11 Oscillograph records of

forma deformation 1n dog skull {Redrawn
tion, which remauned oo0 from Gurdpan and Lissner J Neuro

of a second (Tigure 11c) How surg 1 1944)
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ever, the time period was dependent upon the size and shape
of the skull

The intracramnl pressure changes were similar to the shull
deformations A hammer blow on the same side as 1 pressure
plug caused an bl pressure merease 1n the region of the
plug followed by two to four pressure oscillations before equilib
rum was re estibhshed Simultaneously there was an mitial de
crease 1 ntracramal pressure near the plug on the side of the
skull opposite the blow  Striking the terparnetal region of the
shull produced simult ineous mncrease 1n pressure on both sides
An wernge of about %400 of a second wns required to reach the
mmhtial pressure peak This 1s different from that required to rench
maxmmum shull deformtion becnuse the shull generally does not
attun maumum acceleration until after maamum deformation
has occurred Thercfore the deformation and pressure waves
which were not m phase dampened each other and restored
deformation and pressure equilibrium n a short time

In a Iater study with the stramn gage cathode ray oscilloscope
method, Gurdpan and Webster (1947) found that striking the
skull of an anesthetized dog produced deformations similar to
those obtamed 24 hours after death of the anmmal and with the
skull contents mtact They, therefore concluded that cadwer
heads with the shull contents mtact weire smitable for investigat
mg deformations arising from blows on the Ining head They
found that the imtial deformation from 1 blow on a human cada
ver shull varied from %,000 to ? a0 of 2 second The total
elapsed time for the appearance of the deformation pattern was
from 3_go to Y0 of 1 second During the deformation three to
six cycles with frequencies from about 900 to 1200 cycles per
second occurred m different parts of the shull

The amount of energy and the time of absorption required to
fracture the shull have been mvestigated by Gurdpan Webster
and Lissner (1949) m 55 mtact human chdaver heads Impact
tests were made by dropping the head on a steel block so that
energyv was applied to the md frontal anterior mnterparietal md
occipitnl nd the nght or the left posterior parietal region

The energy required to produce a single linear fracture vaned
from 400 to 900 mnch pounds The average energy necessary for
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fracture was 571 inch pounds m the med frontal regons, 517 mch
pounds m the mid ocaipital region, 710 mnch pounds 1 the an-
terior mterparietal region, md 615 mch pounds m the region
above each ear  However, beeause of the wide range of vanation
m each region eg 425 to 803 mch pounds m the mid frontnl
region the werage differences are of httle mportance After
the mttintion of a sngle hinear fracture very httle more energy
was required to produce multiple fractures and complete de-
struction of the skull The 1 erage energes for complete destruc
tion of the skull were close to those producing single lmear frac-
tures, and 1t 1s sigmificant that fracture sometimes occurred with
approvmately 400 inch pounds of energy
The great vanation between shulls in the amount of energy
required for fracture was the result of mdividual varitions 1n
the shape and thickness of the skull and scalp One of the most
mmportant results of the study was the demonstration that a
relatively thin layer of soft tissue, the scalp, was an excellent
energy absorbing material Thus, 400 or more inch pounds of
energy were necessary to produce a Imear fracture in an ntact
cadawver head while 2 similar type of fracture oceurred n a dry
skull with as little 1s 40 inch pounds of erergy
The authors believe that the difference between the amount
of energy necessary to fracture a cadaver head and that of a
Ining ndnidual ss of the sme order of magnitude, because of
vanations i such anatomieal factors as scalp thickness Tlus
belief 15 based on the amount of kinetic energy producing
shull fracture when « batter 15 1ceidentally hit on the hend by 2
fast ball The energy was computed by using 100 feet per second
as the speed of the ball and five ounces as 1ts weight gving a
value of 580 mnch pounds of energy
One of the mportant factors i skull fracture 15 the time of
absorption of the energy producing the fracture as large
amount of energy ean be withstood without fracture if 1t 1s 1b
sorbed slowly Gurdpan Webster and Lissner (1950a) deter
mined the time of absorption of the energy 1 cadayer heads by
mounting Sr-4 electric strun gages along the paths of the ev
pected fracture lines mn the skull The head was dropped upon a
steel block so that 1t struck a switch connected to one beam of 1
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two gun cathode r1y tube, which mdicated the imtral contact of
the skull with the steel block The other beam was controlled by
a simular strain gage connected to a simple potentiometer cir
cuit Tortunately, m one shull the fracture passed through the
strain gage thus opening the circmt The elapsed time from the
mstant the shull struek the steel block until 1t began to deform
was 0 0006 of 2 second but the 1ctual fracture did not occur until
the bone 1tself had been deformed through an ndditional period
of 00006 of a second Thus the time from the mstant the skull
struck the steel block until the fracture occurred was 00012 of
a second

Gurdpian Webster, and Lissner classified depression shull
fractures mnto six types on the basis of veloaty, hinetic energy,
and shape of the mjuring object A very Iugh veloaty object
such as 1 nfle bullet perforates the skull producing shattering
of the bone from the radial acceleration and great ncrease
mtracranial pressure

A second type of fracture 1s caused by a pistol bullet or some
other faurly high velocity object The shull will also be perforated
and bone fragments may be forced nto the bramn  If the energy
1s not too high only the outer table of the shull 1s depressed or
perforated since most of the energy ts dissipated at the time of
mmpact

Blunt objects with a much lower veloaty than bullets eg
a baseball produce the third type of depression fracture i which
most of the energy 1s absorbed mn producing the depression The
latter 15 an oval inbent area with radial fractures and separation
of the two tables of the skull A curvilinear fracture caused by
tensile stress on the external surface of the shull 1s usually present
at the border of the depressed aren The fragmentation of the
depressed area ansmg from tensile stresses due to mbendmg of
the bone roughly corresponds to the stresscoat pattern found on
the inner surface of the skull around the site of mpact If the
energy of the striling object 15 almost completely dissipated at
the time of 1mpact exther skull table depending on which 1s the
thicker may be depressed

A localized blow from a slowly moving object produces the
fourth type of depression fracture m which simultaneous defor
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mation m other 1egions of the shull may occur In addition, one
or two lmear fractures, ansing from tensile stresses produced by
distit outbending of the bone, extend toward the site of 1m
pact

In the fifth type the depression caused by 4 slowly moving
pomted object, mny correspond to the shape of the object Linear
fractures ansing from distant deformations may occur The sixth
fype exlubits extensine commmution with radil and exreunlar
fracture lines The former extend from the center of the impnct
site wlile the latter surround the area at varying distances This
type of fracture 1s produced by < slowly moving blunt object,
with lugh kinetic energy, and frequently accompanies 1 decelera
tion impnct

The same mnvestigators (Gurdjian Webster, and Lissner, 1950
a and b) continued their researches on the mechanism of skull

Tigure 12
pret  (From Gurdpan Webster and Lissner

Areas of different stress level following posterior panetal 1m

J Neurosurg 7 1950 )
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two gun cathode 11y tube which indicated the imtral contact of
the skull with the steel block The other beam w s controlled by
2 similar strun gage connected to 1 simple potentiometer cr
cwt Fortunately m one shull the fracture passed through the
strain gage thus opening the circurt The elapsed time from the
mstant the shull struck the steel bloch until st began to deform
was 0 0006 of 1 second but the actunl fracture did not occur until
the bone 1tself had been deformed through an additional period
of 00006 of 1 second Thus, the time from the mst it the shull
struck the steel block until the fracture occurred was 00012 of
1 second

Gurdjlan Webster and Lissner classified depression shull
fractures mnto six types on the basis of velocity, kinetic energy,
and shape of the mjurmg object A very high velocity object
such as 1 nifle bullet, perforates the shull producing shattering
of the bone from the radil acceleration and great mcrease in
mtracranial pressure

A second type of fracture 15 caused by 1 pistol bullet or some
other fauly high velocity object The skull will also be perforated
and bone fragments may be forced mto the bran  If the energy
1s not too high only the outer table of the skull 15 depressed or
perforated simce most of the energy 1s dissipated at the time of
mmpact

Blunt objects with a much lower veloeity than bullets eg
2 baseball produce the third type of depression fracture i which
most of the energy 1s bsorbed m producing the depression The
latter 15 an oval mbent area with radial fractures and separation
of the two tables of the skull A curvilmear fracture caused by
tensile stress on the external surface of the shull 1s usually present
at the border of the depressed area The frigmentation of the
depressed area anising from tensile stresses due to mbendmg of
the bone roughly corresponds to the stresscoat pattern found on
the wmner surface of the skull around the site of impact If the
energy of the striking object 15 almost completely dissipated at
the time of mpact either skull table depending on which 1s the
thicker may be depressed

A localized blow from a slowly moving object produces the
fourth type of depression fracture n which simultaneous defor
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mation m other regions of the shull myy occur  In addition, one
or two linear frictures arisng from tensile stresses produced by
distwt outhending of the bone, extend toward the site of 1m
pact

In the fifth type the depression, cased by A slowly movng
pomted object, may correspond to the shape of the object Lincar
fractures ansing from chstant dcformntions may occur The sixth
type exlibits extensne commmnution with radinl and eircular
fracture Ines The former extend from the center of the impact
site while the latter surround the aren at varying distainces This
tvpe of fracture 1s produced by 2 slowly moving blunt object
with high kinetic energy, and frequently accompamies 1 decelern
tion 1mpact

The sme mvestigators (Gurdpan Webster and Lissner, 1950
a and b) continued their researches on the mechanism of skull

Figure 12 Areas of different stres
pact (From Gurdpan W,

s level following posterior paretal 1m
clster and Lissner Neurosurg 7 1950 )



46 Stress and Stramn in Bones

Figure 13 Single {a) and multiple (b) lnear fractures from a postenor
panetal blow (From Gurdpan Webster and Lissner ] Newrosurg 7
1950 )

fracture by nalyzing the stresscoat pattern produced by blows
m each of 12 different regions By noting the time of appearance
of stresscoat crachs produced by imncreasing amounts of energy,
they were able to determine areas of primary, secondary and
tertiary stress levels (Figure 12) Thus the first set of cracks
appearmg after an 1mpact denoted primary stress level the sec
ond set of cracks ansing from additional energy mdicated the
secondary stress level while still more energy produced a third
set of cracks showing the tertiary stress level

The sigmficance of these stress levels was then related to
fractures experimentally produced by applying varying amounts
of energy to each of 12 areas of the skull Embnalmed cadaver
heads with sealp and skull contents ntact were used In each
specimen the thickness of the scalp was measured and after test
ting the skull was cleaned weighed and the fracture photo
graphed Forty six cadaver heads were tested with deceleration
mpacts apphed to the md frontal the anterior panetal the mid-
occipital and the postenor parietal regions

The resulting fractures agreed with the predicted results from
stresscoat patterns obtamed by loading corresponding areas of
the dry shull Thus a single Iimear fracture (igure 131) ap
peared 1n the area showing primary tensile stress level If two
fractures were present the second one appeared n the area of
secondary stress level and if there were three Inear fractures
the third arose 1n the area of tertiary stress level The area of
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primary stress level 15 the weakest region of the shull, but the
actunl location of this are, following an mmpact m 2 sumlar aren
of different speeimens, may v ary

In the expenmentaily produced fractures there were some-
tunes as many s s fracture hines extending radmlly from the
site of impact (Digure 13b) The fractures arose from fulure of
the bone because of the tensile stresses on the mternal surface
of the shull Fatlures on the external aspect of the shull occurred
at the junction of the inbent nd the not yet mbended rer In
general, the more ripid the blow the more localized the mbent
area 1nd the less distant the outbent rea Propigation of the
fracture lines was not hindered by shull buttresses parallel with
the direction of the tensile stress The pomt of apphication of
the energy determined the general region and direction of the re-
sulting fracture Lvidence from the stresscoat patterns and the
expenimentnl frictures enabled the mvestigators to predict the
location of primary and secondary fracture lines when the point
of appheation of the blow was known However because of
the brittleness of the skull, 1t was very difficult to foretell the
order of appearance of additional fracture lines 1n the stellate
pattern

The results of the stresscont tests were substantiated by =
study of clmeal cases of head injury Thus m cases where the

Figure 14 A stress,
blow  compared with a similarh
Gurdjtan W ebster and Lissner Radiology 54 1930 )

coat pattern (A) produced by an antenar mterpanetal
produced chnical fracture (B) {From
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Figure 13 Single (1) and multiple (b) linear fractures from a postenor
panetal blow (From Gurdpan Webster and Lassner J Neuwrosurg 7
1950 )

fracture by analyzing the stresscoat pattern produced by blows
1 each of 12 different regions By noting the time of appearance
of stresscoat cracks produced by increasing amounts of energy
they were able to detetmme areas of primary secondwy and
tertiary stress levels (Iigure 12) Thus the first set of cracks
appeaning after an impact denoted primary stress level the sec
ond set of cracks ansing from additional energy mdicated the
secondary stress level while still more energy produced a third
set of cracks showing the tertiary stress level

The significance of these stress levels was then related to
fractures experimentally produced by applying varying amounts
of energy to each of 12 areas of the shull Embalmed cadaver
heads with scalp 1nd skull contents ntrct were used In each
specimen the thickness of the scalp was measured and after test
ting the skull was cleaned weighed and the fracture photo
graphed Forty six cadaver heads were tested with deceleration
mmpacts apphed to the mud frontal the anterior parietal the mid
occaipital and the posterior parietal regions

The resulting fractures agreed with the predicted results from
stresscot patterns obtuned by loadmg corresponding areas of
the dry shull Thus - single lnear fracture (Figure 13a) 1p
pered 1n the area showing primary tensile stress level If two
fractures were present the second one appeared n the area of
secondary stress level and if there were three linear fractures
the third arose in the area of tertiary stress level The area of
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as Aran believed n 1844 Nather do fractures always anse from
flattening of 1 curved surface as stated by Telizet m 1873, or
follow  shull buttress The concept of Rawlhing (1904) that basal
fractures origmate from an actual splitting of the skull was also
not venfied

Static Loading Studies

The first extensne meshigation on the brenhing strength
of mtact bones was made by Messerer (1880) Approumately
500 fresh human bones were statically londed to fulure m a
Werder sche testing machmme The onentation of the bones m
the testing machme was varied so s to change the direction
of the force with reference to the axes of the bone The deforma
tions or changes mn dimensions of the bone occurring durmg -
test were measured 1n mm

The breaking strength of intact male and female shulls was
studied by applying the pressure 1 a side to side or transverse
direction and 1n a front to back or longitudinal direction The
skulls of seven males varymg from 18 to 69 years of age and of
six females ranging from 22 to 82 years of age, were tested m
transverse loading The average age was 42 7 years for the males
and 48 6 years for the femnles The average changes 1n the trans-
verse, longitudmal and perpendicular dimensions of the skull
with transverse pressure are tabulated below

Total Change to Fracture

Male Female
425 mm Transverse decrease 566 mm (5 skulls)
4 285 mm Longitudmal mcrease 0464 mm (5 shulls)
748 mm Perpendicular 1ncrease 0688 mm (5 skulls)

Changes tn the Presumed Elastic Lot

1657 mm Transverse decrease 236 mm (5 skulls)

0168 mm Longitudmal increvse 0128 mm (5 skulls)

0168 mm Perpendrcular increase 0215 mm (4 shulls)
Elastic Changes for 100 kg Load

67 mm Transverse decrese 860 mm (5 shulls)

006 mm  Longtedimal werease 005 mm (5 shulls)

0068 mm Perpendiculr ancrease 009 mm (4 shulls)

Seven shulls of males and five of females were tested with
the pressure applied 1 the longttudinal direction The average
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site of the blow was known, the resultant fracture occurred as
predicted from the stresscoat experiments (Figure 14)

The studies on the prediction of fracture site mn head njury
were summanzed (Gurdjian Webster and Lissner, 1953) on the
basis of the results of tests on 100 randomly selected adult skulls
Deceleration blows were given to the mid frontal, the anterior
mterparietal, the posterior interparietal the mid occipital the
left frontal the left antertor parietal the left posterior panetal
and the left parieto ocespatal areas The frontal anterior panetal
posterior parietal and paneto occipital areas were bi lateral n
postion  Because of symmetry the left side and mud hne areas
were used with special care taken that every part of each arer
was tested many times The fractures produced by tests of each
area were then analyzed according to the percentage of frac
tures with respect to site and direction

In general it was found that frontal blows resulted mn more
vertically oriented fractures or ones slnting shghtly forward,
while blows 1n the antertor and the postertor parietal and m the
parieto occipital area gave rise to more horzontal fractures
Many fractures on one side or the other were imtiated n the
temporo partetil areas A blow on one or the other side of the
mud hne gave nise to 1pailateral fractmes When 2 blow was ap
plied near the border of an area the fracture position mn the
adjacent area uded m predicting the location of the fricture
anising from the blow Thus a honizontal fracture from supero
inferior stresses 1n the temporal and lower parietal regions arose
from blows 1 the anterior and inferior regions of the left parieto
ocerpita] area

Lateral blows resulted 1n transverse basal fractures unassoct
ated with fractures of the vertex of the skull m just 2% of the
tests However they occurred in 5% of the cases when the blow
was appled to the occipital region

The stresscoat studies of the shull clearly demonstrate the
mmportance of tensile stress and stram mm skull fractures but
disagree with some of the 1dexs as cited by Gurdpan Webster
and Lissner (1950a) of previous mvestigators Fractures of
the shull vault, from blows on the vertex do not reach the shull
base by the shortest possible route or start 1t the site of impact
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nd that the skull never completely returned to its ongmal shape
after remov 4l of the lond  He believed that pressure in one direc
tion produced tensile forces i parts of the skull perpendicular
to the direction of the pressure Consequently, there was a de
crease m the radius of curvature of the part of the shull mvolved
and eventual craching 1 the arex of outbending

Some of the earlier concepts on shull fracture were substin
tuated by LeCount wnd Apfelbach (1920) and are included by
Rowbotham (1942) n his discussion on the mechanism of skufl
fracture However, the results obtuned by static loding are so
different from the dynimic loading which generally occurs m
hend injury and fracture that they cannot be used to wterpret
the behavior of the skull under impact

The mvestigations of Gurdpan Lissner and Webster showed
that all blows on the head produced both local wnd generihized
deformations In hnear fractures which arise from fulure wnder
tensile stram the local deformation from the impnct 1s elastic
and the bone rebounds after the blow In depression fractures
there 1s a local failure of the bone at or around the site of 1m
pact Al therr work on the biomechanics of skull fracture has
been reviewed by Gurdpan, Webster, and Lissner 1n an article
m Medical Physies, Vol II 1950

Splitline Studies

Recently the facial part of the human and chimpanzee shull
was mvestigated by Tappen (1953 ), who used the spht line tech
mque of Benninghoff m an attempt at functional analysis of the
orientation of the Haversin systems The spht-lme patterns
(Figure 15) he obtuned were mterpreted mn terms of stresses
and strams, presumably ansimg from muscle actiaty 1n chewing
However stress and stram were not differentiated from one an-
other, and no attempt was made to determine their nature or
magnitude

In discussing the ifluence of muscle action upon the sheleton
mappropriate analogtes were used For example the zygoma
was compared to a umformly loaded horizontal beam supported
at both ends and the longitudmal arrangement of the Hayersian
systems of the zygoma as revealed by the split hne pattern
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age of the males was 414 years (19 61) and the females 418
years (20 74) The average changes in the transverse, longitud
mal and perpendicular dimensions of the skull are summarized
as follows

Total Change to Fracture

Male Female
277 mm Longitudinal decrease 276 mm
039 mm Transverse increase 033 mm
018 mm Perpendicular ncrease 019 mm
(5 shulls)

Changes to the Presumed Elastic Limg

097 mm Longitudmil decrease 132 mm
013 mm Transverse imcrease 016 mm
084 mm Perpendicular wmcrease 013 mm
(5 shulls) (4 shulls)
Elastic Changes for 100 kg Load
031 mm Longitudinal decrease 044 mm
041 mm Transverse mncretse 054 mm
020 mm Perpendicular 1ncrease 00375 mm
(5 skulls)

From the above results 1t 1s evident that the changes to frac
ture with side to side pressure are not the same in the two
sexes The female shulls had a greater decrease i the transverse
diameter accompamed by less mcrease n the longitudmal and
perpendicular diameters than did the male shulls 'With pressure
m a Jongitudmal direction the total changes to fracture were
almost the same mn both sexes the longitudinal decrease and
transverse mcrease being very shghtly greater m the male skulls
while the female shulls showed = hittle greater mcrease m the
perpendicular diameter The werage load required to fracture
female skulls by side to side pressure was 5625 kg while the
male shulls failed with an average load of 489 28 kg With pres
sure m the longitudmal direction (front to back) the situation
was reversed the male shulls fracturing with an average of
6857 kg and the female skulls with an average of 610 kg

Bruns cited by Gurdpan Webster and Lassner (1950a) m
1854 also studied skull deformation and fracture by static load
mg He reported that compression decreased the diameter of
the skull 1n one direction while mcreasing 1t m an opposite one
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gnes considerable resistance to the shearmg forces exerted by
the muscle The muscle mvolved 1 the masseter, whose fibers,
especnlhy those of the deeper part of the muscle, have 1 direc-
tion almost perpendicular to the long avs of the zygoma Con
sequently, because muscle fibers always pull m 2 straight Iine,
the action line of the masseter 1s also nearly perpendicular to
the long 1us of the zygomn Therefore the contraction of the
masseter muscle would tend to bend the zygomn inferiorly which
would produce tensile and compressive, as well 1s shearng
stresses withm 1t The tensile and compressive stresses would be
greatest in the middle of the zygoma, and the sheanng stresses
greatest at the ends of the zygomn, where 1t 15 continuous with
the rest of the skull There 1s nothing n the orientation of the
spltt Iines to mdicate these differences The arguments advanced
by Tappen n support of his iterpretations of the sphit Iine pat
terns were largely theoretical and, as he admitted, there was no
experimental evidence to supplement them In the authors
opimon the functional sigmficance of the spht Iime patterns m
bones, especially with reference to stress and stran, still awaits
expentmental confirmation

Summary

Stresscoat studies of the human skull under dynamic loading
show that all blows on the head produce both local and general
1zed deformations Tensile stramn and stress 1s more dangerous
than compressive stress and strain because linear fractures of
the skull arise from failure of the bone as the result of tensile
stresses within 1t In linear fractures the local deformation from
the impact 15 elastic and rebounding of the bone occurs In de
pression fractures local failure of the bone oceurs at and around
the site of impact

Most head injuries anise from impacts and are dynamic prob
lems mvolving energy transfer and absorption Therefore the
results of static loading studies of the shull are of httle or no
help 1 understanding the behavior of the skull in head mjuries

The results of split hine studies s a means of explatming skull
arclutecture 1n terms of stresses and strans are questionable



Figure 15 Split line pattern 1n human (a) and chimpanzee (b) skull
(From the ongmal Figures 1 & 2 Tappen Am J Phys Anthropol
11 508 & 508 1953 )



Iigure 16 Tensile stram patterns m colophomum coated bones (From e,
Runtscher @ b and ¢ Zentralbl f Clar 61 1934 + f Rin Ch
182 1935) -
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Stiess-Stramn Distuibution m Long Bones

Results With the Colophonmum Methed

The cEmvan orthopedic surgeon Kuntscher (1934) was the first
to mvestigate stress stramn phenomena m human bones by usmng
a strun sensitne lacquer He coated long bones with melted
colophomum and studied the strain patterns produced by static
and dynamic loading of the bone m various positions The prin
ciples of the method were discussed m Chapter Two

With static vertical loading of the femur (Figure 16a) the
first crachs appeared m the colophomum on the superior aspect
of the nech With continued loading a second group of cracks
arose on the lateral aspect of the shaft just mnferior to the level
of the lesser trochanter The cracks on the neck were transverse
to the long avs of the region but with mcreasing load they ex-
tended onto the side of the neck and curved n the direction of
the shaft The cracks on the shaft were at first transverse to the
long axis of the bone but later extended onto the anterior and
posterior aspects where they curved mfertorly In each region
the cracks ansmg later were parallel to those formed previously
All the cracks arose from tensile stramn mn the underlying bone
and were transverse to the direction of the strain The superior
aspect of the neck was the area of highest tensile stramn since the
first cracks appeared there

Areas of compressive stram produced by static loading of the
femoral head (Figure 16b) were also mnvestigated In these tests
cracks appeared m the colophomum as the load was gradually
removed, thus permittmg the regton under compression to return
to 1ts origmal condition Durning the return tensile stramn m the
bone gave rise to cracks mn the overlymg colophonium Conse
quently the crachs indicated areas of the bone which had been
subjected to compresstve stram during a test The area of ighest

[54]
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pressure pomt on the Iateral condyle but i a bone having 1 well
developed genu v ilgum the medil condyle showed the greater
compressne stress In 2 tibia from 2 person with chondrodys-
trophy pplication of pressure to the jomt surfaces 1c, at oppo
site ends of the bone produced a bnd of tensile stramn extending
across the shaft from its most convex pomt on the lateral aspect
10 its most concmve pomt on the medial nspect of the bone The
pattern mdicated the prescnee of tensile forees m the ving bone
wlich resulted m the formation of resorption (Loosers) zones
In a markedly bent tibia the pomnts of compressive strun were
proumal and distal to the ret of bending The deformation pat-
tern produced 1 a rachitic femur showed that the direction of
the tensile stram was approumntely mn the long axs of the bone
sumilar to that of the split ines Bennmnghoff obtuned on the other
femur from the same indnvidu1l
In torsion tests of deformed bones the tensile stram did not
sprral around the shaft as 1 normal bones but was restricted to
either side of the bent area (Figure 16d) In normal hones the
cracks constituting a torsion pattern had a 45 angle to the long
anis of the shaft but this could be changed by additional tensile
or bending stress Normally the peak of the tenstle strun wis m
the middle of the shaft huntscher stated that the greatest strun
was produced by torsion although he did not record the mag-
mtude of the stran or of the load producing 1t
Kuntscher believed that deformations occurring in mature
bones anse from tensile stresses while those 1 growing bones
are produced by pressure stresses m the growth area Certun
pscudoarthrodeses and congemtal coxa vara anse, according to
him 1 arcas of lugh tensile stran where resorption areas (Loos
ers Zones) develop
From the umiformuty of the deformation patterns obtained m
hus tests huntscher concluded that 1n mtact bone, 1 spite of its
:n'sltomxcal dnersity 15 1 functionally homogeneous structure
imular conclusion had previously been reached by Messerer
(1880) Kuntscher stated that the strain patterns obtamed 1 s
(1835) T e o (awerhon sty cirs coneept
rehted to the stresses and strams to‘ ): e h e functionall
which the bone 15 subjected
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compressive strun wAas the mfenor wpect of the femoral neck
With henvicr loads the strun pattern spread onto the medial s
pect of the shaft The eracks themselves were perpendicular to
the long 2vs of the bone and the dircction of the strun  Areas of
tensile and compressie stran withm 1 single bone were also
demonstrated (Figure 16b)

Kuntscher pomted out that bending and torsion are the types
of force most frequently apphed to the long bones m the lnung
body In torsion tests of the tibin he found that the resulting
stramn pattern consisting of obliguely placed eracks spiraled
around the shaft of the bone at 145 angle to 1ts long s (Fig
are 16c)

In another sertes of tests huntscher (19351) determimed the
areas of tensile and campressive stran produced by tension com
pression bending and torsion loading of 1 normal humerus tibwa,
femur two ridy, and 1 clnicle The arcas of stram varted with
the bone, its onientation dunng 1 test and the type and pomt of
appheation of the force

Kuntscher then published 1 paper (1935b) n which he gne
additional data on statie Jordmg and extended tus studies to n
clude dynamic loading of pathological bones wnd 2 discussion of
fracture mechamsms Dynamic Jording was obtimed by dropping
weights upon the head of the feumr or strihing at with 2 hammer
The magmtude of the energy thus apphed to the bone was not
stated

The tensie strun patterns produced by dynamie loadmg of
normal femurs were essentially simular to those obtamed by static
loadmg Tiltmg the bone so that the shaft made 2 different
angle with the horizontal plane had little effect upon the defor
maton pattern  Among the normal boues tested were femurs
from two guls 14 and 17 years of age nd one from 2 newborn
boy Cracks were found on the superior aspect of the neck distal
to the epiphyseal line  Kuntscher imterpreted these findings as
evidence that the earliest mechanical influence on the region of
the epiphyseal line 1s tension on the superior part of 1t

The deformation patterns obtaned on deformed bones were
quite different from those of normnl bones Thus the lower end
of 1 normal femur subjected to static loading had the hugher
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pressure pomt on the Jater1l condyle, hut m 1 bone having 1 well
developed genu valgum the medinl condyle showed the greater
compressive stress In 2 tibiy from 1 person with chondrodys
trophy application of pressure to the joint surfices 1¢, at oppo-
site ends of the bone, produced 1 band of tensile strun extending
across the shaft from 1its most comvex pomt on the Interal aspect
to 1ts most concnve pomt on the medial aspect of the bone The
pattern indicated the presence of tensile forces 1n the living bone
which resulted n the formation of resorption (Loosers) zones
In a markedly bent tibia the potnts of compressive straun were
proximal and distal to the area of bending The deformation pat
tern produced tn 1 rachitic femur showed that the direction of
the tensile stram was approximately n the long aus of the bone
similar to that of the spht lines Benninghoff obtuned on the other
femur from the same indrvidual
In torsion tests of deformed bones the tensile strun cid not
spiral around the shaft as m normal bones but was restricted to
either side of the bent area (Figure 16d) In normal bones the
cracks constituting 1 torsion pattern had a 45 angle to the long
axis of the shaft but this could be changed by additionnl tensile
or bending stress  Normally the peak of the tensile strun was
the middle of the shaft Kuntscher stated that the greatest stran
was produced by torsion although he did not record the mag
mitude of the stramn or of the load producmg 1t
huntscher beheved that deformations occurring m mature
bones anse from tensile stresses, while those m growing bones
are produced by pressure stresses in the growth area Certan
pseudoarthrodeses and congenital coxa vara arise according to
M 1n areas of high tensile strain where resarption areas (Laos
ers Zones) develop
s I;;‘Om t’he uniformity of the deformation patterns obtuned 1n
sts Kuntscher concluded that an mtact bone 1 spite of 1ts
stllon;lcal diersity, 15 a functionally homogeneous structure
(lslsrgl)arl\concll;sxon had previously been reached by Messerer
tests ey untscher stated that the stramn patterns obtaned n his
(1935 € experimental confirmation of Benninghoff's concept
25) that the osteones (Haversian systems) are functionally
related to the stresses and strains to which the bone 1s subjected
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Figure 17 Human femur 1n a teshng machme a—unloaded bone b—same

bone under a 650 b load (From the original of Figure 7 Evans and
Lissner Anat Rec 100175 1948)

In addition he believed that the osteone hines of the proximal
end of the femur have a double function 1n that they transmt
both tensile and compresswe forces to the superior aspect of the
neck However on the mferior aspect of the neck they resist
compressn e forces onlv  In Runtscher s opinton roentgenograms
of the femoral nech confirmed Benninghoff's 1dea that the tra
beculae represent continuation of the lines of the osteones In
addition he stated that the trabeculae are directly related to the
direction of tensie strain m the femoral nech The latter 1dea



Stress Strain Distribution i I ong Bones 59

conflicts with Kuntschers enticism of Culmanns interpretation
of the trabeculae 15 representing tryectories In attachmg Cul
mannss analysis of the proxtmal end of the femur kuntscher em
phasized that the trabeculte only resemble the maimum mternal
stress trajectories m 2 crane when the femur 1s sectioned m the
frontal (coronal) plane, and that 1 section i another plne pre
sents an entirely different picture A symlar enticism might apply
to Runtscher s roentgenograms wlich show only an anteropos-
tertor view of the femur
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Figure 18 Stresscoat patterns produced 1n the femur of a white male 60

:e‘:‘“ °1f age by a static vertical load of 480 lbs (a b} and 1 dynamic

l‘e’ llcg load of 158 m Ibs of energy (c d) (From the onginal of Figures

= 122 13 and 13a Esans Lassner and Pedersen Anat Rec 101 239
1948 )
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Results With the Stresscot Method

Recently the distribution of tensile strain n the buman femur
under vanous conchtions of loading and onentation has been
restucdhed by menns of stresscoat an mdustrial method more sensi
tive and easier to use than colophomum The principles of the
method are fully discussed 1n Chapter Two

The first stresscont studies on long bones were those of Evans
nd Lassner (1948}, who analvzed the deformation patterns pro
duced m normal adult human femurs by static vertical loading
The femurs were obtuned from embalmed cadavers, whose age
sex, rice, and cause of death were known and were tested 1n a
Baldwimn Southwark materals testing machme calibrated to an
accuracy of = 05% The load was stahicllv apphed to the head of
the verticallv onented bone (Figure 17a) Tlus orientation wrs
chosen because according to Walmsley (1932) 1t closely approu
mates the positon of the femurs when standing erect with the
heels together

During 1 test the femur behaved ke an eccentrically loaded
column subjected to a bending action (Figure 17b) The hend
g creates tenale strun on the convex aspect of the bent bone
s shown by the appearance of 4 deformation pattern on the
supenior aspect of the neck and the lateral aspect of the shaft
(Figure 181 and b) The first stresscoat cracks, mdiwcating the
site of lughest tensile strain appeared on the superior aspect of
the neck yust distal to the hend  Shghtly Inter other cracks wose
on the shaft With mcreasing Joad ndditional cracks appeared
both arcas  In bones with marked antenor bowing the deforma
tion pattern gradually spred from the lateral aspect of the prox
1mal third onto the anterior aspect of the middle and distal thurds
of the shaft

The tests showed that the wntwct femur when subjected to
nonfracturing loads acts hike an elastic body returming to ats
ongwal shape and dimensions when the load 15 removed In
addition 1t was found that under a static vertical load the lateral
condyle supports 1 greatcr proportion of the load than does the

medial one
Two sertes of tests wath lacquers of different sensitivity were
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made In the first test series, with 2 lncquer sensitiv ity of 00018
mches/meh  the nummal load necessary to produce 1 tensile
strun pattern on the supcnor aspect of the femoral neck v aned
from 560 pounds m the nght femur of 2 white male 60 yers of
age, to 990 pounds in the night femur of 1 white man of un
known age In the second test series, with 1 Incquer sensitivaty
of 00012 inches/mch the load necessary to produce 1 threshold
pattern on the nech ranged from 400 pounds for the left femur
of 1 Negro male 49 vears of age, to 700 pounds for the corre-
sponding bone from 1 white male 57 years of age The nerage
load apphed mn the first and second sertes of tests w1s 720 pounds
and 646 pounds, respectvely  In all the bones tested the orienta
tion of the stresscoat cracks mdicated that static vertical loading
of the femoral head creates tensile strun m the direction of the
long auis of the neck 1nd the shaft of the bone
An attempt was made to correltte the deformation patterns
with the age of the indnvidual from whom the femur was ob
tuned and such anatomical fentures as the weight nd muamum
length of the femur the dinmeter of the neck and the shaft and
the magnitude of the angle which the vertical the neck and the
shaft axes made with one wnother It was found that femurs from
indwidunls less than 60 years of age required 1 greater load to
produce 2 mimimal deformation pattern than did bones from
older mdnviduals In 1ddition the lnrger heavier bones supported
a greater loxd before the appearance of « deformation pattern
A shght tendencs was noted toward a positne correlation be
tween the shaft diameter and the load necessary to produce a
mimmal deformation pattern  Of the varous angles measured
the one between the 1xes of the nech and the shaft was the
most mportant with respect to the weight berng capraity of
the femur The two bones with the largest neck shaft angle sup
ported the greatest load before the appearance of 1 strun pat
tern although no consistent relation was found between the mag-
mtude of this angle and the load necessany to produce » mummal
deformation pattern
The stresscont deform rtion patterns produced by dynamge er
tical Joading of the humn femur were likewse studied (Evns
Lissner and Pedersen 1948) In these tests the vertically on
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Results With the Stresscoat Method

Recently the distribution of tensile strain 1n the human femur
under various conditions of loading and orientation has been
restudied by means of stresscoat an industrial method more senst
tive and easter to use than colophomum The principles of the
method are fully discussed tn Chapter Two

The first stresscoat studies on long bones were those of Evans
and Lissner (1948), who analyzed the deformtion patterns pro
duced 1n normal adult human femurs by static vertical loading
The femurs were obtamed from embalmed cadavers whose ge
sex, race and cawse of death were known and were tested in a
Baldwin Southwark matenals testing machine calibrated to an
accuracy of = 05% The lond was statically applied to the head of
the vertically oriented bone (Figure 17a) This orientation was
chosen because tccording to Walmsley (1932) 1t closely approxt
mates the positon of the femurs when standmng erect with the
heels together

Durmg a test the femur behaved like an eccentrically loaded
column subjected to 1 bendmg action {Figure 17b) The bend
ng creates tensie strun on the convex aspect of the bent bone
as shown by the appearance of a deformation pattern on the
superior aspect of the neck and the lateral aspect of the shaft
(Figure 182 and b) The first stresscoat cracks ndicating the
site of highest tensile stramn appeared on the superior aspect of
the neck just distal to the head Shghtly later other cracks arose
on the shaft With mcreasing load additronal crachs 1ppeared
both areas In bones with marked anterior bowing the deforma
tion pattern gradunlly spread from the lateral aspect of the prox
mmal third onto the anterior aspect of the middle and distal thirds
of the shaft

The tests showed that the mtact femur when subjected to
nonfracturing loads acts lihe an elastic body returning to 1ts
ongmal shape and dimensions when the load 1s removed In

addition 1t was found that under a static vertica] load the lateral
condyle supports 1 greater proportion of the load than does the

medal one
Two series of tests with lacquers of different sensitivity were
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Later experiments (Pedersen Lyvans and Lissner  1919)
showed that tilting the fumur so that the wfracondslar plne
made 1 3 angle with the honzontal plane had httle influence
upon the lacation of the tenstle strun pattern produced by dy-
namic vertieal loading Tt was found that 237 inch pounds of
énergy were necessin to produce 2 threshold pattern when a
lacquer with 1 sensitiaty of 000105 mches/inch was used

In a second series of studies the nght femurs were tested with
237 inch pounds and the left wath 31 6 inch pounds of energy
The stresscoat cracks on the left femurs were alwys closer to-
gether than those of the night bones indicating + greater defor-
mation or strun m the former beenuse of the greater encrgy ap-
plied to them

Tuele femurs were tested 1n a third study by dvnamicalls
applving the load to the greater trochanter such as oceasionally
oceurs 1 a fall This was termed  abduction” loading because,
theoretically 1t placed the inferomedial aspect of the neck and
the shaft under tensile strain as happens when the femur 1s for-
ably abducted with the proumal end relatively fived With a
lacquer sensitmaty of 000085 inches/inch approumately 20 mnch
pounds of energy were necessars to produce a tensile stramn pat-
tern

The deformation patterns obtamned 1n these tests (Figure
19a) showed that “abduction loading created tensile stram n
the mferior aspect of the neck and the adjacent medial aspect
of the shaft The extent of the stramn varnied with the size of the
bone and the magmtude of the energy applied to it In stmlar
tests under a load statically appled mn a testing machine the first
stresscoat crachs appeared on the mfenor aspect of the neck just
distal to the head ndicating that 1t was the area of highest
tensie strain where faillure should occur with sufficient load
With increasing load the stran pattern extended distalls along
the ifertor aspect of the nech and onto the medial aspect of the
shaft Variations m the size of the neck shaft angle had hittle

mfluence upon the deformation pattern  No correlation was
apparent between the age of the mdndual from whom the bone
was obtained and the extent of the strun pattern

A well defined tensile stram pattern was frequently found on
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ented femur rested upon a 160 pound steel block while 2 79 pound
brass block was dropped vertically upon the head of the bone
In each test the brass block was caught by hand on the rebound
so that it struck the bone just once The weight of the brass block
multiphed by the distance through which tt was dropped gave
the energy (inch pounds) dvnameall apphed to the bone Be
cause of the smll magmtude of the energy mvolved m the tests
1t was assumed that all of #t was spent in deformuing the bone
smce the amount absorbed bv the steel slab was neghgible
Measurements sumilar to those taken on the bones used m the
static loading studies were made plus «dditional ones of the
curvature of the hone 1t powts %, % and 3 the length of the
shaft from the tip of the greater trochanter

Tourteen femurs from nme mdnaduds were studied m two
series of tests The sensitnaty of the stresscoat lacquer mn the first
and second series was 000085 mches/mnch wnd 000095 mches/
meh, respectnely  In each case the energy pphed to the bone
was 15 8 inch pounds

Although the results obtamed from testing the same bone
under static and dynwnic verticld Jonding are not directly com
parable becse the first condition mvolves the usc of pounds
and the second the use of energy it was sigmficant that the loca
tion of the tensile stram pattern on the bones was similar m both
tests {Pigure 18) Furthermore the studes shoved thit a rela
twely small load suddenly apphed can produce 4 deformation
pattern sumlar m extent to that arsing from a much greater load
graduallv apphed In both conditions of loading the magmtude
of the tensile stram at ny gven pomnt on 4 fernur 1s directly pro
portional to the perpendicular distince of that pomnt from the
load aws of the bone The distance utself depends upon the curva-
ture of the shaft and the angles which the vertical the neck and
the shaft axcs make with one another

The amount of bendmg of the bone and hence the location
and extent of the tensile stramn 1» mfluenced by the diameter of
the neck and of the shaft The curvature of the shaft also affects
the location of the deformation pattern which 15 concentrated
upon the middle third of the antenior aspect of the shaft i those
bones with a marked anterior bowing
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was assumed, absorbed 1 neghgible amount of energy used
atest Consequently, prictically 2ll of the energy expended mn a
test was absorbed by the bone
The mflucnee of torsion was studied by testing the femurs in
a torsion machine calibrated to an accuraey of = 05% The aus
about which torsion occurred passed through the center of the
femoral shaft  Specinl clamps were made to hold the proximal
and distal ends of the bone During 1 test the distal end of the
femur was fived while the head and greater trochanter were ro-
tated 1s 1 umt 1n 2 medial direcion Thus Jateral rotation of
the thigh with the proumal end of the leg fived, was simulated
The amount of torston (torque) apphed to a femur was auto-
matically recorded mn umts of 8 3 mch pounds of torque by a dial
gage on the torsion machine Twelve femurs coated with a lac-
quer having 1 sensitnaty of 000095 inches/inch, were tested with
loads from 149 4 to 514 6 inch pounds of torque
Torsion Ioading produced a tenstle stramn pattern (Figure
20a) which sprraled around the shaft at 1 45 angle to 1ts long
axis During 2 test the anterior and posterior aspect of the neck
were placed under tensile stramn by the torsion force which was
apphed to the anterior aspect of the head and the posterior as
pect of the greater trochanter Although the first eracks appeared
on the neck the clamps held the prouimal end of the femur and
thus prevented the tensile stramn from exceeding the elastic limit
of the bone 1nd thus producing a fracture No consistent relation
was noted between the age of the indnidual whose bones were
tested and the magnitude of the torque necessary to produce a
stran pattern The direction of the stresscoat pattern was i ac-
cord with mechanical principles that torsion produces tension
along a spiral path around the center of rotation When the axs
of rotation 15 vertical mn position the spiral path makes a 45
angle with the horizontal pline The tensile strun 1s opposed
by a compressnc strun which spirals wwround the center of rota-
tion 1 the opposite direction the paths of the two types of stran
crossing 1t 1 night angle
The extent of the tensile strun patterns produced 1n human
z:‘::;\co;l(:eglr femurs b\l 1pp11c:m<:m of controlled amounts of
get pomts '« 2 and s the length of the shaft from
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Figure 19 Stresscoat patterns produced by applying 31 6

in lbs of energy to the greater trochwnter (From the

ongmal Figures 14 & 15 Pedersen Evans nd Lassner
Anat Rec 103181 1949)

the greater trochanter at the site of mpnet (Figure 19b) The
pattern arose from inbending of the bone by the load applied to
it and when fully developed consisted of crrcularly and radmally
ortented cracks crossing one another At right angles The orienta
tion of the cracks 1ndicated that mbending of the bone created
tensile strun 1n a circular and a radiil direction simultaneously
The circular strain produced the radially oriented cracks while
the radial stram gave rise to the circularly onented cracks

In some of the tests the femoral head was gradually elevated
from 73 mm to 290 mm above the floor while 31 6 to 355 inch
pounds of energy were applied to the greater trochanter Al
though elevating the femoral head reduced the effective bending
force acting on the neck and increased the direct compressive
force acting on the shaft 1t produced no sigmficant differences 1n
the tensile strain pattern In the abduction loading tests the
head of the femur rested upon - 160 pound steel slab which 1t
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Temurs from two Negro females, 16 wlite males, nd three
Negro male cxdavers were tested  Both femurs from 14 individ
wals were used but mn four bodies only the right bone and m two
others only the left bone were mtact for testing  All bodies were
embalmed The age of the indn rduals v wied from 38 to 85 with
an average age of 61 1 years for the whole series

The energy was apphed to the femur by dropping 2 79 pound
brass block upon 1 sold steel rod one mch m dameter, lud
across the shaft of the bone at the target pomt The rod con-
centrated the energy at the target The brass block was caught
by hand on the rebound so 1t struck the steel rod just once The
ends of the femur were elevated upon steel blocks so that the
target was horizontal i posiion The magmitude of the energy
used 1n the experiments was so small 1t was assumed that none
of 1t was absorbed by the steel blocks and rod

The anteroposterior and transyverse diameters of the shaft, as
well as 1ts cross section aren, were determined 1t each target
pomt The area was computed from the formula for an ellipse
= ab where a 15 the radius of the shaft m the anteroposterior dh
rection nd b 1its radius m the transverse direction The curvature
of the shaft at ench target site was determmed by measuring the
projected yvertical distance from the table top, upon which the fe
mur rested on 1ts posterior aspect to the target pomt on the
anterior aspect of the shaft The tensile strun pattern produced
m a test was measured and its extent 1n terms of per cent for
shaft length w1s computed The Iatter served as the basis for
comparison of the extent of the strun produced 1 the varous
experiments

The chief differences found 1n the experiments were the ns
pect of the femur subjected to tensile stram, the extent of the
stram and the occurrence of local stran patterns at the site of

mmpact The stram patterns, regardless of the aspect of the shaft
miohed indicated that tensde strun 1 the direction of the
ltlmg axis of the shaft had been produced from the bending of
l‘\lglel!:rzlcleaz 1 result of the energy appled to the opposite side

nergy was applied at the 31 point of the shaft, Jocal
stram patterns frequently arose from mbending of the bone at
the site of impact (Figure 20b) The sensitivity of the lacquer
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Figure 20 Stresscoat patterns produced by different
types of lowding  n—Pattern produced by 5146 n
Ibs of torque Db—Pattern produced by 118 m Ibs
of energy applied to the 31 pomnt of the lateral aspect
of the shaft (a from Evans Pedersen and Lissner
] Bone & Jont Surg 33 A 1951 b from the ong
nal Figure 4¢ Evins Hayes and Powers Anat Rec
116 187 1953 )

the tip of the greater trochanter has been mnvestigated by Lvans
Haves and Powers (1953) In their experiments 79 mnch pounds
of energv were appled to the % pomt and 11 8 inch pounds to
the 14 and 31 pomts of the anterior posterior and lateral aspects
of the shaft The medial aspect of the shaft was not tested be
cause 1 the hiving individual 1t 1s rarely subjected to a fractur

ing blow (Fagure 20b)
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Figure 21 Stresscoat patterns produced by static vertical loading a—Pat

tern produced n the femur of a white male 61 years of age by 450 lbs

b—Pittern produced 1 the femur of a female gonlla by 810 lbs ¢—Pat
tern produced n the femur of a male orangutan by 300 Ibs
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used n the experiments varied from 00004 to 00009 inches/
mch

The most extensive strun n the anterior aspect of the shaft
(61% of 1ts length) arose from applicition of the energy at the
4 pont of the opposite side of the bone In the posterior aspect
of the shaft the most evtensne strun (55% of the shaft length)
occurred from loading the 31 pont of the opposue side  Loading
the corresponding pomt of the medinl aspect of the shaft pro
duced the most extensive stram (635 of the shaft length) on the
lateral aspect of the bone In eich mstance the figure represents
the average extent of the stram

In the stresscont expetments presiously discussed the extent
of the tensile stram pattern i the varnous femurs varied with the
mass of the bone 1tself Characteristic patterns were produced
for each type of loading and from them the pont of application
and type of force appled to the bone can be deduced Con
versely 1f the type of force and 1ts pomnt of application are known
the location and charactenstics of the resulting stram pattern
can be predicted

The same was true of the strun patterns Auntscher obtamed
with the colophonium method Evans Lissner and therr assoe
ates did not study deformed bones but the tensile strun patterns
they obtamed m normal bones closelv resembled those found by
Kuntscher under similar expernimental conditions

Comparatwve studies the details of which will be published
elsewhere of the tensile strun patterns produced by static ver
tical loading of stresscoated femurs of nonhuman priumates have
been made by Evans and Straus The femurs were tested mn 2
5000 pound capacity Riehle testmg machine calibrated to an
accuracy of * 1% The resulting stresscont patterns (Figures 21
and 22) clearly showed that the biomechanical behavior of the
femurs under static vertical loading was essentally similar to
that of human femurs under corresponding conditions All the
strain patterns obtamed m the nonhum1n primate femurs could
be closely duplcated mn one or more of the human femurs pre
viously tested Femurs of some Great Dane dogs were also tested
and gave tensile strun patterns closely resembling those of hu
man femurs
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differences, such as size, thickness cte, of the bone It 1s gen
erally held that the shipe of the human fomur 1 speeifienlly
adapted for upright posture but the results from the comparative
stresscoat studies do not substtiate this behef Rather, the re
semblance of the strim patteins on the femurs of pronograde
mammals (dog macaque) to those of human femurs indicate
that the former are equally well dapted for supporting 2 vertical
load This 15 not surprising n view of the similarity 1 shape of
most mammalin femurs

Results With Llectrie Strun Gages

Evans, Coolbaugh, and Lebow have used electric strain gages,
of the SR4 type, to record stresses and strams occurring m the
tbia of a Ining dog The gage was cemented on the medial as-
pect of the tibia and the tensile and compressive struns (Figure
23) occurring 1n the bone while the dog was walking about were
recorded on A cathode ray oscilloscope Tensile strain was ind1
cated by the spikes above the base line and compressive stramn
by those below 1t

Each type of stram arose from bendmng of the tibia from the
weight of the dog By placing additional gages on other aspects

Figure 23 Oscillosco
the ongmal Figure 15 Evans 4m ] Phys Anthropol 1] 435 1933 )

pic record of struns m tiba of 2 w alking dog  (From
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Figure 22 Stresscont pattern produced by static verticil lording  ¢—Pat

tern produced in the femur of a Negro male 49 years of age by 520 Ibs
b and d—Pattern produced m the femur of a Rhesus monkey by 50 lbs
c—Pattern produced 1n a human femur by 1280 Ibs

In all femurs regardless of the postural habits of the animal
from which the bone was obtumned the superior aspect of the
neck and the lateral aspect of the shaft were the regions sub
jected to tensile stram  However the extent of the strun was
modified by the magnitude of the load and individual anatomical
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The Magmtude of Stiess and Stiain
m Long Bones

The atacnrrune of tensile and compressive stresses and strawns
m long bones has been mesured by several investigators Intact
bones were generally used

M ts With Ex ters

The tensile and compressive stramns produced by static ver
tical Ioading of adult hum n femurs were measured by Kuntscher
(1936) with Okhuizen extensometers having 2 gage length of
10 to 20 mm and an accuracy of = 01% Most of the bones were
tested two or three days after removal from the body and were
unembalmed

During a test the femur was held vertically m place by fixing
the distal end mn a metal can The load was statieally applied to
the femoral head through a lever calibrated 1n centimeters to
which a weight was attached The magnitude of the load apphed
to the bone wns varied by shiding the weight along the lever arm
A rubber pad was placed between the lever and the bone so that
the load was evenly distributed over the femoral head

The antenor spect of the proumal two thirds of the femur
was divided mto six vertical and 19 horizontal coordmates 1 cm
apart The first vertical coordmate passed through the tip of
the greater trochanter and the sixth touched the most medial
point of the femoril head The first horizonal coordinate passed
through the femoral head just anterior to the foeva eapitis nd
the greater trochanter 1 em distal to its tip The mineteenth
horizontal coordinate passed through the bone at the approximate
junction of the middle and distal third of the shaft

Four mensurements over a distance of 10 to 20 mm , were
taken at each intersection of the coordmates The plnes ’of the

[73]
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of the tibia 1t would have been possible to record the tensile and
compressive strun produced by bendmg of the bone m other
planes In additon the gage and osefloscope could have been
cahibrated so that the actunl magmtude of the vanous strams
could be measured

Summary

The results of the studies with strun sensitne Iequers show
that the long bones behave like elastic bodies, which ean be de
formed with relatively small amounts of energy or rather hight
Jonds

When the load 15 apphied to the head of the vertieally oriented
femur the superor aspect of the neck and the Iateral aspect of
the shaft are subjected to tensile stram wiile the opposite 1spects
of the bone we under compressne strmn  Both types of stram
arse from bending of the bone

Loadmg the shaft of the femur perpendiculw to s long
aus also cwses bending of the bone with tensile stram created
on the comex nspect of the bone oppostte that to which the lond
was applied The latter aspect especnlly under the pomt of
application of the Joad s subjected to compressive strun

Loadmg the greater trochanter of the femur creates tensile
stram m the wlertor aspect of the neck and the immeditely
adjicent area of the medial aspect of the shaft Local deforma
tion patterns produced by mbending of the bone frequently
occur at the site of impaet or loading They anse from tensile
stramn created by the pushing in of the bone at the loading site

The stram sensitive lacquers show the over a1l distnibution of
stramn 1 1 bone From the deformation patterns obtamed the
sites for placing strun gages of yanous types in order to measure
accurately the magntude of the struns 1re esihv determuned
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The data show that the deformation n bone 15 directly pro-
portional to load and that the femur, i spite of its structural
dnersity follows Hook s Law as Runtscher stated

The tensile and compressive struns produced mn adult femurs
by static vertical loading m an Amsler Testing Machmne were
measured by Manique (1945) with Huggenberger cxtensometers
having an accuracy of approximately = 1% Two extensometers to
serve as controls, were placed opposite one another 1 the center
of the shaft, wlhile two other pairs were placed 1t vanous levels
above and below the control pur Most of the measurements
were taken over a gage length of 10 mm and gave the longitud-
mal stramns occurrng along the anterior and posterior aspects
and the external and mternal borders of the shaft of the bone
However the measurements did not necessarily represent the
maximum and mmmum values for the strams 1t different levels
of the femoral shaft

Before testing each femur was weighed and 1ts length meas
ured Roentgenograms were taken of each bone from which the
characteristics of the trabeculae of the head the thickness of
the shaft compacta the nech shaft and dechination angles and
the magmtude of the mchnation of the condylar end of the bone
to the shaft and to the mechameal xes were determined

Two nght (I and II) and one left (III) femurs were tested
under loads of 50 150 and 250 hgs The bones were defleshed and
the right ones tested 1n an unembalmed moist condition The left
femur was a dry museum specimen  One of the night bones (11)
was from a white male 42 years of age who died of preumoma
the day before the tests No data were gien for the other bones
During the study 538 readings from 12 consecutne mountings of
the extensometers were tiken on the first femur 429 readings

from 14 mountings on the second and 318 readings from 12
mountings on the third

The maximum tensile (+4) and compressne {—) stramns as
well 15 their site in the bone produced by loads of 100 kg and
200 hg are ginen m Table I The magmtude of the strun was
measured 1n thousandths of « mm for a gage length of 10 mm
The distance of the site of maximum strain from the distal end
of the bone was recorded 1 centimeters
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measurements cach separated from the adjacent one by a 45
angle, we mdicited mn the tccompanying diagrim

H
2

3
4

The magaitude of the stran was recorded 1n thousandths of a am
and the measurements were made under 1 200 kg load vertieally
apphed to the femoral head

The maumum tensile strun (00065 mm/mm) occwmrred m
the supertor 1spect of the neck close to the greer trochmter
The direction of the strun was parillel with the long vus of the
nech The lugh pomt of tensie stram n the shaft (000415 mm/
mm) was on its later:! aspect, about 10 em from the tip of the
greater trochanter at the mtersection of the first vertical and the
tenth horizontal coordinates The highest compressne stram
{00055 mm/mm) was found on the medl aspect of the shaft
at its mtersection with the fifth coordmate The pomnt of this
mtersection wag approumately 1 ecm proximal to the lesser tro
chanter The direction of the teusde and compressive straws 1n
the shaft was paralle] vith its long 1115

The magnitude of the stramn was dependent upon the size of
the load as evidenced from the following results obtamed with
different loads
Stram Site 100 kg 200kg 400 kg, 800 kg
Highest
Com

pressive
Stte 00027 pom/mm 00055 mmymm 0011 mm/mm 0022 mm/mm

Flighest

Tensle

Site—

Neck 00003 mm/mm 00085 mm mm 0013 mm/mm 0026 mm/mm

Second
Highest
Tensile

Sste—
Shalt 0002 mm/mm 00041 mm/mm 00081 mm/mm 00162 mm/mm
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Table I shows that the magmtude of the maximum strun pro
duced m any of the bones was small In all three femurs the
Iughest tensile stram occurred n the supenor aspect of the ana-
tomical neck The highest compresstve strun in femurs T and 11
was m the mternal border at the level of the lesser trochanter
-nd the surgieal neck respectnely  In femur I the mfertor
aspect of the neck exhibited the highest compressive strun This
femur had 2 well developed coxa varn, with 1 neck shaft angle
of 100 , which probably accounts for the mcreased compressne
strun n the nech  Although femur ITI was tested dry the magnt-
tude of the struns produced in 1t showed no consistent differences
from those 1 the other two bones wluch were tested i a most
condztion

The elstieity of the intrct femur was mvestigated by com
prison of the ratio between the magmtude of the stramn pro
duced by different loads The average ratios, based on 538 read
ings of the extensometers for femur I, 429 readings for femur II
and 318 readings for femur IIT obtuned for 100 kg and 200 kg
loads were as follows

Femurl Femur 11 Femur 1T

Internal Border 192 190 190
Externl Border 199 221 209
Anterior Aspect 198 194 208
Postenior Aspect 199 199 200
General Average 197 201 201

The elasticity data show that m general the intact femur con
forms with Hook s Law that strun 1s proportional to load emur
1T tested dry exhibnted shghtly greater strain i proportion to
load than did the other two bones However, this may have been
the result of the cox1vara which made the bone less well adapted
for supporting a vertically apphed load

The total tensile (+) nd compressne (~—) stram, 1 millt
meters for 1 gage Jength of 10 mm , produced 1n the external and
mternal borders of the femur by a 200 kg load was

Femurl Femur Il Femur Il
Fxternal
Bordcr —00613 +00651 —=00757 401318 —00407 401734
Internal
Border ~01537 +00009 —0.2332 400035 —04399
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RESEARCH 11
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Load n kg
a
o

——— Ist test

—-===--2nd fest J
! ! L !

!
0 -~ 2 t4 +6 t8 10
Deformation 1n thousandths of @ mm for [Omm length

50

250}  RESEARCH I
Interna! ospect- Compression
Extensometer 3

Load tn kg
o
=)
T
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+=—===2nd test
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Deformation in thousendthsof o mm for I0mm len
LOAD DEFLECTION CURVES PRODUCED BY LOADING AND UNLOAD!NG
TESTS ON FEMUR

Figure 24 Redrawn from \Manque 1945

The load deflecction curves (Figure 24) for increasmng and
decreasing loads were not exactly similar nor superimposed over
one another This phenomenon 1s called hysteresis The area be-
tween the cunves for increasing and decreasing loads represents
the energy lost during the cycle of deformation

Manque stated that the defect of proportionality between
load and stram was influenced by aging of the bone However,
it 1s difficult to determine whether he meant “aging with ref
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In the external border of the femur the tensile strun exceeded
the compressive, just the reverse of the condition m the mternal
border of the bone Temur IIT exhibited the highest compressive
strun and was the only bone in which the entire internal border
was subjected to compression The latter was probably the re
sult of 1ts coxa vara In all bones the tensile stramn in the external
aspect was restricted to the prosimal half or two thirds (Femur
IIT) while the rest of the region was subjected to compressive
stram Except in Femur I mn which the two types of strun were
approumately equnal the tensile stramn m the external aspect of
the shaft was three fourths to more than three times greater than
the compressive strun n the same region The compressive strun
1n the mternal aspect of the bone was three fourths to more than
ten times greater than the corresponding stran m the external
aspect of the bone, and more than twice 25 great as the tensile
stramn m the sime reglon

Additional investigations of the stress stramn relntionships were
made by measuring over 1 10 mm gage length the struns pro
duced by increasing and decreasing loads of 50 150 250 150,
and 50 kg The measurements were taken on the external and
ternal borders of the femur Each bone was loded and unloaded
twice The results of the tests showed that the relation between
the stress and the stram at the varous londs was quite spmlar,
mdicating the essentially strmght line character of the stress
strun curve However Marique did not illustrate any actual
stress stram curves

When the load was mereasing the external border of the
femur was undergoing tensile and the internal border compres
sne stram  During decreasing lond the bone tended to return
to 1ts originl condition The ratio for both tests was the sime
for the mternal aspect of TYemur I during increasmg lond  No
bone showed complete adherence to Hooks Law although 1t
was closely approumated for ncreasing load The absence of
proper proportionality between load and strun during decreasing
Joad 1ndicated that the femur did not completely or at least m
mediately return to its pre test form In only one mstance the
external border of Femur II during mereasing load was perfect
agreement with Hook s Law obtuned
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they obtuned m therr first tests v aried from 0 0004 inches/mnch to
00009 inches/inch In s of their nine seres of tests the magnt-
tude of the strun was 00006 - 0 0007 mches/mnch

Assuming that stress 1s proportional to strun therr results,
based on the evtent of the strun patterns ndicted that the
magmtude of the apparent tensile stress produced by therr tests
was less mn femurs from individuals less than 60 years of age
than mn those from older persons

Summary

The studies just discussed show that the femur behaves hhe
an elastic body winch ean be deformed by varous types of load-
mg The magntude of the local deformation (strun) 1s shght
and 1s proportionil to the load Static vertical loading of the
femoral head creates the lughest tensile strun m the superior
aspect of the neck of the bone Under siwmlar conditions the
greatest compressive stramn 1s 1 the medial border of the bone
at the level of the lesser trochanter or the surgical neck Load
deflection curves for the femur under mcreasing nd decreasmg
load are not exactly the same nor superimposed over one an
other mdicating that the energy relations under loading and
unloading are not equal

The apparent tensile stress created m the femur by applica
tion of rather small mounts of energy (79 and 118 m Ibs ) 1s
rather lugh the greatest wnsing from application of energy to
the 4 pomt of the lateral aspect of the shaft Application of
energy to the mid point of the posterior aspect of the shaft creates
mummal tensile stress i the opposite 1spect of the bone Loading
the mid pomt of any aspect of the bone and the 31 pomt of the
lateral aspect creates tensile stress throughout the entire extent
of the opposite side of the bone The magmtude of such stress
1s greatest in the prosimal third of the anterior aspect the middle

third of the postenor aspect and the middle and distal thirds of
the medial aspect of the shaft
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erence to the length of time he had the specimen or the age of
the individunl from whom the femur was obtamed It could
scarcely be the Iatter, because the age of the mdividuals whose
femurs were tested was only stated for Femur II In anv event
no finl conclusions on the influence of 1g¢ or sex on the mechan
1cal behavior of the femur can be drawn from just three speci
mens

Measurements With Stresscoat Lacquer

In connection with their studies of the extent of the tensile
stramn patterns produced by application of controlled amounts
of energy to stresscoated femurs Evans, Hayes and Powers (loc
cit ) 1lso mvestigated regronal differences m the apparent ten
sile stress produced mn the bones Energy was apphed to the
anterior posterior, and lateral aspects of the shaft at pomts %
% and % the length of the shaft from the tip of the greater tro
chanter Durmg the tests 79 mn lbs of energy was 1pphed 1t
the % pomnt and 118 m Ibs at the other pomnts The magmtude
of the apparent tensile stress (lbs/m”} produced m the bones
was cilculated by muitiplying the tensile strun ndicated by
the value for the sensitnity of the stresscoat lacquer used by the
modulus of elastieity of compact bone The figures used for
the modulus of elasticaty for different regions of the femoral
shaft were t1hen from Evans and Lebow (1951) who found that
the modulus was not constant throughout the bone

The maximum (2430 lbs/mn ) and mmmal (920 1bs/in”) ten
sile stress was creited by loading the 4 pomnt of the lateral and
the % pomt of the postertor aspect of the shaft respectnvely
Loadimng the *. pomt of any aspect wnd the 3 pomnt of the lateral
aspect of the bonc produced tensile stress throughout the extent
of the opposite side of the femnr Under such conditions the
magmtude of the stress was greatest i the prouimal third of the
anterior aspect the middle third of the posterior aspect and
the middle and distal thirds of the medial aspect The medial
aspect of the shaft exhibited the greatest and the anterior aspect
the least apparent tensile stress

The magnitude of the tensile strun mdicated by the sens:
tinaty of the stresscont lcquer responsible for the stran patterns
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dynamic loadmg of the greater trochanter and femornl head,
arse from falure of the bone becruse of the tensile stresses
within 1t This was evident from the close correspondence of the
site and direction of the fracture line with the cracks m the
colophomum coverng the bone Spontaneous fractures of the fe-
moral shaft generally occurred 1n the region of secondary tensile
strun This was interpreted as being the probable result of archi
tectural disturbances m the femoral neck which prevented the
development of the normally occurring primary tensile peak
Only a few of the expenimentally produced fractures were 1llus-
trated

The role of tensile stresses m the production of femoral frac-
tures was further emphasized by the stresscoat studies of Evans
Lissner and Pedersen Under static vertical loading Evans and
Lissner (1948) found that the first stresscoat cracks appe wed
on the supenor aspect of the femoral neck just distal to the head
This indicated the site of hughest tensile strain where failure or
fracture should occur with sufficient load This prediction was
verified m a femur m which a transverse fracture of the necl
was produced by a load of 1280 1bs statically applied to the head
of the bone (Figure 25) The fracture lme began where the first
stresscoat cracks appeared and paralleled the direction of the
crachs as 1t spread across the neck of the bone This clearly
showed that the fracture arose because the bone was unable to

Figure 25 Fracture produced by static vertical load
g (Trom Evans Instr Course Lect Am Acad
Orthop Surg 9 1952) T = tensile stress
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The Relation of Stiess and Stram to
Fracture of Long Bones

Tie mostT extensive mvestigation of the breaking strength of
mtact human bones w1s mide by Messerer (1880) who tested
500 bones from 90 cadavers of both sexes and various ages The
bones were obtammed s soon as possible after death and loaded
to fulure 1n 1 Werder sche Testing Machine The periosteum was
retamned to prevent the bones from drying out durmg the tests
which were made at room temperature (about 25 C) Messerer
mentioned that the bending strength of whole bones had been
tested previously by C O Weber However he pomted out thit
these earher results were mvahd because differences in bone
size had been 1gnored

In lus own bending tests Messerer found that the cracking or
tearing of the bone fibers generally occurred on the convex (ten
sion) side of the bone In bones exhibiting considerable bending
there was crushing on the concave (compression) side at the
pomt of application of the load before 2 tearing or tension frac
ture occurred

Messerer usually recorded the breaking lod (in kg ) but did
not state the cross section aren of the bones However he gave
the ultimate breaking strength n bending for femwms from
indwvidunls from 55 to 81 years of age Thus strength vared from
1330 kg/em” m the femur of an individual 82 yeurs of age to
1940 kg/em 1n the femurs of two mdividuals 57 and 58 years
of age Both femurs from two mdividuals were tested but the
side of the body as well as the sex of the individual were not
recorded

The wnfluence of tensile stress n the fracture mechanism of
long bones was experimentally demonstrated by Kuntscher
(1935b) who ponted out that fractures produced by static and

[82]
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began m the regon where the first stresscont erachs appenred,
markmg the site of lughest tensile strun and gradunlly cxtended
across the bone m 2 direction parallel to that of the stresscott
cracks This proved that the fractures were mibiated from fulure
of the bone becruse of the tensile stresses within it Iractures
from dynamueally loading the greater trochanter with the bone
m the abduction position were nlso produced

Subcpital fractures were produced with loads of 560 and
803 Ibs and mtertrochwteric fractures with loads of 900 1290
and 1365 lbs (Figure 26) Horizontnl fractures of the neck were

Tigure 27  Fractures produced by
of the greater trochanter (a from the
and Lissner Anat Rec 103 183 19.

ner J Bone & Jomt Surg 33 A 1931)

dynimie (a) and statie (b} loading
ongmal of Figure 17 Pedersen Evans
49 b from Evans Pedersen and Liss
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Figare 26 Frictures praduced by stitic loiwding of the greater trochanter
(From Evans Instr Course Lect Am Acad Orthop Surg 9 1952)
F = force T = tensile stress

withstwd the tensile sticsses created n the neck as 1t was bent
downward by the Joad applied to the head of the hone

In abduction lording tests during which the femur rests upon
1ts hewd and medil epicondyle static loading of the greater
trochanter 1eveled that the first stresscoat cracks appeared on
the inferior 1spect of the neck  short distance distal to the head
of the bone (Pedersen Evans nd Lissner, 1949) In tius post
tion the femm resembles an arch whose legs me represented by
the neck and shaft of the bone The mferior aspect of the neck
and the adjicent medial aspect of the shaft constitute the tie
beam or tension resistmg member which prevents the legs of
the arch from bemg spread aput by the load appled to the
greter trochanter When the tensile stresses created m the tie
beam become so great that the bone can no longer resist them
the legs of the arch are pushed aprt and fracture occurs

The nalogy to 2n arch was verified by the behayvior of stress
coated femurs durmg the production of subcapital intertrochan
teric obhique nech and abduction fractures from static Joading
of the greater troch-inter m the abduction position (Lvans Peder
sen and Lissner 1951 Evans 1952) Each type of fracture
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In some hones spiral fractures of the shaft (INigere 281) were
produced with loads of 166 282 118 and 498 in Ibs of torque
The bones were stresseoted before testing m 1 torsion machime

Tigure 25 Two types of fracture a—Torsion fricture
produced 1 the femur of 1 winte male 60 years of
age iy 2822 1n Ibs of torque h—Transverse frac
ture produced 1 the fomur of v white male 79 years
of age by a load of 590 lhs  (From Evans Instr
Course Lect Am  Acad Orthop Surg 9 1932)
C = compressne stress £ — foree T = tensile
stress
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produced by dynamic abduction loading of the gre iter trochanter
with 308 and 344 inch Ibs of energy (Igure 271) Contrary to
common behef no torsional forces were mvolved 1 producing
these fractures Torsion can only occur i an object when one
end 15 rotated or twisted with respect to the oppostte end In the
Iiving body the femoral head and neck are entirely within the
capsule of the lup jomt and the only structure attached to
the head 1s the hgamentum teres At best, this 1s a weak struc
ture and because 1ts point of attachment to the femoral head 1s
approximately at the center of rotation for movements of the
head, 1t 15 not 1n 2 mechanical position to fix 1 head so that the
nech can be twisted with respect to 1t Therefore, m movements
at the hip jomnt the femoral head and neck move as 1 unit There
1s no mechanism i the body by which one can be fixed while
the other 15 twisted

A typrcal abduction type fracture (Figure 27b) which is rare
clinically was produced i the right femur of 1 Negro female 56
years of age by 390 Ibs statically applied to the greater trochanter
During the test the head of the bone was elevated three mches
by resting 1t upon a small steel bloch Tlus fracture was unique,
among those produced by abduction loading 1 starting on the
superior aspect of the neck at its junction with the greiter tro
chanter From this pomt the fracture was seen to extend grad
ually along the mtertrochanteric line to the lesser trochanter
This was accompanied by an mncrease wm the nech shaft angle
until finally the neck and the shaft were firmly impacted with
their axes almost m lme with one another The widening of the
nech shaft angle forced the superior aspect of the neck nto the
greater trochanter while at the same tiume the tensile stramn
and stress on the mferior aspect of the neck was constantly mn
creasing Finally a second fracture started on the inferior aspect
of the neck and extended across the bone to meet the first frac
ture hme at the lesser trochanter The second fracture arose from
fatlure of the bone beciuse of the tensile stresses mn the wmferior
aspect of the nech This particular bone origmally had 2 neck
shaft angle of 134 considerably greater than that m the other
bones and consequently was poorly adapted for wathstanding
a load applied to the greater trochanter
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testing machmne and dynumc loading by drepping 1 117 Ib
weight through varymg distances The energy applied to the
bone was computed m foot pounds No data were gnen about
the mdniduals whose bones were tested or of the bones them
selves except that none exhibited gross pathological conditions
Although the author states that fractures of the femoral nech
are frequently the result of muscular violence, no attempt was
made to determme the strength of the muscles presumably
volied or the magmtude of the forces they would evert on the
femoral neck Smith found that m static vertical loading of the
head of erect disarticulated femurs an average load of 2092 Ibs
was required to produce head mtertrochantenc, subtrochanteric
and neck fractures Static loading of the greater trochanter, with
the femur resting upon its head nd medial condyle, produced
head fractures extending mto the neck 1nd tertrochanteric frac-
tures with an average load of 1648 lbs
In articulated femurs with an ntict lup jomnt an wvernge
Joad of 2149 Ibs statically applied to the ilum of vertically
oriented specimens produced head mtertrochanteric and 1hac
fractures plus dislocation of the hip jomt Lateral loading of the
greater trochanter of similar specimens caused fractures through
the ium acetabulum symphysis pubis and sacrum with an av-
erage load of 2035 Ibs Loads averaging 900 Ibs applied across
the neck of 20 horizontally placed disarticulated femurs resulted
m transverse and oblique fractures of the neck
Smth also made sumlar tests with dynamic loading of the
specimens  In these tests 1t was found that an average impact of
327 foot Ibs of energy applied to the head on vertieally ariented
disarticulated femurs produced head, neck, mtertrochanteric,
subtrochanteric and shaft fractures Dynamic loading of a simi-
larly onented specimen with an mtact hip jomt required an awver
age mmpact of 250 ft Ibs of energy to obtan fractures of the
thum dislocation of the hip jomt and mtertrochanteric fractures
of the femur When appled to the greater trochanter from the
side an werage of 306 ft Ibs of energy resulted m 1line nd nce-
;:;l:c“gl::e sfr::ltl]l]recsf of the pelis and intertrochanterte and shaft
emur  Subeapital obhque and transyerse frac-
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cahbrated to an accuracy of = 1% The spiral fractures produced
by torsion loading closely followed the accompanying stresscoat
deformation patterns on the bones This clearly mdicates that
sprral fractures anse from failure of the bone becuse of tensile
stresses within 1t and not from shearing stresses as commonly be
Leved If the latter were true the fracture Ime would tike 2
transverse course across the shaft of the bone stead of spiraling
around 1t

A transyverse fracture of the shaft (Figure 28b) was produced
by a load of 390 Ibs applied to the muddle of the shaft perpen
dicular to its long avis  Loadmng a bone 1 this manner produced
bendng of the shaft The fricture begin on the convex (tensile)
aspect of the shaft at the pomnt which the stresscoat pattern mdi
cated was the area of highest tensile strun  Here agam the frac
ture auses from failure of the bone because of the tensile stresses
within 1t Climical examples of the virous types of fractures
experimentally produced were eastly found m the v ray files of
the Detroit Receiving Hospital

Spears and Owen (1949) used the stresscoat technique to a
shght extent 1n 1 study of the etiology of trochanteric fractures
However they apparently did not understand the significance of
the stresscoat patterns they obtamed and thought trochanteric
fractures arose from failure of the bone because of shear or com
pressive stress In their tests both ends of the bone were fived
while the load was dynamically appled to the lateral aspect of
the greater trochanter This meant that the entire trochanteric
region of the bone was subjected to a bending action s a result
of the mpact Consequently as thew photographs of stresscoat
deformation patterns show the medial aspect of the trochanteric
region was subjected to tensile stress and strain Verv probably
the fractures they discussed arose from failure of the bone be
cause of tensile stress withm 1t

Recently Smith (1953) has remnvestigated the magmtude
of the load necessary to produce fractures in the proxmal end of
the human femur Disarticulated and articulated bones with the
hip jomnt mntact were tested by static and dynamic loading of
the specimen mn different orientations Cadaver matertal was
used and 115 bones were tested Static loading was done 1 a
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testng machme and dynume loading by dropping 2 117 Ib
weight through varying distances The energy apphed to the
bone was computed 1 foot pounds No dat1 were grven about
the mdnidunls whose bones were tested or of the bones them
sehes except that none exhibited gross pathologieal condtions

Although the author states that fractures of the femoral neck
are frequently the result of muscular violence, no attempt was
made to determme the strength of the muscles presumably
volved or the magnitude of the forces they would exert on the
femoral neck Smuth found that in static vertieal loading of the
head of erect disartrculated femurs an average load of 2092 Ibs
was required to produce head, intertrochanteric, subtrochanteric
and neck fractures Static loading of the greater trochanter, with
the femur resting upon 1ts head and medial condyle, produced
head fractures extending mnto the nech and mtertrochinternc frac-
tures with an average load of 1648 Ibs

In articulated femurs with an mtact hip jont, an verage
load of 2149 Ibs statically applied to the :lum of vertically
oriented spectmens produced head mtertrochantenie, and iliac
fractures, plus dislocation of the hip joint Lateral loading of the
greater trochanter of simlar specimens caused fractures through
the thum acetabulum symphysis pubis, and sacrum with an av-
erage load of 2035 Ibs  Loads averaging 900 Ibs applied across
the nech of 20 horizontally placed disarticulated femurs resulted
1n transverse and obligue fractures of the neck

Smuth also made stmlar tests with dynamic loading of the
specimens  In these tests 1t was found that an average impact of
327 foot Ibs of energy applied to the head on vertically oriented
disarticulated femurs produced head nech intertrochantere,
subtrochanteric and shaft fractures  Dynamic loadng of a sim
larly oniented specimen with n mtact hip jomt required an aver
age mmpact of 250 ft Ibs of energy to obtain fractures of the
thum dislocation of the lup jomnt and ntertrochanteric fractures
of the femur When applied to the greater trochanter from the
side an werage of 306 ft 1bs of energy resulted m thac 1nd ace-
tabular fractures of the peluis and mtertrochanterie and shaft
fractures of the femur Subeapital oblique and transverse frac
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cahbrated to an accuracy of = 17 The sprral fractures, produced
by torsion loadmg closely followed the wccompanymy stresscoat
deformation patterns on the bones This clearly ndicates that
spiral fractures arse from fulure of the bone becuse of tensile
stresses withm 1t and not from shearing stresses 2s commonly be
leved If the latter were true the fracture line would tile a
trans\ erse course across the shaft of the bone mstead of spiraling
around 1t

A transverse fracture of the shaft (Tigure 28b) was produced
by a load of 390 Ibs apphed to the middle of the shaft perpen
dicular to 1ts long axis  Loding 2 bone m this manner produced
bendimg of the shaft The fracture began on the convex (tensile)
aspect of the shaft at the pomt which the stresscoat pattern mdt
cated was the aren of highest tensile strain Here agam the frac
ture arses from falure of the bone because of the tensile stresses
withm 1t Chmecal examples of the vanous types of fractures
expermentally produced were easily found m the x vy files of
the Detroit Recen mg Hospatal

Spears and Owen (1849) used the stresscoat techmque to a
shght extent 1 a study of the enology of trochanteric fractures
However they apparently did not wnderstnd the significance of
the stresscoat patterns they obtamed and thought trochanterie
fractures arose from failure of the bone because of shear or com
pressive stress In then tests both ends of the bone were fired
while the load was dynamically apphed to the lateral aspect of
the greater trochanter This meant that the entire trochantene
region of the bone was subjected to a bending action s 2 result
of the mpact Conseguently as thexr photographs of stresscoat
deformation patterns show the medial aspect of the trachantenc
region was subjected to tensile stress and strain Very probably
the fractures they discussed arose from failure of the bone be
cause of tensile stress withmn 1t

Recentlv Smuth (1953) hns remvestigated the magmtude
of the load necessary to produce fractures i the proxim il end of
the human femur Disarticulated and articulated bones with the
hip jomnt antact were tested by static and dynamic Joading of
the specimen m different onentitions Cadaver material was
nsed and 115 bones were tested  Static lowhing was done m a
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amounts of tenstle and compressne force fuls under tension
The tensile strun patterns also enable one to predict with 1 lugh
degree of accurncy where fulure should occur in 1 bone under
known conditions of loading
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tures of the neck arose from an average impact of 364 ft lbs
of energy applied to the nech of 2 honizontally placed femur

The type ind magnitude of the stresses and strams produced
1 the specimens by the tests were not determined However, m
diagrams of the tests and the fractures produced, an arc of tissue
tension tendmg to cause tissue separation, was indicated This
seems to 1mply that Smith believed tension was 2 causatne fac
tor m the production of the various types of femoral fractures
although he did not state 1t 1n the text

The femoral neck of 20 bones was sud to have been sub
jected to torque although judging from the indicated figures
they were ctually tested under bending mnstead of torsion Smith
stated that these torques sumulated the mtrinsic forces resulting
from muscular contraction of the external rotators of the hip
which produce an anterior bending moment across the femoral
neck However a torque would produce 1 twisting not 2 bend
g moment mn the neck of the femur

Smith apparently accepts the trajectoral theory of the archt
tecture of spongy bone and shows anteroposterior roentgenograms
of the 1llum and articulated femur The pelvic arch seen mn the
frontal plane was compared to a parabolic arch and one of 1ts
trabecular systems was considered as contmuing mto the femur
where 1t extended from the head to the inferior aspect of the
femoral neck This trabecular system was considered as the
springer of the pelvic arch

Summary

All the vanious types of femoral fractures seen chimeally can
be experimentally duplicated under controlled conditions of load
ing and orientation of the bone The close correspondence be
tween the origm and the direction of the fracture line and defor
mation patterns obtamed with stran sensitive lacquers proves
that lmear fractures of the femur arise from failure of the bone
because of the tensile stresses within it This 1s true of the various
types of fractures of the neck and the tertrochanteric region
as well as spiral fractures of the shaft of the bone

Rauber (1876) showed that bone 1s weaker m tenston than
n compression and consequently when subjected to mncreasing
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amounts of tensile wmd compressine force, fuls under tension
The tensile strun patterns also enable one to predict with 1 hugh
degree of aceuracy where fulure should occur m 1 bone under
known conditions of loading



9

Stiess and Stiam m the Pehvs,
Mandible and Vertebial Column

The Pelvis

Asis Fron the shull and the Iong bones stress strain phenomena
have been studied most extensnvely m the pelvis Most of the
studies were made by means of dingrims and computations of
the stresses and strans produced by assumed loads However,
Evans and Lissner (1955) made stresscoat studies of tensile stran
distribution and fractures m ctual intact pelves In the first
part of their study 22 pelves, together with most of the Jumbar
vertebrie were tested Sixteen of the pelves were obtamed from
white males threc from Negro males two from white females
and one from 1 Negro female All but six of the specimens were
from embalmed bodies The 1verage age of the mdviduals from
whom the pelves were obtamed was 61 years No known patho
logical specimens were used

The defleshed intact pelvis including the lumbar spme was
tested under dynamic loading bv dropping 1t upon a 160 1b steel
bloch m such a way thit it landed simultaneously upon both
1schial tuberosities The pelvis was released by burning a cord
by which 1t w1s suspended and was caught by hand on the
rebound so that the pelwvis struck the steel slab just once The
weight of the specimen multiphed by the distance through which
1t was dropped gave the energy m inch pounds dynamically
apphed to the speeimen The method was chosen because it ap
proximates the way i which force 1s apphed to a pilot during
emergency escape from an auplne Male pelves were tested
with an average energy of 797 inch Ibs (47 1125) and femle
ones with an average of 394 inch Ibs (331-457) The amount
of energy absorbed by the steel slab would be neghgible It was

[92]
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therefore assumed that Wl the energy used m < test was expended
m deforming the pelvis and spme

The tenstle strun pattern produced m 2 stressconted pelvis
upon appheation of energy was visunlized by spraying the spect
men with statiflus powder As the powder 1s sprayed upon the
specimen 1t 1s gnen an electrostatic charge so that 1t collects

Figure 29  Stresscoat patterns produced in pelves by dynamic loading of

the 1sclial tuberosities a—\odertely extensie mn embalmed pelvis of

white male 85 1n lbs of energy  h—Extensine pitern in embalmed pelvis

of white male 73 vears of age 288 i Ibs of eneryy c¢—Shght pattern in

unembalmed pelvis of white male 64 yeurs of age 72 1n lbs of energy

d—Extensive pattern 1n embalmed pelvis of white male 82 years of age
2361n Ibs of energ)y
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along the cracks i the stresscoat lncquer and makes them visible
The cracks are then traced with Indin ik for photographic pur
poses Typical examples of some of the deformation patterns
obtumed are seen 1 Figure 29

The different tensile stran patterns produced i the pelves
arose from the following displacements (Igure 30) of varous
parts of the pelsis (1) lateral or medral rotation of the 1schiil
tuberosities (2) lateral displrcement or bulging of the acetab
ular regions (3) posterior displacement of the symphysis pubis
(4) medial or lateral rotations of the alv and crest of the i
and (5) various combmations of the preceding moyements

Rotations of the 1schinl tuberosities cwsed bending m the
1schiopubic ram with consequent tensile stress n the long avis of
the region on the convey aspect of the bent ramus Tensile strun
was produced on the mner and outer aspects of the 1schiopubic
ram by alternate medial and lateral rotations of the 1schinl tuber
osiies  Lateral bulging or displicement of the acetabula ereated
tensile stran m the long aus of the opubic rami, as well 15
within and around the ncetabult This movement was accom
pamed by posterior displicement of the symphysis pubis

PELVIC DISPLAGCEMENTS

under

DYNAMIC LOADING

N

!

Figure 30 (From the ongmal Figure 2 Evans and Lassner Anat Ree
181 147 1955 ) F = force G = grawity
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Rotation of the anterior superior 1line spine caused tensile
strun m an antcroposterior direction, m the convex aspect of
the 2l The anatomueal aspeet of the 4l mvolved depended
upon the direction m which the rotation occurred, 1¢, Interal
rotation created tensile stram m the medial aspect of the ala
(e fossa) whereas medinl rotation had the opposite effect
In some mstances 1 tensile strun pattern was found upon both
aspects of the al1 ndicating that the area had undergone un
dulaton movement with consequent tensile strum first on one
aspect and then on the opposite one

\Mimmal stramn patterns arose when just one of the above de
seribed movements occurred, but when more than one movement
was mvolved the tensile strun pattern was more extensive If all
movements occurred the resulting pattern was very extensive,
cluding all regions of the pelvts No relation was noted between
the age of the mdividual from whom the pelvis ws obtained and
the type or extent of the deformation pattern The same was
also true as far as the sex of the mndnidual was concerned al
though only three female pelves were tested

In the first sertes of studies 1t was believed that too great an
emphasis 1n the production of the deformation pattern was
placed upon the mass of the pelvis itself Therefore additional
studies were undertaken to determine what influence the mass
of the head the trunk and the upper extremities hve on defor-
mation patterns m the pelvis Eight cadavers, from which the
lower imbs the pelvic musculature, and viscera had been re-
moved so that the pelvis could be stresscoated were studied The
vertically oriented body was suspended over the steel block and
dropped so that 1t landed simultaneously 1f possible upon both
1schial tuberosities  Care was taken to sce that the ischial tuber
osities were the only part of the body strihing the block and that
the block was struck just once The weight of the body multt
plied by the distance through which 1t was dropped gave the
energy 1n inch pounds dynammcally applied to the sschinl tuber-
osthies The energy used varied from a mummum of 200 inch Ibs
to a maximum of 450 mch Ibs The deformation patterns ob
:;Lnseedplrr;d ?:::13 lt:s:ls‘e(’l;‘:él;e E?b) were essentially similir to

pelus tested outside of the body
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The mfluence of soft tissue upon the extent and type of de
formation pattern was studied i some specimens by leaving
approximately % inch of soft tissue (mostly gluteus maximus
muscle) underlying the 1schial tuberosities In one such spect
men 1 munmal deformation pattern was obtamed although 450
mch Ibs of energy, the most used 1n any of the tests, was ap
plied to the specimen This indicated that soft tissue 1s an ex
cellent energy absorbing materal a conclusion previously arrved
at by Gurdjian Webster and Lissner (1949) n therr studies on
shull deformation and fracture

The stresscoat deformation patterns produced by dynamic
loading showed that the pelvis behaves ike an elastic body whose
deformation could be demonstrated with as little as 332 mch
Ibs of energy The presence or 1bsence of the sacrotuberous and
sacrospmous hgaments had httle effect upon the type or extent
of the deformation patterns produced However with similar
amounts of cnergy the extent of the deformation patterns in the
unembalmed specimens was somewhat greater than n the em
balmed specimens

The deformation patterns also throw hght on Braus concept
(1929) of the arch like construction of the pelvis Accordmg to
Braus the body weight acting through the wedge shaped sic
rum subjects the pelvis to an outwardly directed tensile stram like
4 hat bemg stretched The bodv werght also produces stretching
at the pelvic jomts and tends to push apart the legs of the arch
which 1 symmetrical standing are represented by the femurs
Braus believed this outwardly directed tensile strun was resisted
by counter pressure tcting through the femoral heads at the
acetabula Thus when standmg the thopubic rami 1re subjected
to tensile strun but n sitting when the 1schial tuberosities sup
port the body w exght the 1schiopubic ram are the tension resist
ng members

Pauwels (1948) cnticized Braus concept of pelvic architec
ture on the grounds that the outward push of the pelvic arch e1n
be resisted by an 1nward force acting through the heads of the
fomurs only 1f the latter are firmly fixed Since the femurs are
not fixed the outward push must be absorbed by the pubic ramt
and the symphysts pubis functioning as 2 tie beam or tenston bar
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It was also pointed out by Pauwels that the fect of the pelvic
arch wre represented by the supporting surface of the acetabula,
not the femoral hends  Consequenth 1 svmmetrical standing,
the supporting surfaces are on 2 ngher level than the tie beam,
a form of arch rarely used by architects or engincers I'rom the
mechanical pomt of view according to Pauwels the pelsic jowmnts
cannot transmut struns of great magmtude between the bony
parts of the pelvis In Pauwels analysis of the forces acting upon
the pelvis m symmetnical standing the pubic symphysis 15 sub-
jected to tensile stram  However in the siting position 1n which
the effectny e direction of the body weight 1s obhiquely downwarld
and mward (from the pressure centers of the sicroihae jouts to
the schial tuberosities), the symphysis pubis 1s subjected to
compressi e stramn

The deformation patterns obtuned 1n the stresscoated pehes
showed that under the conditions of the tests the hopubrc ramy
function as a tenston bar to resist Interal displacement of the ace-
tabultr Tensile strun was also found on one or both surfaces of
the 1schiopubie ramt  However, this strun 1rose from bending
of the rami as a result of rotations of the ischual tuberosities
rather than from a more or less direct pull Generally no stress
coat crachs were found ymmediately adjacent to the symphysis
pubss which tends to confirm Pauwels contention that the sym-
physis 1s subjected to compressn e strun when sitting The stress
coat patterns do not agree with Bennmghoff's (1925) splht hine
patterns of the pehvis nor with his interpretation of therr func-
tional sigmfic ince

The tendency for the body weight to push the sacrum be
tween the tha and force them apart 1s probably resisted by the
sacrothac and iholumbar higaments which thus are subjected to
tensile stram This concept was venfied 1 some pelves by the
appearnce of stresscoat eracks m the region of the antertor sacro-
thac ligaments

Erans nd Lissner also tested some pelves and lumbar spines
under static vertical loading tn a 5000 1b capacits materials test-
mg machime erbibrated to an accuracy of = 18 The load was
apphed to the most proumal vertebra at speeds of 0004 to 0575
mches/minute until fracture (T1gure 311) occurred A fracture
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Figure 81 Pelvic fractures produced by static (a) and dynamic (b) load
mg a—Fracture produced in embalmed pelvis of white male 60 years of
age by a load of 1350 Ibs (From the onginil Figure 16 Evans and Lissner
Anat Rec 121163 1955 ) b—Fracture produced mn the embalmed pelvis
of a white male 79 years of age by 240 1n lbs of energy (From the ongmal
Figure 15 Evans and Lissner Anat Rec 121 163 1955 )

was also produced by dynamic loading of the pelvis in the almost
mtact body (Figure 31b) Companson of the site and direction
of the fracture lnes with stresscoat crachs previously obtamed
m the same or other specimens ndicated that the fracture arose
from failure of the bone because of the tensile stresses and strains
within 1t The pelvic fractures experimentally produced are sim

ilar to those seen chmieally In addition the stresscont studies
show that pelvic fractures are tensile failures as previously re

ported for lmear skull (Gurdpan Lissner and Webster 1947) and
femoral fractures (Evans Pedersen and Lissner 1951)

The Mandible

Stress and stram m the adult human mandible have been
studied by means of the colophonium splt line and stresscoat
techmques Kuntscher (1934) gne 1 photograph of 1 colopho
num coated mandible showing an area of lugh tensile strun in
the approumate middle of the body of the bone and m 1 direc
tion parallel with its long axis No data were given regarding the
test conditions or the magnitude of the strun
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Spht e patterns of the mmdible were stucdied by Dowgjallo
(1932), who clumed they were chnged by alterations m the
function of the jaw following loss of tecth This was disputed by
Benmnghoff, cited by Murray (1936) on the grounds that some
of the changes which Dowgjallo considered to be the result of
functional modifications were nctually within the normal range
of varation in mandibles with mntact dentiion A modification
of the split hine techmque was employed by Seipel (1948) n an
attempt to wnlyze the mechamenl significance of the architec-
ture of the mandible (Figure 32) Varous trajectorial systems
presumably tensile and compressive were designated within the

Tigure 32 5pht hne pattern 1 human mandible
(From Sapd  Acta odont scandinav 8 1948)
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Figure 31 Pelvic fractures produced by static (a) and dynamie (b) load
mg a—Fracture produced in embalmed pelvis of white male 60 years of
age by a load of 1850 Ibs (From the onginal Figure 16 Evans and Lissner
Anat Rec 121163 1955 ) b—Fracture produced mn the embalmed pelvis
of 1 white male 79 yers of age by 240 in 1bs of energy (From the orignal
Figure 15 Evans and Lissner Anat Rec 121 163 1953)

was also produced by dynamrc Ioading of the pelvis i the lmost
mtact body (Figure 31b) Comparison of the site and direction
of the fracture Iines with stresscoat cracks presviously obtamed
m the same or other specimens ndicated that the fracture arose
from f-ulure of the bone because of the tensile stresses and stramns
within 1t The pelvic fractures experimentally produced are sim
ilar to those seen clinieally In addition the stresscoat studies
show that pelvic fractures are tensile fulures as previously re
ported for Imear shull (Gurdjian Lissner and Webster 1947) and
femoral fractures (Evans Pedersen and Lassner, 1951}

The Mandible

Stress and strun m the adult human mandible have been
studied by memns of the colophonum split Iine and stresscoat
techmques Kuntscher (1934} gne a photograph of 4 colopho
mum cotted mandible showing an aret of hugh tensile strun m
the approumate muddle of the body of the bone nd mn 1 direc
tion parallel with 1ts Jong 2 No dat were given regarding the
test conditions or the magnitude of the stran
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parallel with the mylohyoid Iime s well 2s with the superior mar
g of the mandibular notch The sensitnaty of the Inequer used
m each of these studies w 1s 0 0005 inches/mch In each mandible
the deformation pattern arose from bendmg of the bone, the
cricks appearing 1 the conver tensile reas

More recently DuBrul and Sicher (1954) used stresscoat m
trymg to determme the mechumeal effect upon the mandible of
the pull exerted by the external pterygoid muscles Stresscoated
mandibles were tested by squeezing the condyles together with
finger pressure applied at the pomnts of msertion of the external
ptery goid muscles However, the actual magnitude of the pres
sure was not stated The resulting deformation pntterns (Figure
33c and d) indicated tensile strun 1n the long axas of the body
of the mandible

The Vertebral Column

Recently considerable attention has been given to stress stramn
phenomena 1n the vertebral column especinlly the intervertebral
dises Virgin (1951) investigated some of the physical properties
of human imtervertebral discs from 51 cadavers by testing them
mn an Olsen Testing Machme The spectmens consisting of an
mtervertebral disc with a thin shee of bone on each end, plus
sections of a lumbar spine consisting of both vertebrae and discs,
were obtamned at autopsy From one to five discs from each sub-
Ject were tested Before and during the tests the specimens were
Kept 1in Ringer s solution The specimens were subjected to com
pression by successive mcrements of 50 Ibs and the deflections
occurring 1n the dises were measured 1n units of 00001 inches

The results were dinided 1nto two groups (1) concerning the
elastic properties of mtervertebral dises and (2) concerning com
pression of the dises In each group of studies load deflection
curves were plotted

In the tests of the elastic limut of the dises the load deflection
cunes were not stratght limes the load mncreasing more rapidly
than the deflecion The maximum load of more than 900 Ibs
produced a deflection of 0 0400 inches while deflections of 0 0700
mches were obtamed with maximum loads of about 500 to 850
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Figure 33 Stresscoat pttermns i human mandible (b From the ongmal
Figure 12 Evwns Am J Phys Anthropol 11 433 1953 ¢ and d from
DuBrul and Sicher The Adaptive Chin Springfield Thomas 1954 )

mandible although experimental proof of their functional impor
ance was not grnen Also the magmtude of the forces assumed
to be mvolved was not determmed

The stresscoat technique h1s also been used by the author 1n
a few studies of deformations m the mandible In one mandible
a stram pattern (Figure 33a) was produced by statieally apply
mg a load of 59 1bs to the pomnt of the chin 1n a direction parallel
to the long aus of the body of the bone In a second mandible
(Figure 33b) a deformation pattern was produced by a maximum
load of 175 Ibs applied to a 34 inch brass rod laid across the body
of the mandible near its angle In the first specimen tensile strain
was produced 1 the long aus of the mferior margin of the man
dibular body and the neck of the mandibular condyle In the
second specimen application of the load perpendicular to the
long aus of the body of the mandible produced tensile stramn
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parillel with the mylohyvoid lme s well as with the supcrior mar-
g of the mmdibular notch The sensitivaty of the lacquer used
m each of these studics w s 0 0005 mches/inch  In each mandible
the deformation pattern arose from bending of the bone, the
cracks appearmg m the conver tensile areas

More recently DuBrul and Sicher (1954) used stresscoat m
trving to deternune the mechameal effect upon the mandible of
the pull exerted by the external ptervgord muscles  Stresscoted
mandibles were tested by squeezing the condyles together with
finger pressure applied at the pomts of msertion of the external
pterygoid muscles However the nctual magmtude of the pres
sure was not stated The resulting deformation patterns (Figure
33¢c md d) mdicated tensile strun m the long s of the bedy
of the mandible

The Vertebral Column

Recently considerable attention has been given to stress strun
phenomena 1 the vertebral column especinlly the intervertebral
dises Virgin (1951) mvestigated some of the physical properties
of human imtervertebral dises from 51 cadavers by testing them
m an Olsen Testing Machine The specimens consisting of an
mtervertebral disc with 2 thmn shice of bone on each end plus
sections of a lumbar spine consisting of both vertebrae and discs
were obtained at autopsy From one to five discs from each sub
ject were tested Before and during the tests the specimens were
kept m Ringer s solution The specimens were subjected to com
pression by successive mcrements of 50 lbs and the deflections
occurring 1 the discs were measured 1 umits of 00001 inches

The results were divided mto two groups (1) concermng the
elastic properties of ntervertebral dises and (2) concerning com
pression of the discs In each group of studies load deflection
curves were plotted

In the tests of the elastic imit of the discs the load deflection
curves were not strught lines the load ncreasing more rapidly
than the deflection The maximum load of more than 900 Ibs
produced a deflection of 0 0400 inches while deflections of 0 0700
mches were obtamed with maximum loads of about 500 to 850
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Ibs Even if the elastic Iimit were exceeded the discs retamed
considerable power of recovery

Hjy steresis was demonstrated by studies in which the loads
were ncretsed to 500 Ibs and then decreased at a slower rite
to 50 Ibs In these tests the load deflection curie rose rapidly to
a pomt and then fell during unlonding The slope of the curve
was different for loading and unloading indicating a loss m disc
height of 0005 to 0 100 inches when a load of 50 Ibs was apphed
The magnitude of the residual deformation or strain was 002
mches for normal dises ind 0 085 inches for immature discs

The magnitude of the residual deformation exhibited con
siderable regionnl and age variation It was smaller in the lower
thoracic and upper lumbar dises nd larger in the lowest lumbar
dises It was very large m discs from young subjects and mod
erately large m those from older people m which there had been
actual dise degencration It was least i dises from middle aged
subjects and undegenerated discs from people 1 therr seventies
When the disc was tested twice the magmtude of the residual
deformation was always less in the second test This mdicated
that the mechameal efficiency of the disc had improved and that
there was less energy loss during recovery

In experiments with a load of 50 Ibs or less continuously ap
phed for 48 hours, the discs showed a small deformation How
ever they recovered rapidly after removal of the lond The results
of four tests on sections of whole spines were sumilar to those
previously discussed for single mtervertebral dises

Virgins studies demonstrated that the mtervertebral disc 15
an elastic body with considerable power of recovery Thus the
stramns or deformations produced m 1t by contmual loading soon
disappear after removal of the load

A somewhat more extensive study involving the mechanism
of low back pan was made by Hursch (1951) The mtervertebral
dises were obtaned from fresh autopsied cases 1nd were tested
1n a press during which not only the magnitude but the direction
of the forces apphed to the specimen were determmed Effective
vertical pressures up to 25 kg were applied by means of 1 lever
arm The experimental devices used were such that the back
could be moved 1n all directions or even rotated
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A pressure metar cont unmg 1 pelot which w s thrust 2gunst
the external border of 1 dise w s designed to measure the pres-
sure changes withm 1 disc The force was tr msmtted to the dise
along 1 graduted scile mdicating the magnttude of the pressure
m kg The distance the pelot penetrated the disc was rend off on
1 drl mdictor  Pressures of 1 and 3 kg were used 1n the tests

The specimens tested were taken from two groups of individ-
uals (1) those with morphologieally normal discs, and (2) those
with defectne dises The mdnduls i the two groups were
about 20 and 40 years of 1ge, respectinely  Fresh autopsy ma
terial ws used

In dises from the first group the penetration of the pelot, with
the same wmount of pressure, was identic!  However, consider
able vrnition m the degree of penetration of the pelot was found
between dises and withm 1 single dise of the second group Also
penetration usually occurred more easily 1 dises in the second
group

According to Hirsch when there 15 any disturbince 1n the
structure of 1 disc vanable pressure conditions are produced
which lter the mechanical value of the dise This alteration leads
to deformations and tension disturbances which are large
some areis and which m1y oceastomlly anse very rapidly

Additional studies were made on complete lumbar spines
which were fived m 1 vise so they could be turned and rotated in
various directions  An pparatus consisting of shding cahpers
w1s used to measure the cxact degree of rotary move ment pro
duced 1n the specimen  Hirsch states that 1 modification 1n the
structure of an mtervertebral disc cruses changes m the stress
within the disc and i the path of the movement of the vertebra
mmednitcly supenior to the disc The moyements of the s ertebra
cin vy and what takes place m the disc depends on how the
forces 1ct or the structural changes m the disc  According to
him disturlyinces i the mobihty of the vertebra cause deforma
tions m the mtervertelral dises accompimed by stresses and
struns i the longitudinil higaments and the mters ertebrl jomts

:llll(n;}:d(;i?:llﬁffgog:: th\)sxcal properties wnd characteristics of
of the. mtersorteben] dnsct:) Il;n[:orhnt m ffecting the function
e pomts out thit 1 long as the
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nucleus consists of a plastic substance with a high percentage of
water 1t contributes towrd equal pressure distribution over the
aret of the disc If the nucleus pulposus loses part of its plastic
substance or semufluid nature mechanical stresses and strains
anise 1n the surrounding annulus fibrosus of the disc so that it 1s
mcpable of successfully meeting the physiological demands
made upon 1t and rupture results
The paper was primarily a study of the effect of vanations of
pressure m the inten ertebral dises It was found expermmentally
that pressure plays 1 very important role n the mechanical func
tion of the discs and hermations of the nucleus pulposus Some
what similar studses were made m Inmg mdniduals by mjecting
salt solutions mto the discs and thus altering therr pressure rela
tionshups The pressure mechamsm as illustrated by Husch 1s
such that the nucleus pulposus exerts pressure m all directions on
the surrounding annulus fibrosus Consequently the annulus 15
subjected to tensie stramn 1 a crcular direction The effect of
various movements of adjacent vertebrae on the nucleus pulposus
are dlustrated by diagrams However, the actual magnitude of
the various stresses and stramns produced 1n the dises the longt
tudmal hgaments and the intersertebral jomts was not stated
Studies, the details of which will be published elsewhere of
the magnitude of the stresses and strains produced by static ver
tical loading of human lumbar mtersertebral dises have been
made by H R Lissner and the author The discs were taken from
embalmed dissecting room cadavers because unembalmed bodies
were not available The average age of the indniduals 18 white
and one Negro was 57 vears of age All specimens w ere obtamed
from male individuals and consisted of the lumbar mter ertebral
dises and approumately half of the body of the mmediately
adjacent vertebrae the neural arches hay ing been removed The
specimens were hept i embilming flnd until tested and were
morst durng the test
The height of each disc plus its transyerse (mrumum}) and
anteroposteror {mntmum) diameters as reflected by corre
sponding measurements of the adjiwcent vertebral bodv were
taken m mches before and after cach test The deformations oc-
curring 1 a specimen during 2 test were measured with 1 Federal
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Dual gage The specimens were tested under dircet compression
1 a 5000 Ib eapcaty Richle Testing Machine, calibrated to an
accurtey of = 1% The lond was applied at 2 speed of 007 ches/
mmute until fulure s mdicated by = dropping off of the load
on the dial of the testing machme, had occurred Deformation
readings were tahen 1t mnteryals of 50 Ibs The load was recorded
mn pounds and the deformation mn mches The specimen was
onented m the testing machme so that a lond was umformly
applied over the surface of each ad)acent half vertebrn

Load deflection curves, stress strun curves, and the total
energy absorbed to failure were caleulated or plotted from the
data obtained during the tests The approximate stresses within
the discs were computed by assuming an elliptieal eross section
for the discs The area of the dises was obtamed from the formula
A = ab, where small 2 and b are the major and the mnor di-
ameters The results of the test are indicated in Table IT

TABLE II

AVFRAGE CouPRISSIVE STRESS AND DEFORMATION
1 LUMBAR INTERVERTEF BRAL Dines

Disc Compressuce Compressue D,
betiween Load (Ibs) Stress (pslxl) t/a'.:‘:r;:::z)on
lrerage  Range Aterage Range 4rerage Range

T12-L1 801  (230-1560; 430 164-1100;

(8 o) ) (164-1100) 0 0796 (0 050-0 158)
Li1-12 794 (200-149 415

2 a) (130-1234) 0 0782 (0 013-0 100)
Elzﬁ_ls'gcc) 92 (240-1972) 400 (145-812) 0 09 (0 048-0 148)
13-14 935 185-150. 373

(7 e ) ( o) (116~700) 0108 (0 0040 197)
](,147.1,‘.:,1(.) 882 (180-1660) 377  (122-853) 0121 (0 044-0 289)

15-81erum 73 (370-1240) 202 (145-8.0) 02)>

113 spee ) (0 0>3-0 239)

§e=ninbe of spear n.
et =lbaseq inct

From Table II 1t 1s seen that the disc between the first and
second lumbar yertebrae exlubited the highest erage compres
sne stress while the one between the fifth lambar and the s1crum
had the least However, the latter dise had the greatest average
deformation wlile the former showed the least deformation ®
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The biomechanical behavior of human lumbar mtervertebral
dises under both static ind dynamice loadmg has been investigated
by Hirsch ind Nachemson (1954) Tests were made 1 few hours
after death on unembalmed lumbar discs removed at autopsy
No discs from cases my olving tumors or tuberculosis were tested
A test specimen consisted of an mtervertebral disc with half of
the body of the adjacent vertebrae Three tests were made on
each specumen (1) with the newal arches and the vertebrae
tact, (2) with 1 hemilammectomy, 1nd (3) after a total laminec
tomy After the tests the discs were sectioned and divided mnto a
healthy and a degenerate group

Tests were made of 94 lumbar vertebrae, most of which were
the second (94 specimens) and fourth (40 specimens) lumbar
dises  Five specimens were x rayed before testing The mndivid
uals whose discs were tested ranged m age from the first through
the eighth decade of life the majority being between 30 and 60
years of age

Static loading studies were made 1n the compression testing
machine used 1 the earler study (Hirsch 1951) The deforma
tion or varations 1 form of the dises during a test were meas
ured by a dial indicator, having an accuracy of 0 01 mm , placed
m contact with either the outer edge of 1 disc or the antertor
margm of the body of the immediately superior vertebra Thus
the actual expansion of the disc and the degree of compression
were measured sumultaneously Loads of 40 70 and 100 kgs
were apphed to the specimens

In prehminary studies 1t was found that the deformations
shown by a given disc were reversible up to loads of 130 hgs
provided the load was not apphed for more than a maswumum
of five minutes If this load or time were exceeded the dises no
longer showed recovery A shght permanent change was alwavs
present

Static loading studies of the healthy discs showed somewhat
greater compressibthty m the fourth than m the second lumbar
disc A load of 40 kgs compressed a disc shghtly less than 1 mm
but a 100 kg load mcreased the compression to 14 mm It was

assumed that m a person weighmng from 70 to 90 kgs a 40 kg
Joad 1s the approximate weight borne by the vertebral column
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wn the erect posture Within the stated hmitations of lowding com
pression W1s proportxonql to stress However, the disc must be
subjected to 1 certan degree of compression before 1t ednbits
a greater resistince
Lateral expasion of the disc was somewhat less than the
totl compression  In 100 healthy dises, 1 40 kg load produced
an anterior expansion of 05 mm With a 100 kg lod the mteror
expansion rose to approuimately 075 mm The posterior expan
s10n of the discs was essentially the same s the anterior
Neither hemilimmectomy nor total Inmmectomy produced
any appreciable disturbince 1 the biomechameal behavior of
healthy mtervcrtebral dises In all mstances the magnitude of
the deformations was the same throughout No evidence was
found to support the 1den that factors other than the dises pliy
any part m the capacity of the vertieal column to support vertical
foads
Campression was more eastly obtamed m degenerated dises
which were more sensitve to an mereasing load the compression
rate nsing rapudly s the load incrensed A 40 hg load produced
the same expansion {05 mm ) as in healthy discs but with a 100
kg load approuimately 2 mm of deformation was obtamed As
m the case of a healthy disc neither hemilaminectomy nor total
Inmmectomy had anv appreciable effect on the bility of the
disc to withstand a vertical load
The awthors pomt out that the vertebral column Dike other
parts of the body 15 seldom m v posiion of static equilibrium
Consequently static measurements have 2 limited value They
thereforc studied the behavior of the dises under dyname load
g In these tests the compression 1pparitus w1as mounted on
1 concrete pillar so s to eliminate, as far as possible, vibrations
acting upon the machme
Lowds were dynamically apphed to the specrmen by lettmg
weights fall igunst the lever which in turn acted upon the spect
men Weights were dropped through distances from 10 to 100
cTrlns with the duration of fall varying from 0 141 to 0 447 seconds
ic hmetic encrggy from a falling werght of 1 kg was from one ta
ten hilogram centimeters whle that of 2 2 Lg waght vaned from
two to twenty hilogram centimeters
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Before dynamically loading the itervertebral discs they were
tested with weights between 10 and 130 kgs and allowed to re
turn to a state of static equlibrium  Blows of gridually increas
mg force were then applied to the spectmens All blows were
vertically apphed to the discs and the antertor and lateral expan
sions of the discs at nght angles to the direction of force, were
recorded A measuring device consising of a direct readng
bridge 2 pre amphfier and a helvin and Hughes four pen re
corder was used The measuring system was adapted so that
when the pelot was i contact with the intervertebral disc 1t
could be shifted in erther direction and the oscillographic reading
m millimeters or fractions of 4 milimeter directly transmitted
1n the path of motion The apparatus had an acurtey of % 0 1mm
However 1t was found that this degree of accuracy was not abso
lutelv necessary so the studies were made with 1 sensitivity of
03 mm A paper speed of 5 cm/sec was used m the pen recorder
although m special cases 1t was mcreased to 15 em/sec Thus
they were able to determme what was taking place within 1
tervals of 02 to 006 seconds The reliability of the apparatus
was determined by prelmminary tests on metal and wood

When a disc was subjected to a load lasting from one to two
seconds compression and lateral bulging occurred However,
these phenomena disappeared immediately with removal of the
load ndicating the disc retuned practically its entire elasticaty
Compression expermments can be repeated indefinitely without
observable disturbances m the elasticity of the dises The elas
ticity curve of the discs 1s similar to that of normal hyalme ar
ticular cartilage With greater loads the elasticity curve becomes
flatter

If a disc 15 subjected to 1 violence to which 1t reacts rapidly
1t starts to oscillate or vibrate If at the moment of impact the
mductive displacement pickup 1s allowed to absorb the move
ments at any pomt on the surface of the disc the number of
oscillations will rise m the course of 0 20 to 0 40 of a second The
frequency and amphtude of the osaillations an expression of the
way the discs react to the speaific force vary under different

conditions
Rapidly actng traumata regardless of size mmanably cause
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ripid oscillations which, irrespective of the strength of the blow,
are lways of short mtensity  However, with loads of 40 hgs or
less the oscillations become 1rregular Under the same conditions
the reaction of the discs 1s constant and e1n be repeated mdefi-
nitely

The results of the experiments show that the biomechamenl
behavior of mtervertebral dises vartes according to the raprdity
of londing Thus f the disc 15 kept lorded + certun amount of
compression oceurs until equilibrium 15 obtuned However, 1f
the disc 15 subjected to a short momentary load 1t starts to os
allate In both normal and degenerated lumbar discs the magm
tude of compression and lateral expansion produced by increas
mg loads up to 100 kgs 15 shght In normal dises a 100 kg lond
produces about 14 mm compression and 075 mm expansion
In 2 degenerate disc with a ruptured annulus fibrosus, the s1me
load produces a compression of 2 mm

If the load 1s applied for seconds perfect elasticity, of the
same type s that of hyalme articular eartilage, 1s observed
This type of compression cn be repeated frequently without dis
turbing the mechanieal response of the disc If a disc, which
has assumed equhbrium under Joad 1s subjected to increasmg
loads of short duration 1t 1eturns to its ongial form on unload-
wmg However the greater the load the less the shocl absorbing
capacity of the disc Rapidly actmg loads cause an interyertebral
disc to osaillate but oscillations have also been obtuned with
static loads of 10 to 130 hgs This shows that even after discs
have assumed a state of equilibrium additional rapidly apphed
forces of relatively small magnitude can greatly mcrease the
extent of the deformation Because the deformations occur fre-
quently durmg relatively short pertods of time (tenths of seconds)
unknown stresses of considerable magmtude are produced

Great stress i the lumbar region 1s produced by the smallest
traumata 1f the force 15 raprdly acting It seems unlihely that
musculir reaction can stabilize and protect the back from the
mtensity nd frequency of changes ocenrring 1n the shape of the

dise The varmations themselves are the result of the brophysical
construction of the dise itself
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Summry

The expeuments on the mtervertebral discs clewrly demon
strated that the discs are very well adapted for withstanding the
compresswyve stresses and struns to which they are normally sub
jected m the Ining body Thus they can statically adjust them
selves to vanous mechameal demands pliwced upon them In
addition, the studies of Hirsch and Nachemson show that the
discs represent 2 dynimic system whose mass 1s constantly m
motion Furthermore very small rapidly apphed loads or forces
produce oscillitions of the dise with movements measurible n
tenths of 1 mullineter Neither the body nor the discs are ever
mechanically 1 2 state of rest The more frequently forces act
on the discs the higher the frequency of their oscillations

Hursch and Nachemson belicve that disturbances m the histo
chemical structure of the ntersertebral dises are more important
m the rupture mechamsm than are mechanieal forces IHowever
they concede that oscillations of the frequency and 1mphtude
found 1n their studies may exert an mnfluence on the biological
phenomena arsing 1 the dises Hirschs earher myestigation
on the mechanmism of low back pun indieate that compression
of 1 disc cruses the nucleus pulposus to exert pressure on all
pomnts of the annulus fibrosus which 1s consequently subjected to
circular tensile strun Intervertebral dises are almost entirely
compression resisting structures Bones however are frequcntl)
subjected to bending action as 1 result of which they are required
to resist tensile ind shearing stresses and strans m addition to
compression

Stresscoat studies on the pelvis and mandible show that they
also behave like elastic bodies whose deformations can be dem
onstrated with relitnely small loads  As long s therr elastic
Timt 1s not exceeded they exhibit considerable power of recovery
The mportance of tensile stresses md straums n fractures was
further emphasized by stresscoat patterns i esperimentally pro
duced pelvic frictures
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The Role of Stiess and
Stiamn 1n Bone Aichitecture

Ok or TuE first recorded comments on the mechanical signifi-
cance of bone form 1s that of Gahleo (1638) who stated that
smaller bones are proportionally stronger than larger ones Dur-
ing the nest 200 years there were a few scattered observations
on the onentation of the trabeculae in some of the long bones,
but the first real attempt at a mechanical mnterpretation of the
arrangement of trabeculae was made by Ward (1838) He
studied frontal sections of the provimal fourth of the femur and
compared the arrangement of the trabeculae to a triangular
bracket attaching a street lamp to an upnght pole The obhque
(compression) bar of the bracket was compared with the tra
beculae extending from the head of the femur to the mfertor wall
of the neck, while the horizontal (tension) bar of the bracket
was considered to be analogous to the more honizontally onented
trabeculae n the upper part of the neck

In 1857 Wyman published a paper on the arrangement of the
trabeculae m sections of the femur vertebrae talus and cal-
caneum He mterpreted the trabecular arrangement m terms of
studs (compression resisting bars) and braces (tension re
sisting bars) for the resistance of tenston and pressure forces 1mn-
pinging upon the bones m the hving body  His paper had ong
mally been presented to the Boston Society of Natural History
n 1849

Humphry (1858) pomnted out that in frontal sections of the
femur the trabecular lines are perpendicular to the articular sur
face of the head and cross each other 1t night angles The sigmfi
cance of this observation was not appreciated at the time but
Tater 1t played an mportant role mn the mathematical 1naly sis of
the functional sigmificance of trabecular onentation

[
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Summary

The experiments on the intervertebral dises clearly demon
strated that the dises re very well adapted for withstinding the
compressive stresses and strams to which they are normally sub
jected 1n the Ining body Thus they can statieally adjust them
selves to various mechameal demands pliced upon them In
addition the studies of Hirsch and Nachemson show that the
discs represent 1 dvnamic system whose mass 1s constantly mn
motion Furthermore very smnll rapidly applied loads or forces
produce oscillations of the disc with moyements measurable
tenths of 1 milmeter Neither the bods nor the discs 1re ever
mechameally 1n 2 state of rest The more frequently forces act
on the discs the Ingher the frequency of their oseillations

Huirsch and Nachemson belier e that disturbances m the usto
chemtcal structure of the inters ertebral discs are more important
m the rupture mechamsm than are mechanienl forces However,
they concede that oscillations of the frequency and amphtude
found m their studies myy evert an mfluence on the biological
phenomena ansing m the dises Hirschs earlier mestigation
on the mechamsm of Iow back pun mdicate that compression
of a disc cruses the nucleus pulposus to exert pressure on all
pomts of the wnnulus fibrosus which 1s consequently subjected to
arcular tensile strun  Intervertebral discs are almost entirely
compression resisting structures Bones however are frequently
subjected to bending action s a result of which they are required
to resist tensile and shearing stresses and struns m addition to
Compresslon

Stresscoat studies on the pelvis and mandible show that they
also behave like elastic bodies whose deformations can be dem
onstrated with relatively small loads As long as therr elastic
limut 1s not exceeded thev exhubit considerable power of recovery
The wunportance of tensile stresses and struns in fractures was
further emphasized by stresscot patterns in evpernmentally pro
duced pehic fractures
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mur were objected to by hoch (1917) for the following reasons
(1) only 2 small part of the femur was wnlyzed and its relation
to the whole bone ws not shown, (2) the action line of the as-
sumed lond w1s taken as parallel with the femoral shaft (3) the
model disregarded the mnass of the greater trochanter (4) al
though the mathematica] wnalysis 1s strictly true for the model
1t 1s not apphcable to the femur wlich has a decidedly different

Figure 84 Culmann's trajectonal diagram of a
Farbain crane  (From Wolff  Virchows
Arclue Path Anat 50 1870 )
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The next major contribution to the problem was made by
Hermann von Meyer (1867) who exhibited at a scient:fic meet
mg m Zurich, sections of various human bones and discussed the
functional sigmificance of their trabecular onentation The bone
sections were seen by Culmann, a mathematician and engineer,
who was mpressed by the resemblance betwecn the arrangement
of the trabeculac and the calculated lines of maximum mnternal
stress (trajectories) mn a mechameal structure of smulr form
and sumilarly loaded Later he computed these trajectories mn a
Fairbairn crane, which he assumed was a homogeneous sohd
structure pproximating the femur i shape and compared their
arrangement to that of the trabeculac as seen 1 a frontal section
of the upper part of the femur From this Culmann concluded
that the bony trabeculae were laid down along the Imes of maxt
mum internal stress thus enabling the femur to transmit a
mxamum Joad with @ mmimum of materinl

Culmann s analysis of the femur was mcluded m von Meyers
paper nd 1s the basis for the Trajectorral Theory of bone form
According to this theory the trabeculae of spongy bone follow
lines of mavimum mternal stress (tryectories) m the bone cross
each other at night angles and arise perpendicularly from the sur
face of the bone or articular cartilage Certamn of these tryec
tories re considered to be compressive and others tensile re
sistant

In Culmanns orgmal trajectoriil dingram of a Tawbairn
crane which was the same size as an actual femur, the scle was
03 mm to I kg of force or Ioad In making his analysis Culmann
assumed that a load of 30 kg was umformly apphed over the
area of the femoral head which would recerve the body weight in
the erect posture When Wolff (1870) reproduced this diagram
(Figure 34) he reduced 1t to a scale of 0 15 mm to 1 kg of force
The magmtude of the compressne tensile and shearmg forces
at eight different cross sections was also mdicated The magm
tude of the pressure vared from a maximum of 163 3 kg at sec
tion one to a mmmum of 30 kg at section eight The tensile
force was greatest at section one and decreased proxmmally, while
shearing stresses absent mn section one 1ncreased proximally

Culmanns conclusions regarding the architecture of the fe
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with the ankylosts more complete between the medial condyles
of the two bones Part of the compacta and the spongiosa had
been removed before Rous obtamed the specimen  Although
the case history of the ndividual from whom the specimen was
obtamned was unknown, Roun 1ssumed that the concve aspect
of the jomt was subjected to mcreased pressure dunng w alling
Traectonial diagrams of the jomt were drawn on the basis of
crachs produced by bending a parffin coated rubber model of
the joint

Rouv's mterprettion of the jomt was erhicized by Janssen
(1920) on the basis that the actual arrangement of the trabeculie
1s seen 1 Rous s photographs of the specimen did not correspond
verv closely with his tryectorial dragram and that the trajec-
torses did not behave as they should according to the Tryectorial
Theory

The Trajectorial Theory of bone architecture recened its best
expression 1n 1892 when Wolff published Ins famous monograph
entitled The Law of Bone Transformation Accordmg to this
law everv change m the form and function, or m the function
alone, of a bone produces changes m 1ccordance with mathe-
matical laws m tts trabecular architecture and external form
Wolff's Law, as 1t has since been hnown wns based upon the
onentation of the cancellous bone 1n the necl. of the femur

The work of von Meyver Roux and Wolff gy e nise to consider-
able controversy regarding the factors mvolved 1 bone growth
and archutecture  \ost mvestigators are 1n agreement that func-
tion 1s the trophic stimulus for bone growth but there 1s marked
disagreement s to the exact nature of the mechameal forces pre-
sumably mohed Zschohhe quoted by Janssen (loc cit) pomnted
out that m cases of wfantile parlysis from shortly fter burth
the bones re essentinlly normal 1n form although they re hghter
thimner 2nd Ing behind the normal bones 1n growth The mamn-
tennce 1nd even growth of bones in totally paralyzed extremities
was ecording to Ium proof that the form and growth of bone
was of 2 hereditary nature entirely independent of mechanieal
stresses

The trycctoral nature of bone architecture was accepted by
von Mever Roux and Wolff all of whom believed that tenstle
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shape, ind (3) the quantitative relations between the load nd
the area of the cross section of the femur were not determmed
An additional objection 1s that the analysis was based upon a
solid model composed of homogeneous materzal, whereas a femur
15 4 hollow structure of heterogeneous composition

Kuntscher (1934 19351 1936) also criticized Culmanns
analysis on the grounds that the femur 15 not subjected to stresses
sumilar to those of 1 crane and that the model used for the analysis
was sumply a curved rod, not 1 femur Furthermore, the tra
becule only resembled tension hnes of 2 crane when the femur
was sectioned frontally since a section shghtly away from the
mid Iine presents an entirely different picture Kuntscher was
also not convimced of the trajectorinl nature of the spongiost

The work of von Meyer stimulated further mterest m the
functiontl significance of the orientation of the trabecule of
cncellous bone and during the remainder of the nineteenth cen
tury numerous papers qppe’u’ed on the subject Sections at var
ous planes were made of most of the bones of the body and the
arringement of the cancellous bone described and illustrated
In 1870 Wolff published 2 paper based chiefly npon the nech
of the femur m which he presented the 1dea that tenston stresses
are primanly responsible for bone growth and the orentation of
the trabeculie An opposite view was trken by Wagstaffe (1874),
who studied the cancellous bone 1 sections taken at different
plnes of the vertebral column the scapuli the pelvis the sac
rum and all the bones of the imbs He stated that the mechan
1cal advmtages of 1 bone are dependent upon its shape and sur
face markings ll of which increase through elsticity and strun
Accordmg to lum All cincellous bone has 1 definite mechanical
arrangement nsuring the greitest strength and elasticity along
the hines of greatest pressure  He pointed out that the trabecular
lines seen 1n sections of bones are plates rather than columns and
believed that pressure forces provide the trophic stimulus for the
laying down of osseous tissue during bone growth

The Traectorial Theory was the basis for Rouxs (1885)
terpretation of the functional significance of the arrangement of
the trabecule 1n 1n ankylosed knee joint The tib11 of this spec
men ws flexed upon the femur at approximately an 60 angle
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of the extensor, abductor, and Iateral rotator muscles of the hip
jomt  According to the Tryectorial Theory these two trabecular
systems are pressure and tension resisting respectively

Carey attempted an expenmental proof of his xdens by sec-
tioning specific muscles m 2 series of dogs wnd studymg roent-
genograms of focal changes 1 the spongiost of the bone He
cnitieized the orthogonality feature of the Trajectorial Theory by
pownting out many plices at which the trabeculae from opposite
sides of the bone did not cross one another at right angles as they
should according to the theory

One of the enticisms against Carey s work 1s that he did not
gne the magmtude of the back pressure vectors, although he
states that the vectors were found as the resultants of muscle
forces by means of the parallelogram of forces The direction
of the vectors 15 indicated 1 his figures but that 1s only half the
story because mn mechanies a vector 15 1 quantity combimng
direction and magnitude Thus, both of these characteristics must
be known before a vector 1s completely described Furthermore
the drrection and magmtude of the back pressure vector would
constantly change during movement at a joint because the angle
of application of the muscle with respect to the moving bone 1s
constantly changmg Consequently the parallelogram of force
which Carey based on the muscles would also change and with
1t the direction and magnitude of the vector Under such chang-
mg conditions the trabeculae could scarcely represent crystal
hized back pressure vectors 1s Carey believed

One of the severest critics of the Trajectorial Theory of bone
structure was Triepel who according to Murray (1936) ad-
vanced 20 objections to the theory Only the more mportant of
these will be discussed

The first objection mvolves the nature of trajectories which
as pomted out by Triepel are lines drawn a prescnibed distance
apart from a number of more or less arbitranly selected pomnts
Theoretically the number of trajectories 1s infinite and if all pos
sible ones were drawn they would anse from ey ery possible pont
on the margin of the trajectorial diagram which would thus be
blacked out Consequently 1f trajectories determine the architec
ture of a bone 1t should all be compacta without any spongiosa
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stresses are primanly responsible for bone formation and growth
However, this 1dea was demed by Jwnssen (loc cit ) and by
Carey (1929)

Janssen studied various types of sections of normal and path
ological bones pomting out many 1nstances mn which the tra
becular architecture did not conform with the Trajectorial Theory
Furthermore 1n many cases the region of the bone presumably
subjected to tensile stress had atrophied while the areas under
pressure had hypertrophied In contrast to Culmann and von
Meyer who mterpreted femoral architecture entirely from the
view of static body weight without any consideration of muscle
action Janssen believed that the jerking pressure of muscles com
bmed with that of gravity was the chief mechanieal stimulus for
bone formation In support of this 1dea he cited the vertebrae
and the bones of the limbs He did however admat that other
factors were mnvolved and that not all bones e g those of the
shull are the result of mechinieal forces

That great force can be exerted by muscles was recogmized by
Chrnisten who according to Janssen (loc cit ) pomted out that
when a man weighing 60 kg stands on tiptoe on one foot the
quadriceps femoris muscle must evert 2 force of 240 kg 1n order
to mamntam this position It 15 obvious that muscles must be
able to exert a force greater than the body weight 1 order to
jump

Carey (loc cit ) also emphasized the role of muscle action m
determming the form and structure of bones Sections i dif
ferent planes of the hip knee and ankle jomnts as well as of the
entire pelvis and hallux were studied by x rays According to
him the architecture of the spongy bone at mono b1 and mults
axial jomts 1s entirely determmed by the back pressure vectors of
the muscles acting on the jomts and not by static body weight
For example, m frontal sections of the femur the trabecular sys
tem extending from the femoral head to the inferomedral aspect
of the neck and shaft 1s produced by the back pressure vectors
of the flevor adductor and medial rotator muscles of the hip
jomt The trabeculae which follow a parabolic course from the
greater trochanter to the femoral head and are nearer the superior
aspect of the femoral nech are produced by back pressure vectors
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Triepel s 1dca of the close relation betw een the form and func-
tion of 1 bone 15 appealing but Murray (loc ext ) pomnts out two
major objections (1) 1t does not agree with the facts of bone
development and (2) the 1deal architecture of cancellous bone,
which 15 presumibly geometrically determined, does not appear
until function1! demands have been pliced upon the bone

Although the mfluence of functional stresses upon the form
of bones 15 well estabhished by expenimental and clmical evidence
other factors are imvolved Thus, 1t has been found (Murray and
Hunley 1925 Murray and Selby 1930 and Murray, 1936) that
mn chono allntoic grafts of mb buds from two to six day old
chuch embryas the humerus and the femar, i spite of complete
absence of function, are often similar n form to adult bones

There have also been several studies of the effects of im-
mobilization nd absence of mechamcal stresses on the gross
anatomy of bones of expernimental ammals  Allison and Brooks
(1921) mmvestigated the effects of nonuse on the foreleg bones
of dogs In 13 dogs the brachial plexus was sectioned so as to
produce complete or parhial paralysis of one foreleg, i seven
dogs the proxtmal end of the humerus was resected to produce
a flail jont and in four dogs one foreleg was fived 1n plaster of
Parnis The duration of the experiments before sacrifice varied
from a few to 314 dass

It was found that the mitial changes ansing from nonfunction
were the same regardless of the age of the indniduals How-
ever the effects of disuse in adult dogs were not the same as those
mn growng dogs 1In the former bone atrophy alone occurred but
m the latter growth was mhinted although not stopped The ev-
permments on growing dogs lasted from ten to 200 days while
adult dogs were used 1 expenments of 200 to 314 days dura
tion

In the atroplied bones the pertosteum was verv closely ~d
herent to the shaft and when stripped off left a surface with the
texture of fine sandpaper The thickness of the cortes of the, shaft
decreased with conscquent enlargement of the medullany cavity
Tllg can?lcllous ends of the bones were quite fragile with fewer
and smaller trabeculae With a lo

wWult amimal the mrlhcal b(:neaol' (x;xge Is)lel:lf(;dlo(;i :‘l‘:":::]dmn e
pact strue
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Related to this 1s the fact that engmeers when cileulating the
trajectorics of a structure assume that 1t 1s 1 sohd homogeneous
body, which an mtact bone 1s not  Culmanns onginal diagram
of the trajectorses of 1 Fairburn crine, wlich he compared with
the trabecular orientation mn the prouimal end of the femur, was
based on ths assumption  Although tlus fundamental difference
was recogmized by Wollf (1870) he stated that the assumption of
v sold bedy for outwardly 1y mg tension and pressure lines leads
to the actunl conditions ewsting m 1 hollow section of a bone

Tri pel emphastzed that the trabeculie did not always exhibit
the orthogon ility or 80 crossmg s required by the Traectorial
Theory TCurthermore the indinidunl trabecule are often rregu
I and do not hwe the strught or regular curve as the theory
demands In tryectonial diagrims for engmeering structures the
pressure stresses are crossed by the tension stresses and, m the
Traectorial Theory of bone architecture, 1t 15 assumed that sec
oundary trabecular systems crossing recogmzed pressure systems
re tension resisting  However Triepel muntuns that these sec
ondary systems are not for simple teuston resist mee but are sub
jected to complicated bendwg ~ctions In nddition he pomted
out thit bones may have sumlar external form and internal archi
tecture although subjected to quite different struns and stresses
m the lvig body  Although Triepel denies the trajectornal nature
of spongy bone he wmuts that mechimenl Factors do mfluence
ind modify the trabeculie

Triepel believed that the architecture of 2 bone 1s primanly
dependent upon 2 geometrical relation between structure and
form and onb secondmly upon funchion Thus bones of similar
form should have similar structure regardless of function or the
way they are stressed m the bodv Vertebrae were aited as an
example of this phenomenon According to Triepels mterpreta
tion the trabeculae 1 long bones consist of a series of domes and
calyces fitting nside one another The convexity of the domes 15
directed toward the epiphysis and the apex of the calvees aw vy
from 1t The form and deselopment of the domes varies withun a
smgle bone as well 15 from one bone to another Other bony
plates radially and horizontally ortented complete the arrange-

ment
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Triepel s 1de v of the closc relation between the form and func-
tion of 1 bone 1s appeling but Murray (loc cit ) ponts out two
mmjor objections (1) 1t does not agree with the facts of bone
development ind (2) the 1denl architecture of cancellous bone,
which 15 presumably geometrically determined does not appear
until functional demands have been pliced upon the bone

Although the nfluence of functional stresses upon the form
of bones 1s well established by experimental and clinical evidence
other factors 1re imohed Thus, 1t has been found (Murray and
Hunley, 1925 Murray and Selby, 1930, and Murry, 1936) that
m chorio allantoic grafts of hmb buds from two to six dvy old
chick embryvos the humerus and the femur, i spite of complete
absence of function are often similar 1n form to adult bones

There have also been several studies of the effects of 1m
mobilization and absence of mechanical stresses on the gross
anatomy of bones of experimental ammals  Allison and Brooks
(1921) investigated the effects of nonuse on the foreleg bones
of dogs In 13 dogs the brachil plexus was sectioned so as to
produce complete or partral paralysis of one foreleg 1n seven
dogs the proximal end of the humerus was resected to produce
a flail jomt and m four dogs one foreleg ws fived n plaster of
Panis The duration of the experiments before sacrifice varied
from a few to 314 days

It was found that the mtial changes anising from nonfunction
were the same regardless of the age of the indnidunls How-
ever the effects of disuse m adult dogs were not the same as those
n growing dogs In the former bone atrophy alone occurred but
n the latter growth was inhibited although not stopped The ex
peruments on growing dogs lasted from ten to 200 davs while
adult dogs were used mn experiments of 200 to 314 days dura
tion

In the atrophied bones the peniosteum was very closely ad
herent to the shaft and when stripped off, left a surface with the
texture of fine sandpaper The thickness of the cortex of the shaft
decreased with consequent enlargement of the medullary cay ity
The cancellous ends of the bones were quite fragile with fewer
and smaller tribeculie With 2 long perod of nonfunction 1n an
adult ammnt the cortical bone of the shaft lost its compact struc-
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ture and became more porous However, the general shape and
contour of the bone as a whole was not markedly affected

After long periods of nonuse during growth the bone was
below normal size m length and thichness The decrease mn thick
ness was more pronounced 1n the shaft than m the epiphysis re
sultng 1n a bone showmg sudden enlargement 1n the epiphyseal
regions The decrease m the thichness of the cortex relatnve to
the diameter of the shaft was small compared to that occurning
m atrophy of bones in adult dogs In the nonused bones the di
ameter of the medullary cnaty, relative to thickness of the same
bone, was always larger although the cavity itself was frequently
smaller than the corresponding one n bones from the functional
foreleg Also the tibia which was nonfunctional durmg the
growing stage had 1 circular cross section shape m contrast to
the tringular shape of 1 normnl functionmg tibia

Microscopic examination of sections of atrophied bone showed
various stages of decrease 1 the number and size of trabeculae,
thinmng of the compacta and accumulation of fat in the mar
row Ultimately there was an mcrease m the porosity of the com
pacta

‘Wermel (1935a) completely or partially removed, with or
without nerve section one of the forearm or leg bones 1n young
rabbits and rats and then studied the effects upon the size, form
and surface marhingy of the remamming bone Sectiomng the
nerve alone, 5o as to produce paralvsis, resulted m disuse atrophy
of the remainmg bone but complete or partial removal without
nerve section was accompanied by thichenmng of the remaming
bone This thickening was primanly the result of the mncreased
stress upon the bone However thickeming could also oceur with
nerve section and consequent loss of function The thickening
occurrmg 1n the latter case Wermel attributed to two factors
(1) the absence of normally existing pressure of the neighboring
bone, and (2) an antagonism between the length and thickness
of the bone

In another paper (1935b) Wermel tried by measurements
and mathematical formulae to relate changes in the thickness
and cross section shape of bones to therr resistance to compressive
and bendmg stresses However he did not consider the density



The Role of Stress and Stram i Bone Archutecture 121

of the bones and never expenmentally determmed the actual
resistance of the bone to compiessny e nd bending stresses  Other
expermments on the chnges produced mn bones by mechanienl
conditions of normal md pathologieal function, 1s well s the
vanous mterpretations 1dsanced to account for them, are more
fully discussed by Murray (1938)

The effect of rmmobilization on bones of the hmd hmbs of
Kittens and rats was recently studied by Gillespie (1954) Twenty
eight Mittens divided into thiee groups were used In the first
group consisting of ten httens the anterior roots of the lumbar
and first s1cral nerves were sectioned In a second group of ten
Lattens the posterior roots of the same nerves were divided 1In
the third group of eight hittens lumbar sympathectomy wns com-
bmed with section of the antenor roots of the syme side and re
moval of ll the lumbar ganghia from the renal vemn to the pelvie
brim

All the littens 1 groups I and IIT exhubited sigmficant re
duction 1 the weight of the long bones and the thickness of the
femoral cortex m the paralyzed mb However, no significant
differences were found between the bones from the paralyzed
nnd normal hmbs i Mttens of the second group

One hind Imb 1n 16 young wlite male rates weighing ap
proximately 120 gms was paralyzed by mvulston The wumals
were klled one week after operation and varous physical prop
erties of the femurs ind tibias were nalyzed In all animals the
weight of the dry femur and tibrn from the paralyzed leg wis
sigmficantly less than that of normal bones

These exprriments clearly show that the absence of functional
mechameal stimuli cause defimte changes in the gross anatomy
of the bone However the question s to whick 1s more mpor-
tant tension or compression 1n the development of normal bone
structure 1s not swered

The functional sigmficance of the architecture of compact
bonc— has also been studied rather extensinely  Benminghoft
(1925) developed the spht hne techmique which consists of mal
g a series of splits or punctures 1 the partially decaletfed sur-
face of a bone and rubbing India il or water color mto the
sphts The more supcrfictal Inyers of bone are then further re
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moved by decaleification so that sphit fine patterns of the deeper
lyers can be obtuned Benninghoff used awls of various sizes
for making the splits  Macerated nd nonmacerted specimens
of Jong nd fiat bones were studied and lustologicnl sections of
the same bones exammed under polnzed hght

The spht lme patterns were reported to be constant for the
long and flat bones In the formcr the spht Lines comerded quitc
well with the long 1as of the bone but quite complieated pat
terns were obtuned 1 the flat bones

The spht lime patterns were mterpreted by Benmnghoff s
mthecating the orientation of the Haversimn systems or osteones
which he believed lie 1 the long avs of tension and compression
resistance  Therefore, the spht hnes mdicate the direction of
greatest tensile and compressive strength of a bone  Benminghoff
did not, however, present any experimental evidence 1n support
of lus views

Benminghoff accepted von Meyers contention that the com
peta corresponds to 1 closely crowded spongiosa and that the
two types of bone simply represent different parts of the same
stress system Consequently, the orientation of the ostcones 15
also trajectorrl mn nature This 1den was demed by Henchel
ated by Murrny (loc it ) who pomted out many 1nstances
¢ g, the proximal end of the femur i which the sphit line pat
tern cannot be considered s 1 condensed continuation of the
trabeculae of the sponguost

Another 1ssumption of Benninghoff s ws that the interstitial
lamellne between osteones resist ¢qually well forces impinging
on them from any direction He also behieved that by their dis
ordered arrangement the interstitial lamellne absorbed stresses in
such a way 1s to make a bone statieally and functionally homo
geneous

As previously mentioned (Chapters 8 wnd 9) split hine studies
have been recently made of the shull by Tappen and of the man
dible by Dowgjnllo and particularly Seipel A modified Benning
Toff method was used by Seipel (loc cit ) on mindibles of mndt
viduals representing various states of health and disease Al
though the spht lines were constdered as stress trajectories Serpcl
wns well aware of the madequacies of the techmque and in con
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trast to Benninghoff, illustrated some crossing of the spht lines
(Figure 32) He also emphasized that m bone ~dptation the
biologiel side of bone retction must be considered as well as
mechwenl stmulition Thus he pomted out that changes m
the form, function, elementary composition, nutritionnl, and vas
cular conditions of bone produce changes 1n 1ts interior arclitec-
ture and tryectorial quilities  These are fictors that do mot
seem to hmve been reahized by others employing the Benminghoff
method

Seipel reported changes m the tryectories of human man-
dibles as the result of vartations m funchion ansing from loss
eruption or other changes m the dentition or from orthodontic
applhances The orientation of the mwndibular trajectories was
considered to be the result of musele action However the exact
nature and magntude of the forces presumabl mvolved were
not determined Scipel emphasized that from an anatormeal
viewpomt the tensile and compressive elements of 1 bone are
not clearly differentinted because bone 15 contructed for multiple
requirements

A smmple mechanical interpretation of the architecture of the
mandible was attempted by Sepel, who compared 1t with
straight rod or long bone (Iigure 35), n wlich the upper tra-
becular systems represent the tensile and the low er ones the com
pressiv e trajectories The rod was then subjected to various bend-
ngs which displaccd the tensile tryjectories towards the outside
and the compressive trajectonies tow ards the mside  In the adult
mandible the tensile trajectonies have an upper, anterior position
and the campresshe trajectores a lower, posterior location

Seipcl also compared the alveolar arcade 4 n Figure 36 to
an merted brdge supporting the teeth and carried by the slop
g basal tracts The mferior basal tryectories 1 were constdered
s compressne the obhque mandibular 2 and temporal 3 trajec
tories 1s tensile m function

Bennmghoff's sden of the functional significmee of the spht
hne patterns wis aceepted by Runtscher (19351) who thought
expenmental confirmation of them was provided by the deforma
tion pattemns he obtuned by static vertical loading of 1 colo
phonmm coated femur However in oppostte conclusion w 1s
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moved by decalerfication so that sphit line patterns of the deeper
Inyers can be obtained Benninghoff used awls of various sizes
for making the splits Macerated and nonmacerted specimens
of long and flat bones were studred and histologicl sections of
the same bones examined under polarized light

The spht line patterns were reported to be constant for the
long 2nd flat bones In the former the spht lines comeided quite
well with the long 1us of the bone but quite complicated pat
terns were obtuned m the flat bones

The spht line patterns were interpreted by Benninghoff as
mdicating the onentation of the Haversian systems or osteones
which he beheved lie m the long avs of tension and compression
resistance Therefore, the split Ines indicate the direction of
greatest tensile nd compressive strength of 2 bone  Bennmghoff
did not however, present any experimental evidence in support
of his views

Bennmghoff accepted von Meyers contention that the com
preta corresponds to 1 closely crowded spongiosa and that the
two types of bone simply represent different parts of the same
stress system Consequently the orientation of the osteones 1s
also tryjectorial n nature This 1denr was demed by Henchel
cited by Murray (loc cit ) who pomted out many mstances
eg the proumal end of the femur m which the split line pat
tern cannot be considered as 2 condensed contmuation of the
trabeculae of the spongiosa

Another assumption of Benminghoff s was that the interstitial
lamellne between osteones resist equally well forces mpinging
on them from any direction He also believed that by therr dis
ordered arrangement the mterstitial lamellae absorbed stresses in
such 1 way as to make a bone statrcally and functionally homo
geneous

As previously mentioned (Chapters 8 and 9) split hne studies
have been recently made of the skull by Tappen and of the man
dible by Dowgjallo and particululy Seipel A modified Benning
hoff method was used by Sepel (loc et ) on mandibles of mnd:
viduals representing various states of health and disease Al
though the sphit lines were considered as stress trajectortes Sepel
was well aware of the madequactes of the techmque and m con
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tamed 1n the colophonium coated bone revealed the true func
tional tryectories while the spht lines represented growth trajec
tories ansing from tensile strun created m the periosteum by
growth of the bone at the eprphyses Deviations m the course
of osteones of bent bones are, according to Pauwels responses
to changes mn growth structure, as a1 result of bending rather
than architecturl adjustments to new struns mn the bone

A difficulty 1 accepting the mechanienl sigfimficance of spht
lIine patterns 1s that the modern users of the techmque appar-
ently do not clewly understand the mechanical meaning of tra
jectories and stress They write and speak of trijectories and
stress s 1f they are visible entities which 1s not the case A stress
trajectory 1s the curve along which the principal stress at any
pomnt would fall and n order to draw such a curve the stress at
the various pomts must be computed Stress 1s the intermolecular
resistance within an object to the deformmg action of 1n outside
force Consequently stress cannot be seen but tts magnitude can
be computed provided the magmtude of the load and the cross
section 1rea of the object to which 1t 1s apphed are known If the
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Figure 36 Aheolar weade svstam of the mandible
Seipel - Acta odont Scandinae 8 1948 )

{From
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Figure 35 Simple tr. L intery of dibul

architecture  (From Seipel Acta odont scandinav 8
1948 )

reached by Pauwels (1950) who compared the tensile and com
pressi¢ trajectories obtamed by smular loading of 4 colophonium
coated femur with the split ine pattern later produced on the
same bone (Figure 37) Pauwels behieved that the results ob
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stress and strun 1 bones cn be completely aceepted Thus,
ate changes 1 the stresses and struns to which 2 bone 15 sub-
fected nccompanmed by corresponding changes w the sphit hine
patterns? Do spht Ime patterns change with growth of a bone?
Are they present tn 2 bone before birth or before many functional
demands nre pliced upon a bone? These are some of the ques
tions that should be wmswered by experimental evidence

The effect of immolbnhization, with consequent absence of
mechameal stresses, on the mucroscopic structure of bane has
been i estigated by Engstrom and Amprmno (1950) m the hu
merus md radius of dogs In a three year old dog the left front
leg was firmly fixed to the body m 2 narrow skhin pouch which
prevented Actne movement S months fater the ammal was
sacrificed and \ray absorption studies made of bones from
the mactive and normal limbs  Symilar studies were made m a
sccond dog m which the left front leg was completely paralyzed
by cutting the brachal plesus It was found that the ultrastruc-
ture of the active and mactive bones was the same although the
Tatter bones weighed less than those from the normal himbs

Vigham eited by Amprimo (1951), made sumilar experniments
on dogs, performing the operations at the beginmng of the growth
penod so that bones from the operated and the control imbs
would be entirely comparable He found that the histological
structure of the bones from the immobolized limbs was dentical
with that of bones from the functional limbs Although there
was less osseous twsue in bones from paralyzed limbs the os-
teanes were fully developed and had been renewed m a regular
norm manner  Structural changes similiar to those occurring in
bones of normal human individuals hwe also been found 1n bones
from Limbs that have been parilyzed for about ten years

According to Amprino (loc it ) m a single section of com
pactt from any long bone which 15 obviously acted upon by
equivalent mechameal forces the osteones 1y greatly from one
another The form length and distribution of the osteones 1
lso modified throughout Ife  Amprino beheves that there are
two possible explinitions of bone ardntecture (1) that a bone
achieves structural perfcetion, from 1 functional viewpomt only
during  certam period of Ife or (2) that contmual substitution
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Figure 37 The spht Ine pattern (a) compared with the pressure (b) and
tensile (c—dotted lmes) trajectones in a colophonum coated femur (from
Pauwels Arat Nachnchten 1 1950)

stresses m an object are known one c1n then draw trajectorial
diagram of the object In drawing such diagrams engneers s
sume the object 15 1 sold homogeneous body

More evpermmental evidence 1s needed before the functional
sigmficance of the split ine patterns especinlly with respect to
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stress and strun 1 bones ¢in be completels accepted  Thus
are changes wn the stresses and struns to which a hone 1s sub-
jected accompanied by correspondmg changes the spht line
patterns® Do sphit line patterns change w 1th growth of a bone?
Are they present mn a bone before birth or before many functional
demands are placed upon a bone® These are some of the ques-
tions that should be answered In expenmental evidence

The effect of immobilization with consequent absence of
mechameal stresses on the microscopic structure of boune has
been myvestizated by Engstrom and Ampnino (1930) i the hu-
merus and radius of dogs In a three vear old dog the left front
leg was firmh fixed to the body m a narrow skin pouch which
prevented actne movement Sic months later the ammal was
sacenificed and xrav absorption studies made of bones from
the wmactie and normal Imbs  Similar studies were made in a
second dog 1n which the left front leg was completels paralvzed
by cutting the brachial plexus 1t was found that the ultrastruc-
ture of the active and nactie bones was the same although the
latter bones weighed less than those from the normal limbs

Vighany, cited by Amprino (1951) made similar expeniments
on dogs performing the operations at the beginning of the growth
penod so that bones from the operated and the control limbs
would be entirelh comparable He found that the histolozical
structure of the bones from the immoholized Itmbs was 1dentical
with that of banes from the functional mbs Although there
was less osseous tissue in hones from paralvzed hmbs the os
teones were fullv developed and had been renewed i a regular
normal manner Structural changes similiar to those oceurrmg
bones of normal human indiaduals hase also been found i bones
from imbs that have been paralvzed for about ten vears

According to Amprino (loc it ) m a single section of com-
pacta from ans long bone which 1s obvioush acted upon b
equnvalent mechanical forces the osteones van greatls from one
another The form length and distribution of the osteones 15
abo modified throughout Iife  Ampnno believes that there are
two possible explanations of bone architecture (1) that a bane
achieves structural perfection from a functional viewpamt onl
dunng a certain period of Iife or (2) that continual substitution
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Figure 37 The spht Line pattern (1) compired with the pressure (b} and
tensile (c—dotted lines) trajectonies m 1 colophonum coated femur (from
Pwwels Anat Nachrichtcn 1 1950)
stresses m an object are known onc ¢ w then draw a trajectorril
dingram of the object In drawing such diagrams engmeers 1

sume the object 15 2 solid homogencous hody
More experimentl evidence 1s nccded before the functional
significance of the split line patterns especially with respect to
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1 erme m frontal section and present w entirely different picture
mn  scetion shghth away from the nudlme, and (1) the bie
nature of stress trajeetories does not agree wath the orientation
of the trabeculie

There s considerable disagreement 15 to the mature of the
stresses presumably responsible for hone architecture and grow th,
von Mover, Roun and Wolll clauming it 1s tension, while Janssen
and Carey sy 3t 3s pressure  In the aathors opmson function,
which may be i the ntture of tensile or compressive stresses 1s
the real stimulus for bone formation and growth The role of
muscle action m the process 1s not clear The same 15 true of the
functional sigmficince of the pattcrns obtamed by the spht line
techmque Most of the 1dens on the part played by stress and
strun 1n bone formation and architecture are still Iargely theory
and need support from experimental evidence On the other
hand there 15 considerble evidence wvulable to mdicate that
mechameal sttmulation 1s not the only or necessanly the most
mportant, factor responsible for the orientation and replicement
of osteones
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of different structmes does not represent perfection from the
viewpomt of mechanical resistance In his opmion static and
dynamic mechameal stimulations of a bone do not have a direct
mfluence on the arrangement and structure of the osteones

The mfluence of blood supply upon the architecture of bone
was another factor 1ignored by Benminghoff Ham (1952) points
out that a bone cell, in order to survive cannot be more than
approsmately 01 mm distant from a capillary Consequently,
the size of an osteone like the thickness of a trabecula of spongy
bone 15 lmited by the necessity of having the bone cells near
the blood supply rather than by mechamcal stimulation Also
the general orientation of the osteones withn a bone may be
related to the course and arrangement of the capillaries Am
prmo and Bawrat1 (1936) also believed that Haversian systems
should be considered m relation to growth processes and vas
cularization, 1€, nutrition of bony tissues

Summary

The preceding discussion shows that since the middle of the
nmeteenth century there has been considerable mterest m the
mechamical sigmificance of bone architecture At first most of
the attention was centered on the spongy bone but since the
beginming of the present century the compact bone has been
mvestigated extensively

The architecture of spongy bone has been most frequently
mterpreted i terms of The Trajectorial Theory according to
which the trabeculae represent trajectories adapted to resist the
stresses and strams to which the bone 1s subjected The Trajec
tortal Theory of bone architecture was most strongly supported
by von Meyer Culmann Roux and Wolff

The Trajectorial Theory has been criticized on several
grounds the more important of which are (1) Culmanns ong
mal trajectonial diagram of a Fawrbarrn crane wich was the basis
for the theory was drawn for a solid model composed of homo
geneous material which 15 quite different from a hollow bone
consisting of heterogeneous matenials (2) a femur 15 not loaded
or sub]ected to stresses similar to those 1n a Fawrbawrn crane
(3) the femoral trabeculae only resemble tension trajectories of
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pliced mto each of the holes and the two hooks connected with 1
rubber band under tensile strun By v inving the position of the
dnll holes 1n the flap nd the temporal bones changes were pro-
duced W the distnbution of the total force apphed during an
cyperiment  After the operatton the shin and superfienl fasen
were closed

At vaning inten als following the operation the ammals were
sacrificed, the apphances removed and the entire flat surfice of
the ealvarn exeised and sernally sectioned from behind forward
A combined total of more than 12 000 sections were stamed with
hematoxyhin and eosm and exammned microscopreally

By the deseribed techmque compression could be exerted
upon the margmn of choice One free margin of the bone flap was
compressed anteriorly  but proceeding postertorly, the degree of
compression decreased and finally there was no contact 1t all
Thus material with contact and compression with contact and
excessne pressure and with no contact could be observed It
was found experimentally impossible to ensure contact without
some compression

The “contact compression factor 1s visualized as consisting
of two parts (1) contact of surfaces under compression and (2)
a compression force endeayoring to bring into 1ctual contact frac-
ture surfaces which are only oppoesed The compression may
consist of an internal or an external force everted on the fracture
surfaces An internal force 1s a physiological one created by
muscles while an external force 15 the result of nonphy siological
factors such as gravity weight bearing and surgreal techmques
which may follow an anatomical pattern

Of the 18 ammuls used 1n the study 1 contact compression
factor was applied to 13 and omutted 1n five ammals Eleven ant
mals with the contact compression factor were sacrificed fter the
fifteenth postoperative day  Of these 11 ammals ten showed a
favorable response to the force applied None of the ammals not
subjected to the contact compression factor showed any sigmfi
cant osteogenetic activity

The authors were aware of the many conditions 1ffecting
??iz%;n:]s,: ;}x:d \\l sthout a‘}:ermg or analyzing them attempted

yswlogy of the experimental fields of the control
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The Effect of Stiess on Bone
Healing and Growth

Tk noLE of stress and stram m osteogenesis 1s of practical 1m
portance 1n the treatment of fractures and recently considerible
mtcrest has been shown m the influence of mechanical factors
fracture healing  Most of the evidence of the importance of these
factors 15 climeal m nature nlthough a few expenimental studies
have been made

Compressive Stress in Bone Healing

Eggers, Shidler and Pomerat (1949) studied the role of
contact compression m expertmentally produced fractures of the
skull of 18 mature white rats A longitudinal meision of the shin
and superficial fascra was made over the middle of the shull and
a three sided flap was cut 1n the left parietal bone One cut was
made parallel to the sagittal sinus and a second parallel with 1t
at a distance of 2 to 3 mm lateral to the first meision The two
cuts were then connected by a thid The resultant bone flap
with 1ts pertosteum and blood supply tact remamed attached
behind providing a point of fixed anchorage

Contact compression was produced by passing cotton thread
through holes drilled m the anteromedsal and anterolateral part
of the bone flap and the immediately adjacent area of the right
and left temporal bones The thread was passed through the
holes extradurally and extracramally and tightly tied If the
thread were put through the two lateral holes lateral contact com
pression was created 1f through the two medial holes medial
contact compression  With lateral compression the margms of
the medsal cut were separated by approxumately 3z at the antertor
hole with medinl compression the opposite condition prevailed
In meds) compression 2 smill stamless steel wire hook was

[130]
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placed mto cach of the Toles and the two hooks connected with 2
rubber band under tensile strun By v iryang the positton of the
dnll holes m the flap and the temporal bones changes were pro
duced 1 the distribution of the total forec applied during an
evperiment  After the operation the shin and supcrhenl fascrn
were closed

At varying mten als followmg the operation the wmnls were
sacrificed, the apphances removed and the entire flat surfice of
the cahvann evetsed and sernlly sectioned from helund forward
A combined total of more than 12,000 scctions were stuned with
hematoxylin and eosin and exanuned microscopiclly

By the described techmque compression could be everted
upon the margin of choice  One free margm of the bone flap was
compressed antenorly  but proceeding posteriorly, the degree of
compression decreased and finally therc was no contact at 2l
Thus material with contact wnd compression with contact 1nd
excesstve pressure and with no contact could be observed It
was found espenimentally impossible to ensure contiet without
some compression

The contact compression factor 1s visualized as consisting
of two parts (1) contact of surfaces under compression and (2)
a compression force endeavoring to bring into netunl contaet fric-
ture surfaces which are only opposed The compression may
consist of an internal or an external force exerted on the fracture
surfaces  An nternal force 1s 1 phvsiological one created by
muscles while an external force 15 the result of nonphy siologrenl
factors such as gravity weight bearing and surgical techniques,
which may follow n anatomical pattern

Of the 18 anmals used m the study ~ contact compression
factor was applied to 13 and omitted m five amimnls Eley en 1
mals with the contact compression factor were sacrificed after the
fifteenth postoperative day Of these 11 ammals ten showed
frvorable response to the force applied None of the ammals not
subjected to the contact compression Inctor showed wy sigmfi-
cant osteogenetic activity

The authors were aware of the many conditions affecting
osteogenests and, without altermg or analyzing them attempted
to keep the physiology of the experimental fields of the control
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The Effect of Stiess on Bone
Healing and Growth

Tm: roLE of stress and strun 1 osteogenesis 1s of practical im
portance 1n the treatment of fractures and recently considerable
mterest has been shown 1 the mfluence of mechanical factors m
fracture healing  Most of the evidence of the importance of these
factors 15 chimcal 1n mature although a few expermmental studies
have been made

Compressive Stress in Bone Healing

Eggers, Shindler, and Pomerat (1949) studied the role of
contact compression 1n experimentally produced fractures of the
skull of 18 mature whte rits A longitudinal incision of the shin
and superficial fasc1n was made over the middle of the skull and
a three sided flap was cut m the left panetal bone One cut was
made parallel to the sagittal sinus wnd a second parallel wath 1t
at 2 distance of 2 to 3 mm lateral to the first mncision The two
cuts were then connected by a third The resultant bone flip
with 1ts periosteun and blood supply intact, remamed attached
behind providing a pomnt of fixed anchorage

Contact compression w1s produced by passing cotton thread
through holes drlled m the anteromedial and anterolateral part
of the bone flap and the 1mmedintely adjacent aren of the nght
and left temporal bones The thread was passed through the
holes extrndurally and extracramially and tightly tied If the
thread were put through the two lateral holes lateral contact com
pression was created if through the two medial holes medial
contact compression With Iateral compression the margins of
the medial cut were separated by approximately 3u at the anterior
hole, with medial compression the opposite condition prevailed
In medinl compression a smll stamnless stecl wire hook was
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though ats value was not determmed Tt as very difficult to sce
what mfluence muscles would have i the conditions of the ex
permment because the magmitude of the force exerted by the i
vohed muscles 1s unhnown  In addition 1t would vary with the
state of wctinity of the muscle

The contact compression fictor m bone surgery was empha
sized by Eggers Amsworth Shindler, and Pomerat (1951), who
pomted out that compression arthrodesis, lterations of the shelf
n lup operations, cxeess bony prohferation on articular margins
and bone grafting by muscular pressure so s to retun the graft
agamst the recipient bony surface are adaptations of the contact-
compression fictor Fractures should be treated so s to utihize
tlus principle ind convert shearing forces mto pressure forces for
good clinteal results They believe that in cluldren aperatie treat-
ment of fractures 1s rarely mndicated beeuse closed reduction
utilizing the contact compression factor, 1s associated with growth
and will result 1in good satisfactory recovery In the treatment of
scohosis by vertebral fusion, they showed that fusion will be great
est on the concwve side where pressure 15 the stronger In all
such techmques optimum pressure 1s striven for because excessive
pressure causes necrosis of bone rather than osteogenesis Pre-
sumably the magmtude of the optimum pressure varies accord-
g to the fracture mvolved

Compression arthrodess of the knee was discussed by Charn
ley and Baker (1952) on the basis of operations performed on
67 knees 1 63 patients T'our cases were bilaternl  Compression
was applied for approumately four weeks fter operation and
then walking permitted n the plister cylinder Osseous union
was aclieved 1n 63 of the 67 cases The lustological nature of the
union was verified by a biopsy specimen The end result of all
cases was followed by climenl and radislogieal tests

It was frequently found when the compression produced
only moderate degrees of ngidity, that 2 solid Lnee was often
obtamned m four wecks The authors nterpret this as mdicating
that the essential mechanical feaure 15 not absolute fixation but
an absence of shewrng movement They also pomt out that
zf:alr;ccl]ous bone united more readily than compact bone for the

ollowmg reasons (1) osteoblastic action 15 confined to bone
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and of the affected part virtually 1dentical This was done by
conducting both m the same animal within a hmited transverse
physical space of about 2,500; Thus in the experiments the
control margin can be seen simultaneously with the experimental
margm of the bone studied Under these conditions they nssume
because of such close proximty, that no great phy siological vania
tion was present

Durimng the experiments 1t was found that those animals sacr
ficed before the sitecnth postoperative day show little or no
osteogenetic activity  In one animal sacrified on the minty fourth
postoperative day, nonumon was found The sigmficance of this
13 1mpressive when contrasted with the 17 day sections 1n which
osteogenesis and umon were present on the side of the flap to
which the contact compression factor was appled

The consistency of the results obtamed convinced the authors
that the only reasonable variable was the contact compression
factor They found that umon could be secured on either the
medial or lateral aspect of the bone flap by choosmg the side to
unmte and then applyng the contact compression factor If they
wished no union the contact compression factor was not apphed
They also found that those margns of the bone flap to which ex
cessive pressure and contact were apphed became necrosed with
a delay m osteogenesis However, excellent osteogenetic activity
was observed m those margms under more 1deal pressure and
contact In the approumated margins with pressure applhed
marked tendencies to bridge the intervemng fracture gap were
evident Thus they found that the contact compression factor
with too much force caused necrosis but there was no osteo
genetic response when the factor was absent The authors be
lieved that the optimal pressure for osteogenesis was somewhere
withm the physiological Iimits of the force exerted by the muscu
lature of the mdividual concerned

One of the chief criticisms of these expeniments 15 that the
actual magnitude of the force exerted on the bones durmg the
expermment was not determmed It was shown that while too
much pressure caused necrosis no osteogenesis occurred at all
1f too hittle pressure were apphed Thus there 15 an optmum
magmtude of pressure necessary to produce osteogenests, al
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though 1ts « alue was not dctermmed Tt s veny difficult to sce
what mfleence museles would hne m the condons of the ex-
perment because the magmtude of the force overted by the
vohved muscles 15 unknown  In addition, 1t would van with the
state of actisity of the muscle
The contact compression {1ctar m hone surgery was c¢mpha
sized by Eggers Amsworth Shindler, and Pomerat (1951), who
pomted out that compression arthrodests, alterations of the shelf
m lup operations excess hom proliferation on trticulsr margms,
and bone grafting v muscular pressure so 1s to retun the graft
agamnst the recipient bony susfice are adaptations of the contact-
compression fictor  T'ractures should be treated so s to utilize
this principle and convert shearmg forees mto pressure forces for
good cluncal results They belicve that in children operative treat-
ment of fractures 15 ruedy mdicated becwse closed reduction,
utihzmg the contact compression factor, 1s 1ssocited with growth
and will result 1 good satisfictory recovery  In the trentment of
scohiosis by vertebral fusion they showed that fuston will be gret
est on the concave side where pressure s the stronger  In all
such techmques optimum pressure 15 strivcn for beeuse eveessive
pressure causes ncerosts of bonc rither than osteogenesis  Pre-
sumably the magpitude of the aptimum pressure vars gecord-
mg to the fracture involved
Compression arthrodesis of the knce was discussed In Chamn
gyl\:ﬁjikg; (1952) on the bsis of operitions performed on
patients  T'our cises were bilateral Compression
\;ﬂs apphed for approumately four wechs 1fter opuration nd
:\l:i:a‘c‘l:\l\[e’\\"e‘g E)eg;u(:;e;]l m6 7the plaster eyhinder Osscous union
o P 1e 67 eases The histological nature of the
as verified by 2 biopsy specimen The end result of all
cases was followed by chintcal wnd radiologienl tests
Onl;tm“::lserir(qu(lleel;rlgesﬁz;":l :lvltlcn lthc compression produced
obtaned 1 fou ooy o8 elg;unﬂy that 1 sold knce ws often
that the essential merhamie] & hors mterpret this as mdieating
an absence of - ghoeok al fequre 1 not <bsolute fivation but
cancellons bon g movement They vlso pomt out that
P € untted more rendiy than compact hone for the
ollowing reasons (1) osteoblastic action 15 confined to bone
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surface, endosteal or periosten], (2) the total endosteal surface
1s verv great m cancellous bone whereas m compact bone it 1s
Iimited to the hnings of the Haversian canals and (3) the blood
supply 15 proportionatelv greater m cancellous bone Compres
sion arthrodesis has been used by others and 1s now 2 fairly com
mon surgical procedure

Charnley and Baker did not indicate the magnitude of the pres
sure uscd 1n the arthrodests but according to Reynolds and hey
(1954) 1t amounted to a force of approuumately 25 Ibs/m- The
latter authors also reported their results from n esperimental
study on fracture healing 1 which fixation was obtuned by the
use of standard plates contact splints and medullary nmls Ex
permments were made with 40 adult dogs divided mto two groups
In the first group of 19 dogs one femur was divided transversely
m the middle third, the fracture reduced as accuratcly as pos
sible and the fragments fixed with a standard steel plate with
six serews The other femur was operated on m a similar manner
and fixed with a stunless steel Lggers plate with siv screws In
the second group of 21 dogs similar osteotomies of the femur
were performed The left femur was ficed with an Eggers plate
and the opposite femur with a medullary nail At mtervals of
seven to 16 weeks the anumals were sacnficed and the femurs re
moved and examned by gross mspection, \ ray and microscoptc
studies

In both groups somewhat better results were obtamed with 2
contact sphnt This was most marked 1n companson with medul
Jary nails and with the standard plate They felt the experiment
demonstrated that fixation nd apposihon of the fracture frag
ments are more mmportant m obtaming union than the pressure
of weight bearmg Agun the magmitude of the pressure exertcd
at the fracture site was not determmed In the discussion of
this paper Eggers pomtcd out that bone 15 only absorbed and not
replaced n the absence of compression When compression 18
present however osteogenesis and absorption are going on simul
taneously

The effect of pressure on the healing of bone grafts was ex
penmmentally studied by Ford Lottes and hev (1951) n the
slium of dogs Sections of the lower two ribs on one side were
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removed subpenasteatly and transplanted  with the convex sur
face f1emng outward, mto exch shum The b grafts were tbout
5cm long On the left side two holes were drlled obliquels 1n
the thum so that one ¢nd of the il graft could be pliced m ench
hole Considerable force was required to foree the genft plce
and 1t was held in position by 1ts own elisticity  When n plice
the graft cuerted considerable pressure on adjrcent portions of
the 1hum

On the night side 1 hole was drilled obhquely n the posterior
part of the thum while « groove was cut m the antertor part so
that when one end of the graft was placed m the hole the other
end rested 1n the groove without undue pressure The graft was
laid Joosely 1n position with the comex surfice outward, wnd
held 1n place by sutursng soft tissues over 1t

The exght dogs used 1n the study were saenificed at one, two,
three four, five six eight and 19 weeks postoperativels  Each
pelvss was maised and the 1hum, with the graft in plice, was
exammned roentgenographically On the left side the section of
the sum between the ends of the graft was cut i order to de
termne whether the elasticaty of the graft was still sufficient to
separate the fragments of the fllum In ne cise was this true
Therefore the pressure which the ends of the graft exerted on
the adjacent bone must have decreased considerably within - few
days after the plaong of the grafts m posinon

Gross exammation showed that on the left or pressure side
the ends of the graft were embedded mn the holes m the shum
and appeared to be firmly fixed even after one or two weehs On
the nght or nonpressure side the ends of the grafts were umted
only by fibrous tissue at one or two weeks postoperatively  After
three weeks bony unton between the graft and the ilum was
present on each side and became progressively firmer 1n exper1
ments of longer duration there bemng no perceptible difference
between the pressure and the nonpressure grafts

Roentgenographic examimation showed that new bone first
appeared on the outer surface of the tlium adjacent to the grnft
It was visible in all specimens taken more than three w eeks post
operatively Clinical umon by bone appeared to be present on
each side after four weeks and m all older specimens No daffer
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ence was noted between the pressuse and the noppressure sides

Microscopic exammation of seettons through the junction of
the graft and the host on the pressure side showed evidence of
union of the two by new bone In every mstance m which the
ongm of new bone could be wdentified 1t arose from the host bone
No detectable growth occurred from the graft which soon died
A similar change occurred m  rather wide zone around the drdll
hole mn the cortex of the thum  One week postoperatn ely practic
ally all the marrow and the nb grafts were dead and absorption
of the graft by osteoclasts had begun By two weeks the absorp
tion was well advanced Delicate tribeculae of new bone were
already present 1n specumens removed after one week of m
plantation of the graft m the ihmm The trabecuhe arose from the
cancellous bone of the thum

At the pressure areas where the graft cortex was opposed to
and pressed agmunst the margin of the freshly cut hole m the ilac
cortex two apparently dead bone surfaces were mn contact On
the nonpressure side where one end of the nb was nserted
loosely mto a relatively Inrge dnll hole while the other was placed
m a fauly wide groove m the :um the space between the graft
and the host bone was usually wider than on the pressure side
However this seemungly caused no ppreciable delvy 1n the umon
of the two

One week postoperatively delicate new bone trabeculae ap
parently ansing m the ctncellous bone of the ithum were present
‘The amount of new bone appeared to he grewter than on the
pressure side because the spaces to be bndged were wider In
addition to the new bone the trabeculre of the five or six weeks
postopertive specimens exhibited small areas of hyahne eartilage
m the new bone binding the graft to the thum at the front The
cartslage resembled the ordmary callus formed m the process of
fracture unon  No cartilage callus was seen m any of the spect
mens from the pressure side but 1 other respects the differences
between the two sides were only mmor

The authors believe the beneficial effects of pressure on bone
nmon are due more to complete unmobihzation of the bone
affected by the pressure than to the pressure itself 1f immobiliza
tion 15 complete callus 15 more abundant and more likely to con
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tun eartilige s occurred m some of the cypertments on the
pressure side Pressure exerts 1 more favorable influence on en
cellous than on compact bone because of mterdigitation of the
trabeculae 1 the former However, pressure mude hittle differ
ence 1n the manner or rate of union

In contrast to the preceding studies are those of Friedenberg
and French (1952) m wlich the effects of known compression
forces were studied Compression was applied by means of
calibrated springs placed across 1 fracture created between the
proumal and muddle portion of the ulnas of dogs The distal
third of the bone was resected 1s 1t was necessary to remove the
interosseous membrane of the middle fragment so the pressure
could be appled cffectively A thrended stamless steel wire was
mserted through the olecranon and down the medullr of the
ulna The wire crossed the fricture line and passed completely
through the middle third of the ulna and through the calibrated
spring The wire was fixed with a nut 1t the olecranon and a sec-
ond nut was used to tighten the spring thus forcing the middle
ulnar fragment aganst the proximal one The fracture ends were
first approximated without pressure and the spring wns measured
with calipers Further pressure of the spring was accomplished
as desired and the spring length measured agamn The difference
between the two measurements represented the spring compres
ston acting to force the loosened middle fragment of the ulna
agamst the prouimal one The springs delivered v force of 6 lbs
for each 0 031 nch of shortening

Four to five weeks postoperatively roentgenograms were
taken and the fracture site exposed m order to determme the
callus development and the presence or absence of mobility The
spring was again measured to note what loss of pressure had
occurred The fracture arer was then excised and sections made
for microscopic examimation

The mitial pressure created across the fracture did not remumn
constant throughout the experiment Pressure was lost by the
tendency of the spring to return to its onigiml length and by
bone absorption most of which occurred adjrcent to the spring
In addition, an unknown loss of pressure occurred because of
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mgrowth of fibrous tissue nto the spring and a fixation of bone
fragments by sear tissue

Twenty seven experiments were completed on adult dogs
weighing from 17 to 25 hgs Usually the dogs began to bear
some weight on the operated extrermty by the fourth weeh How
ever Dittle or no weight bearmg stress occurred across the fracture
because of the resection of the distal third of the ulna and the
mterosseous membrane attached to the middle fragment

For comparative purposes the experiments were divided mto
four groups accordmng to the magmtude of compression ongmally
pliced across the fracture Pressures between 30 and 36 Ibs con
stituted the high group, those between 12 and 18 Ibs the middle
group those between 5 and 9 1bs the low group, and those with
out any pressure but simple mtermedullary wire across the frac
tures were the fourth or control group

In the five specimens of the high compression group there
ws only one case of union This occurred m an anmnal that sus
taned a 15 Ibs loss of pressure, and showed marked bone absorp
tion adjicent to the spring The average pressure lost m this
group was 10 Ibs In most instances there w1s scant soft tissue
grow th between the surfaces wnd reduced perosteal proliferation
of tissue adjacent to the fracture

In the mtermediate group four cases of union were found m
six experiments Three of the four ammals observed five weeks
postoperatively had union and half of those observed at four
weeks postoperitively showed union An average messured
pressure of six pounds was Jost during an experiment

Two of ten experiments m the lIow pressure group ponted to
bone umon No measurable pressure loss was ascertamed and
the position of the fragments was well mamtamed In contrast
to higher pressure groups soft tissue proliferation about the
fracture w1s abundant

In the six control experments only one amimal developed bone
unton five weeks postoperatively Although ~lignment of the
bone fragments was adequate 1t was not as satisfactory as that
m the other groups becanse of shght transposition moyvements
of the fragments along the medullary wire

Microscopic esummation of the fractures of the Ingher press
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ure group showed httle cellular renction n the fracture gap 1n
most 1nstances  Oceastonally degencratne changes, with osteo-
clasis at the fracture, were noted for the cortical bone  New
periostenl and endostent bone were found at 1 distance from the
fracture with the periostenl collwr more prominent

In the mtermediate pressure group new medullary bone was as
2bundant s new bone on the exteror of the cortex New endosteal
bane was condensed along the mner surface of the cortex form
1ng n mner core of new bone oriented ~long the medullary eannl
toward the fracture Profuse fiber and cartiligmous formation
was observed 1n locahized areas m and around the fracture gap

Microscopically the frictures 1 the Jow pressure group
showed conditions not qualitinely different from those n the
mtermediate group However, the state of development of the
new bone was gencrally not as far wdvanced as mn the middle
pressure group In the control fractures actne perostenl and
endosteal bone formation was observed with 1slands of hyaline
and fibril cartilage centered around the fracture gap

The healing process closely followed the obsers ations of Unist
and Johnson (1943) with some vanation in the different pressure
groups In the low and middle pressure groups very substantial
endosteal new bone formation occurred The fractured corticnl
surfaces seemed to contribute cellular growth only late in the
heahing process Aside from 2 retardation of the cellular activity
adjacent to the fracture area and late necros:s of the cortical ends
m the high pressure group no specific alteration 1n the process of
fracture healing which could be attnbuted to pressure was ob
served In the mddle and low pressure groups more rapid henl
ing occurred than m controls possibly as = result of more rigid
fixation and close hone contact

Iriedenberg and French pomnt out that m any fiactured sur
face regardless of whether 1t 15 1n 2 tubular or flat bone the
pressure across the surface 1s pnmanly borne by cortical bone
Therefore any specific reaction to compression should be sought
m the cortical bone  No attempt was made to determime what
effect mechnical forces applied to the fracture hnd on such
factors as the loeal pll, phosphatase calcim phosphorus, or
other biochemical responses medent to  fracture



140 Stress and Strain in Bones

In the ordmnanly treated fracture of a long bone Friedenberg
and French emphnsize that 1 compression force 1s exerted by the
tone of the muscle groups surrounding the fracture In thewr
study union was accelerated by mcreasing the pressure to a range
between 12 and 18 Ibs but thev did not attempt to determne the
magnitude of the physiological pressure presumably exerted by
muscle tone cross the fracture  However, they believe, even i
the low pressure group, that the physiological pressure would be
less than that produced by the ngid bone mmpaction they ob
served at the time of surgery Rusing the pressure force 1bove
that which the muscles were ctpable of applying seemed to
accelerate healing until 1 point was reached where cellular re
sponse lagged They believe a curve of bone union plotted agamst
pressure would show the summat of the curve well 1bove physio
logical pressures

Compressive Stress in Bone Growth

The snfluence of mechanical factors on bone growth m the
tibtn of newborn Holstem calves has been studied by Strobino
French and Colonnna (1952) Two dufferent devices were used
with the object of determining the force exerted by the growth
of epiphyseal bone and more particularly the rate of growth of
bone under increasing tensions However as will be apparent
later they did not achieve their objectine

The first apparatus used consisted of two heavy steel coil
springs each encased mn a cylinder closed at the ends with stam
less steel plugs screwed into position A hole n the top plug
permitted the free passage of 1 hooked rod, while the lower
plug had two small holes to admit restrumng wires The end of
the rod mside the cylinder was held 1 place by 2 washer and a
nut The spring was greased with vasehne for lubrication and
water proofing purposes A heavy pin was then driven through
the epiphysis and another through the diaphysis about a third of
the distance from the proumal end of the tibia The rods n one
end of the spring cyhinder were then hooked over the epiphyseal
pm while the opposite end of each cylinder was connected with
the diaphysial pin by heavy wires threaded double through holes

n the pins
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The whole apparitus was placed so that the spring on each
side ws 1s clase s possible to the il Reditndy high voltage
\ riys were tahen at regular mten s to visuthze the compression
of the springs within the evlinders The springs werc clibrated
s0 that one weh of deflcetion cqualled 1 total force of 60 pounds
The It of the apparatus w 1s 120Ibs ,1¢ 60 Ibs for cach spring

Tn one bull calf sn weeks of age the sprng tension at the
begmning of the cxperiment was zcro pounds  During the course
of the experiment the springs gridually beeame compressed s
the force across the epiphvseal Ine neresed At the end of the
eighth postoperatine week 1 foree of 75 Ibs, equnalent to ap
proumately 10 Ths/in” of epiphysis was present nd the retuming
wire on one side ruptured thus releasing the tension on that
side  The ammal was followed for another month during which
“the tension on the unbroken side 1 which the apparatus was
mtact mereased from 37 Ibs to 52 Ibs However, the growth
rate was practically the same on both sides of the tibta When
the growth of the bone (mnches) was plotted agunst time (days)
a strught line was obtancd  Such 1 cunve was ealled 1 growth
curve under mcrensing tenston

In a second calf s1x weeks of age essentially the same appart
tus was used except the imtal force was set at 65 Ibs by com
pressing the spring to the required degree When the 120 Ib Ievel
had been obtuned after 2 period of "bout three months the
apparatus Jocked, ilthough grow th contintied until the two stan
less steel anchoring wires on ech side were stretched nd brohen

almost simultincously The breahing strength of these four
wires had been previously determmed to be 70 Ibs per strand
Thus the growth of the epiphyseal plate continued up to 280 Ihs
of wire tenston  Although the wires ruptured at this pomnt the
epiphysent growth continued wmabated The expertment lasted
for 2 period of five months taking two additional months to
stretch and break the retaiming wires after the col springs had
become firmly compressed and locked

Since this experiment showed that the force excrted by grow

g bone was several hundred pounds, 1t was found that the
spring tension devices were no longer practical Therefore the
second apparatus was based on the stress stramn r(,htlonshxps of
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In the ordinanly treated fracturc of a long bone Friedenberg
and French emphasize that @ compression force 1s exerted by the
tone of the muscle groups surrounding the fracture In their
study union wAs accelerated by increasing the pressure to a range
between 12 nd 18 Ibs but they did not attempt to determme the
magnitude of the physiological pressure presumably exerted by
muscle tone across the fracture However they beleve, even m
the low pressure group that the phystological pressure would be
less than that produced by the rigid bone impaction they ob
served 1t the time of surgery Raising the pressure force above
that which the muscles were capable of applymg seemed to
accelerate healing until a pomnt wns renched where cellular re
sponse lagged They beheve 1 curve of bone union plotted agamst
pressure would show the summit of the curve well above physio
Iogical pressures

Compressive Stress m Bone Growth

The nfluence of mechanical factors on bone growth m the
tibra of newborn Holstein calves has been studied by Strobino
French and Colonna (1952) Two different devices were used
with the object of determming the force exerted by the growth
of epiphyseal bone and more particulwly the rate of growth of
bone under increasing tensions However as will be apparent
later they did not achieve their objective

The first apparatus used consisted of two heavy steel coil
springs each encased 1 a cylmder closed at the ends with stan
less steel plugs screwed 1nto position A hole n the top plug
permutted the free passage of a hooked rod, while the lower
plug had two smAll holes to ndmit restrunmg wires The end of
the rod mside the cylinder w1s held m plice by 1 washer and 1
nut The spring was greased with yasehne for Jubrication and
water proofing purposes A heavy pn was then drnen through
the epiphysis and another through the diaphysis 1bout 4 third of
the distance from the proumnal end of the ibin The rods in one
end of the spring cylinder were then hooked over the epiphyseal
pmn while the opposite end of cach cyhnder was connected with
the diphysial pin by heavy wires thrended double through holes

n the pins
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Jease of tension At the «nd of siv months both tibins were
evacth the same length
In an experiment on 4 ealf aght weeks of age the stunless
steel wires were used mn phee of the springs Tour strinds of
wire, each 0 028 imches m dimeter and wath 2 combined strength
of 560 Ibs, were used on each side  During the cxperiment the
slck 1n the wires was tahen up by the growth of the bone wnd
the epiphyseal pim was gradually pulled down into the diphysis
Although the wires did not break therr stretcling mdieated 1
force of npproumately 400 Ihs In spite of this the tihin grew at
the s1me rate and amount as on the control side The growth
curne was 4 strught hne and there was no slowing of growth
with this lngh force (400 Ibs ) which excecded the waght of
the ammal The authors stated that the pin across the epiphy sis
was mn contict with the bone 2 length of approximately four
mches and had a cross section of 0210 inch this resulted 1n 2
cross sectional contact area of 084 inch or 475 Ibs to the square
mch  The pin m the mid shaft was m contrct only with the
relatively thin cortex on each side of approumately s inch and
had a cross section of 0190 inch They determmed that this
yielded 2 contact pressure of approvimately 2 500 pounds per
square  Although a moderate overgrowth of bone on the con
tact sides was scen there was no roentgenographic evidence of
pressure necrosis The authors very probably meant 2500 Ibs/in”
as 2500 pounds per square has no sigmficance
The authors concluded that the growth rate of bone sub
jected to a pressure of 400 Ibs or 60 bs/m of cross section, was
exactly the same as on the contralateral side which was grow mg
under normal physiological tensions They also emphasized that
the force acting on the bone was well beyond what would be
expected of physiological forces such as muscle pull or the weght
of the ammal at the time the reading was made The rate of
growth of the epiphysis was m no way altered when the epiphy
seal plate was released from a prolonged force up to 280 lbs
which had gradually been mcretsmg over 1 period of several
months
The results and conclusions of Strobino, French and
Colonna do not conform with the title of thewr paper The Effects
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stamless steel wires The force elongation relationship (modulus
of elwsticity under stretching) of the wires was determined ex
perimentally up to the breaking pomt and served as a calibration
curve for evaluating the unknown force from the measured elon
gation Molybdenum stanless steel wires with an mntinl diameter
of 0028 mnches and 1 breaking strength of 70 Ibs were used
At the breahing pomnt the wire had 1 drameter of 0023 mnches
and 4 stretch of about 40% of its imtial length If the wire 15
stretched beyond 1ts yield pomnt the additional force necessary
to produce the same increment becomes progressively less until
the breaking pormt 1s reached By using multiple parallel strands
of wire a very lirge force can be measured, the stress strun
curve for the wire holding true m direct proportion to the num
ber of strands used A battery of four parallel strands of the wire
had an ultimate tensile strength of 280 Ibs The stress stram
curve was the snme for four strands of wire 1s for one By this
method the force exerted agamst the wires being stretched could
be measured with a relatnvely lugh degree of accuracy

The growth measuring device consisted of a shder type ap
paratus formed from  thin rod bent at a night angle The short
arm of the rod was nserted mnto the epiphysis while the long
arm extended downward with 1ts lower end through a hole m a
plate attached to the upper tibial shaft As growth occurs the
rod shides up 1ts protruding end giving an rccurate measurement
of the magnitude of the growth Durning an experiment the lower
end of the Jonger arm was eventually drawn up beyond the plate
so that the distance from the tip of the rod to the plate could be
easily measured By this method a growth mcrement of as little
1s 004 inches could be measured The nuthors stated that the
apparitus was placed on the contrilateral side of the tibra of
each wnimal

In the first animal the growth on the tension side was at the
same rate as on the opposite side and gave a strught growth rate
curve After the retuming wires were broken on both sides of
the tibia the growth measuring device was mserted on the ten
sion side During the subsequent month the growth rate was
1dentical on both sides and  wns m no w1y altered after the re
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lense of tension At the end of si months both tibts were
evactly the same length
In an cxperiment on 1 calf eight weeks of age the stunless
steel wires were used m phee of the springs  Four strwnds of
wire each 0025 mches m dimeter and with 1 combmed strength
of 560 Ibs, were used on each side  During the cxperiment the
shck m the wires was tiken up by the growth of the bone nd
the epiphssel pm was gradually pulled down into the dinphysis
Although the wires did not break therr stretchung indicated 1
force of approumatels 400 s In spitc of this the tibnn grew 1t
the same rate and amount s on the control side The growth
curve was a strught lme and there was no slowmg of growth
with this hugh force (400 Ths ) wluch exceeded the waght of
the animal The authors stated that “the pim across the epiphy sis
was m contact with the bone a1 length of approumately four
mches and had 4 cross section of 0210 mch, this resulted m 2
cross sectional contact aren of 084 inch or 475 Ibs to the square
mch  The pm n the mid shaft was m contict “only with the
relatnely thin cortex on each side of approimately 2s mch and
had 1 cross section of 0190 inch  They determined that this
yielded a “contact pressure of approximately 2500 pounds per
square  Although a moderate overgrowth of bone on the con
tact sides was seen there was no roentgenographic evidence of
pressure necrosis The authors very probably meant 2500 Ibs/in”
as 2500 pounds per square has no sigmficance
The authors concluded that the growth rate of bone sub
jected to a pressure of 400 lbs or 60 Ibs/in of cross section was
exactly the same s on the contralateral side which was growing
under normal physiological tenstons  They also emphasized that
the force acting on the bone was well beyond what would be
expected of physiological forces such 1s muscle pull or the w eight
of the ammal at the time the reading was made The rate of
growth of the epiphysis was mn no way ltered when the epiphy
seal plate was released from a prolonged force up to 280 lbs
which had gradually been mncreasing over 4 pertod of several
months
The results and conclusions of Strobino TI'rench and
Colonna do not conform wath the title of their paper The Effects
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of Increasing Tensions on the Growth of Epiphyseal Bone or the
stated purpose of their mvestigition In their experiments the
springs and wires connecting the epiphyseal aind diaphy s1al pins,
not the bone were subjected to gradually incre 1sing tensions by
the growth of the bone The bone itself was under compression
because the restrunmng effect of the springs and wires between
the pms tended to resist thewr further separation as the result of
bone growth

The experiments actually showed that epiphyseal bone growth
was not stopped by compressive forces of 475 lbs/in” and 2500
Ibs/n” developed under the epiphyseal and diaphysial pmns, re
spectively Even n the experiment m which the sprmng of one
side was brohen the remaming one would exert @ compressne
not a tensile, force upon the bone of the same side The authors
measured the effect of mcreasing compression not tension, upon
the growth of epiphyseal bone

Tensile Stress in Bone Growth

The influence of tension upon the growth of endochondral
bone of young healthy dogs was mvestigated by Gelbke (1950)
Tenston was exerted by fixing the elbow m the posttion of ex
treme extension by means of a wire passed through holes drilled
n the olecranon epiphysis and the middle of the humeral shaft
Thus the olecranon epiphysis was placed under tension while
the distal humeral epiphysis was subjected to compression The
opposite normal elbow senved as the control

During 'n experiment the length of which varted from four
to 15 weeks the tensile stress on the olecranon was slowly m
creased by the growth of the forearm and the action of muscles
Examination of the control kmb showed that the operative traumn
and the reaction to the wire could be neglected At various post
operative mtervals x rays werc taken of the operated and control
elbow 1 order to examme the growth of the endochondral bone
The animals were later sacrificed and the olecranon region studied
Tistologically

During the expeniments no visthle deformations or increase 1
growth of the olecranon were produced However roentgeno
graphic examnation rey ealed rarefactions and indistmet de
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mareatton of the epiphe sis 1ecompanicd by cvst hhe sarelactions
of the metaphvsis Bomy mfiltration stasted wath nurowing of
the epiphyseal cartilage which in some arcas w s so marked that
the spongost of the diphysis and metaphy wis blended  Irregu
lanities 1 the course nd cell order were lso seen Intensified
cartilage absorption, 1 fwor of bone fonmaton was found m
the operated ammals s well 15 m those with almost completely
grown Jong bones hnng partlly ossified diaphyses

Some mformition regarding the effect of pressure was also
found m the distal humeral epiphvsis Thus xr1y and Iistolog
1cal exammation revealed local nterruptions narrowng i bowy
wfiltrations of the epiphysis on the apcrted side The humerus
of the operated side elongated several millimeters starting from
the epiphysis which was alrcady subjected to inereased physio-
logical growth This was attributed to stmulation by the wire
through the shaft as 1 dense, ring hike bone formation ws noted
around the canal for the wire At this pownt trinsformation of the
spongrosa probably as the result of mechneal stress had oc-
curred These results confirmed and supplemented Gelbles pre
stous 1m estigations

On the basts of his experiments m which 1 strong contmunlly
acting mechanical simulus w1s used Gelbke made the following
conclustons regarding the role of tension wnd pressure n bone
growth

1 Strong compressne forces hnder endochondral bone
growth although strong tensile forces do not mcrease growth

2 Both tension 'nd pressure m mtensified continuous ac
tion cause disappearance of the epiphysis after gradual narrow
mg

3 Therefore the growth of the particulir sheletal region m-
volved ceses under tension

4 Continuous tensile and compressn e forces of equal magm
tude have the same effect on the processes of endochondral
growth and ossification The epiphysenl materal which 1s senst
twve to mechamecal stmulus wnd 15 ripidly growing 1s replaced
by spongiasa winch 15 resistant to tensie nd compressive forces
Thus a bone mn order to retam its configuration and stabiduty,
sacrifices 1ts growth organ and thereby 1ts possiblity of growth
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The results of Gelbkes studies are not m accord with 1deas
expressed by earlier mvestigators that tension or pressure, de
pending on the authors viewpomt stimulates or retards bone
growth In Gelbles evperiments tension on the olecranon ept
physis and pressure on the distal humeral epiphysis both caused
replacement of the epiphyse il matenal by spongosa resistant to
mechanical stress This process occurred simultaneously 1n the
same anmal

Summary

Both clincal and expermmental evidence indicate that pres
sure or compressne stress can shmulate formation of new bone
an mmportant factor m fracture healing However the expent
ments reveal that this 1s only true up to 2 certain pomt and that
too much pressure causes necrosis and bone destruction Frieden
berg and French (loc cit ) showed that a pressure range of 12
to 18 Ibs accelerated bone growth m dogs whereas only one case
of union occurred when the pressure was 30 to 36 Ibs Even 1
this specimen the pressure had dropped to about 15 Ibs

The influence of pressure on bone grow th vries with dafferent
species the tibia of Holstemn calves withstinding compressive
stresses of 475 Ibs/mn” and 2300 1bs/m” without cessation of ept
physeal growth No pressure necrosis was noted although 1t has
been found 1n rat skulls and the long bones of dogs

Continuous tension over a relatively long pertod of time
stops bone growth m the dog and causes the replacement of ept
phvseal matenial by more resistant spongy bone Compressive
stress has 1 similar effect if allowed to act continuously for a
tsme  Strong compressive stress hinders endochondral bone
growth in the dog although tensile stress does not ncrease 1t

The experimental results described seem to mdicate that com
pressive stresses may be a somewhnt more mmportant factor n
stimulating bone growth than tensile stresses However the
effects of compression vary m different ammals and too much
compression can cause necrosis The optimum amount of pres
sure for fracture healing has not been definitely established for
man There 1s also evidence that immobilization may be as 1m
portant as compressive stress m fracture healing
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Stress and Stramn Duning
Embryontc Doy elopment

The rivince of mechanieal factors i ostcogenesis and the
development of bone form 1s of considerable importance  For
example, what role do mechaniel stresses and steans play 1 the
development of ectopie bone or some of the skeletal abnormalities
often found at birth? How 1s the postnatal form of bones mod
ified by mechanienl stresses? Smce the chnieal evidence 15 in-
conclusne, the mswers to these wnd similar questions must be
sought 1 the field of experimental embryology

Lffect of Stress m Lmbrvome Osteogenesis

The influence of tensile ind compressive stress on ostcogenesis
m embryonie and newly hatched chicks has been expenmentally
myestigated by Landauer (1927), Murray and Selby (1930),
Studitsky (cited by Murray 1936) and Gluchsman (1938, 1942)
Landauer studied the sheletons of chondrodystrophic embryos
Murray and Selby made choro allantoie grafts of complete or
fragmented lunb buds from four and five d1y chuck embryos as
well as the cartlagimous femur of six dvy embryos Similar ma
ternal was used by Studitshy  Gluchsman mvestigated osteo
genesis by the hanging drop method 1n embryonic skeletal rudi
ments or endosteal cultures from late embrvonic or newly hatched
chicks

In the grafting experiments the long hones were frequently
bent, presumably by the resistance of the chorto allantoss to their
growth in length  Simlar bendings and even fractures probabls
resultmg from muscle pull, occurred m the long bones of the
chendrodystrophic embryos In all cases, regardless of the pos
sible cause of the bending there was hypertrophy of bone on
the concave side so that the curvature was reduced  Esen in nor

[147]
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mally curved femurs of 15 day chick embryos there was more
bone on the concave than on the convex side of the shaft so that
the femoral curvature was less than mn the cartilagmous stage
In the hypertrophic mass of bone on the concave side the tra
beculae anse from the thin sheath of bone mnvesting the cartilage
and extend obliquely toward the fibrous layer of the periosteum
Landauer attributes this trabecular arrangement to the extrmsie
compressive forces that caused the bending 1n the bone If this
1s true, as pownted out by Murray (1936), mechanical principles
dictate that the trabeculae should proceed along the concave side
of the bone because 1n the region subjected to the greatest pres
sure, the lines of principle force run down the concave side
Therefore, the radial orientation of the trabeculae indicates there
1s no direct relation between the direction of the force bending
the element and that of the trabeculae
Studitsky attributes the radiating arrangement of the tra
beculae to two series of tensile stresses which arise m the mner
angle of flexure and are created m and below the pertosteum by
growth of the cartilage One of the scries unites the wings of the
cartilage which diverge with further growth, while the second
senes, anismg as a result of the withdrawing of the first from the
mner angle of the bend umtes the fibers of the first series with
the vertex of the angle of the flexure This idea does not, however,
agree with the observed architecture of the bone m gquestion
In other experiments Studitsky removed the perichondrium
from the shaft of cartilaginous chick Jong bones wrapped them
1 periosteal fragments taken from human fetal long bones and
then made chorwo allantorc grafts Later exammation showed
that the human periosteum formed an osseous mvestment around
the shaft of the cartilaginous chick bone just as does the normal
chick periosteum If the chich cartilage were bent the human
bone on the concave side had the same radiating trabecular ar
rangement as would be formed by chick bone m the stme place
This seems to indicate that the cartilage model does have some
mechanical mfluence on the periosteum as Studitsky beleves
Studitsky and Landauer ipparently believe that the new bony
architecture arises as a direct response to new mechamcal con
ditions acting on the bone However, Fell (1925) demonstrated
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m Jongudinal scetons through the tbie of Mie embnos or
newh hatehed clucks that the trbeculae i the shaft normally
e w oblique ortentation passing from the mncr bony sheath
avound the cartilage out to the periosteum A suntlr urnge-
ment of the trabeculie as if ridinting from 1 center, 15 nlso
present m the long bones of adult chichens Thus, the oblhique
or radinting orientation of the trabeeulie on the conene side of
Hent bones 15 1 consequence of ossifieatson along nonnal hnes and
not 2 specral adaptation to extrinsic mechamical forces acting on
the bone

Murray (1936) pomts out that even the hypertrophy of os
seous tissite on the conee side of 1 bent boue ts not nccessinhy
the result of mcreased compressne stresses  In the early stages
of ossification of 2 Jong bone the ewtilge model has 2n hour
glass shape, while the periosteum 1s just attached to the bone at
each end Consequently, except near the ends of the bone, there
1s a subperosteal space, widest m the region of the middle of
the shaft on each side between the periosteum ind the cartilage
During desvelopment these subpertosteal spaces become filled
with compact bonc The existence of the subperiosteal space de-
pends on the shape of the cartilage model Consequently, if the
model 15 bent the subperiosteal space on the comvex side s
almost entrrely ehmmated while that on the coneave side 1s
widened When the latter space 15 filled 1 1t represents the hyper-
trophied bone discussed by Landauer and Studitsky The amount
of bone present on each side of a developing long bone thus de
pends upon the width of the subperosteal space on each side
of the shaft

The latter 1dea was experimentnlly vertfied by Murray and
Selby (loc cit ) They found that chorio 2llantorc grafts of
tact femurs from six day chich embryos produced - luge quan-
tity of bone, while n stmilar grafts of halves of femurs from sesen
day chicks just a thin shell of bone was formed They ccounted
for the latter conchtion on the basis that 1 the half femurs only
one epiphysis was present so that the specimen was wide 1t that
end but tapered to 1 blunt pomt at the other Consequently the
penosteum was not bifted away from the underlymg ¢ wtilage as
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mally curved femurs of 15 day chick embryos there was more
bone on the concave than on the convex side of the shaft, so that
the femoral curvature was less than m the cartlaginous stage
In the hypertrophic mass of bone on the concave side the tra
beculae artse from the thin sheath of bone investing the cartilage
and extend obhquely toward the fibrous layer of the periosteum
Landauer attributes this trabecular arrangement to the extrinsic
compressive forces that caused the bending i the bone If this
1s true, s pointed out by Murray (1936), mechanieal principles
dictate that the trabeculae should proceed along the concave side
of the bone because 1n the region subjected to the greatest pres
sure the lines of prmeiple force run down the concave side
Therefore, the radial orientation of the trabeculae indicates there
15 no direct relation between the direction of the force bending
the element and that of the trabeculae
Studitsky attributes the radinting arrangement of the tra
beculae to two sertes of tensile stresses which arise m the mner
angle of flexure and nre created mn and below the periosteum by
growth of the cartilage One of the series unites the wings of the
cartilage which diverge with further growth while the second
series ansing as a result of the withdrawing of the first from the
mner angle of the bend unites the fibers of the first series with
the vertex of the angle of the flexure This 1dea does not however,
agree with the observed architecture of the bone i question
In other experiments Studitsky removed the perichondrum
from the shaft of cartilagmous chick long bones wrapped them
in periosteal fragments taken from human fetal long bones and
then made choro allantoic grafts Later exammation showed
that the human periosteum formed an osseous inyestment around
the shaft of the cartilagimous chick bone just as does the normal
chick periosteum If the chick cartilage were bent the human
bone on the concave side had the same radating trabecular ar
rangement as would be formed by chick bone i the same place
This seems to indicate that the cartilage model does have some
mechanical influence on the pertosteum as Studitshy beheves
Studitsky and Landauer apparently beleve that the new bony
architecture arises as a direct response to new mechanical con
ditions acting on the bone However Fell (1925) demonstrated
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the ribs and congated shghtly paralld with the rbs - After dif
ferent pertods of growth the culturcs w e fived declaficd, and
studied Tostologicnlly

In wdll osstficd cultures three dns after implantation, the
ongmal ossificd ring w s shghtly Hattencd 2t the site of contact
with the nibs while the entire culture was elongated parallcd
with the nbs A new structure consisting of hony trabeculie
onented perpendicular to the mbs was usunlly present Thas
resistance structure  persisted m 12 cultures from the third to
the erghth day after implantation hetween the nibs and prevented
therr further appronimation

The obsers ations on Inig materl were confirmed and un
phfied by listological cx immation of fived cultures The outer-
most bony ning corrcsponding to the orgmal aren of outgrowth
retauned the concentric cell and ground subst ince arrangement
except where the mun tribeculre met it The culture as 1 whole
showed lttle compression except for shght flattening adjacent to
the nibs

Shghtly ossificd culturces, the third dny after implantation
were more elongited parallel with the ribs and the concentric
nngs were brohen open m the same dircction  Calaified tra
beculae orented parallel with the nbs formed «  compression
structure 1n the mterior of the culture This caleified smplant
usually prevented further approximation of the ribs  However
with less imtense caleification approximation of the ribs might
continue for 2 few more days The presence of mmy ostcoclasts
filled with bone debris indicated that extenswve resorption and
reconstruction was also m progress

In shightly more caleified specimens 2 structure intermediate
between the resistance and compressi e types appeared the third
day after implantation It consisted of small trabeculae At first
perpendicular to the ribs but durmng the next few days they thick
ened and the pressure of the ribs shifted them to an ~cute ngle
to the direction of the ribs The general outhne of the culture
was also flattened A disturbance and break of the concentric
arrangement of the ring formed by the onginal outgrowth oc
curred at the pomnt where the trabeculre united with 1t

To determme whether there were any other effects except
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m 2n mtact bone and the subperiosteal space w1s virtually elm
nated Thus, only 2 small amount of bone ws formed

This mterpretation would explun the normal development of
the thickest bone 1n the center of the shaft hypertrophy of bone
on the concave side of a bent element and the deficiency of
bone mn the absence of one epiphysis No extrmsic mechanical
forces are necessary The resulting bone form 1s a  growth struc
ture rather than an adaptive modification although the addi
tional bone m the side subjected to maximum compresswve stress
has an mportant functional significince  Stmilar changes oceur
rmg 1 an 1dult bone would probably be considered as modifica
tions i adaptations to new stress conditions However, as Murray
suggests many of the so called adaptine modifications may ac
tually be growth phenomena instead of a direct response to func
tional mechanienl requirements

The nfluence of pressure on the orientation of structure mn
endosteal cultures from tibias of late embryontc wnd newl
hatched chicks was investigated by Gluchsman (1938) Smnce
this material normally does not exhibit oriented structure 1t 1§
very suitable for studying orientation as produced by mechanical
factors

Pressure was applied to the endosteal cultures by mmplanting
them at various stages of ossification and caleification on the
intercostal muscles between adjacent ribs explanted m vitro The
ribs and 1ntact ntercostal muscles were taken from 21 different
chicks ranging 1n 1ge from the seventeenth day of incubation to
the fifth day after hatching The preparations were cultivated by
the hanging drop method

After a Intent period of varymg length the explants contracted
so that after ten days or less the mtercostal muscles had degener
ated and the two ribs were mn contact In coming together the
ribs everted considerable pressure on the endosteal implant which
was sometumes bent or broken

The pressure stresses caused by the approumntion of the ribs
were 1 estigated by entting a square hole 1 the mtercostal mus
cles on the third day 1n vitro and filling 1t wath plisma The ex
plants were then transferred to fresh medium within 24 hours
during which the hole narrowed 1n a direction perpendicular to
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the mibs and clongated shghthy parallcd wath the nibs - After dif
ferent pariods of growth the cultires werd finved declafied nd
studied lustologienlh ’

In well osified cultures three dws fter snpluntation, the
onigmal ossificd g w s shghth flattencd 2t the site of contact
with the nbs, while the entire calture was dongated paralled
with the nbs A now structure consisting of bony trabeculie
onented papendicular to the rbs was usually present Tlas
“resistance structure” persited i 12 cultures from the third to
the eighth day 2fter impl mtation botween the ribs and presented
therr further approumation

The obsers ations on Inmg maternl were confirmed and am
plified by Iistological ey umntion of fived cultures The outer
most bony ring corresponding to the ongmal arca of outgrowth
retamed the concentric ¢cll and ground subst ince wrrangement
except where the mam tribeculae met it The culture s 1 whole
showed httle compression oveept for shght attening djicent to
the nibs

Shightly osstfied cultures the third duw after unplantation
were more elongated parallel with the ribs and the concentric
nings were brohen open i the sunc dircction Chletfied tra
beculae oriented parallel with the nibs formed 1 compression
structure 1n the interior of the culture This claified mplnt
usually prevented further approximation of the nibs  However
with less mtense calesfication rpproamation of the ribs might
Frlllntdmue for a few more days The presence of m wny osteoclsts

tlled with bone debris mdicated that cxtensive resorption and

reconstruction was also 1n progress
bEt\I\::esr]:gt}:S)mr;:::e ca]cnﬁ;:d spceimens 1 structure mntermedinte
day after 1mphnt:1n,ce 'mI( compressie types ippeared the third
perpendicular 1o the(:-:‘b bt c(:]nsmcd of small trabeculae at first
ened and the pressern ;‘f ‘;n uring the next few days they thick
he ribs slufted them to an acute angle

to

\va:h:ls‘(l)lr;;::on ?lf ‘}\lednbs The general outhne of the culture
ene! isturbance and bre

arrangement of the rmg 2k of the concentric

formed by the on
gmal outgrowth oc
currTe:)l 3( the pomnt where the trabeculae united wath
etermine whether there were my other effects except
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those due to pressure cultures were made of the lateral part of
the ribs including the uncimate process Approumation of the
ribs was prevented by fiing the uncinate process between them
while the endosteal culture was pliced in the intercostal space
Although the muscles degenerated 1n the usual way the nbs re
mamed m therr ongmal positon Thus pressure was the only
factor present m previous expermments wlich was excluded from
this one

Gluchsman found no orientation whates er n the 20 untreated
endosteal cultures but all 49 of the cultures subjected to pressure
showed a compressive or resistance type of structure The former
was oriented along Ines of tension the latter 2long lines of pres
sure In shghtly ossified cultures the origimal bony ring fractured
long tension Imes which provided an outlet for the matenal
within the ring This caused orientation <long tension Imes and
the formation of the compression structure In well ossified cul
tures no such outlet was possible because the 11ing broke, if at
all, mn the pressure lines Consequently matersal was pushed
mside the ring by pressure from the ribs and condensed along
the lines of pressure The presence of osteoclists indicated an
active remodeling of the bone structure was 1lso occurring The
degree of caleification when the cultures weie first subjected to
pressure determnes whether a compression or - resistance strue
ture develops

Glucksman (1938) also investigated the mfluence of tensile
stress by subjectng the zone of outgrowth of endosteal cultures
of chick bone to tension This was accomphished by removing the
ongmnal bone and allowing the retracting clot to pull on the ring
of outgrowth The result of the experiments revealed that the
onentation of the osteogenic fibers depends upon the tension to
which they re subjected In the presence of tension the fibers
are parallel to each other but m the absence of tension their
orientation 1s independent of one another

In a later paper Glucksman (1242) continued his studies of
the effect of tenston on osteogenests 1 skeletal rudiments of chick
embryos grown by the hanging drop and watch glass methods
The first sertes of studies consisted of 54 expermments using fe
murs and tibias of four day embryos and metatarsals and pha

S
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Janges of seven to 12 dw embrvos “Barmer” rudiments, plhiced
m the direchion of cxpansion of the explmt bemng studied pre
vented the normal elongation of the Itter and cawsed 1t to hend
Thus the comve side of the bent cxplnt was subjected to tensile
and the conenve side 1o compressive stress The amount of bend
g and 1its effect depended npon the state of dilferentiation of
the explant at the start of the experiment

Considerable bendmg occurred n unossified explints from
four dav embryos with httle or no bone formation on the comvex
{tensife) side but an abnormath large wmount on the concave
{compressine) side Only very shght bending developed 1n par-
tially ossified explants from older embrios so that the cartilage
was just flattencd on one side instead of being conmvex  However,
the amount of ossification was alwasvs grester on the “comvex”
than on the concwe side

Dunng bending the clasticity of the perichondnum drew it
away from the shaft cartilage on the concune side and tension
hnes radiating from the vertex of the concave side formed w
the subperichondral space between the perichondrium and the
cartilage Bone deposition followed these tension hnes so that
the bone at the center of the shaft Jay perpendicular to the car-
tldage The perichondrium on the convex surface was ven thin
or ruptured so that shallow erosion cavities often appeared In
older cxplants the penosteum was firmly attached to the under-
Iymg bone and consequently not drawn away from the concave
side of the cartilage In these explants the wcrensed ossification
on the convex side followed the tensile stresses which were para)
Iel with the surface of the cartilage

In the second senies of studies 77 expenments were made with
metatarsals of seven fo 12 day embryos and parts of tibias from
two day hatched chicks In each experiment two or more shele-
tal rudiments explanted parallel to each other and a short dis-
tance apart, were soan enclosed m 2 fibrous capsule which later
ossificd  During cultisation the rudiments were gradunlly drawn
together resulting 1n an alteration of the direction of the tensile
stresses 1n the eapsule Two dustinct layers were formed mn the
asseous capsule and duning subcultn ation the mner one was bent
by contraction of the capsule The greatest contrachon wath
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consequent change 1n stress occurred durmng subcultivation when
the centrifugal stresses 1n the plasma clot were released so they
no longer counteracted the forces pulling the rudument together
Sections of the rudiment showed that the common capsule con
sisted of successive layers of bone correspanding 1 number with
the changes mn the culture medum which were the penods of
greatest tension

In the third sertes of studies 14 experiments using phalanges
and metatarsals of ten to 12 day chich embryos were made In
these experiments all or part of one epiphysis was removed to
change the degree or direction of the normal tensile stresses
During growth the epiphvsis expanded parallel with and perpen
dicular to the long axss of the bone shaft thus creating tensile
stress m two directions m the persosteum attached distal to the
epiphysis  Incision of an entire epiphysis removed the lateral
component of these forces and greatly reduced the tension while
remoy 4l of half an epiphysis changed the tensile stresses on just
one side of the sheletal rudiment Thercfore 1if tenston shmulates
osteogenesis erther complete or partial mcision of an epiphysis
should reduce 1t

This reasoning was verified by expermments m which removal
of one epiphysts greatly reduced the amount of bone formed
around the shaft After removal of half an epiphysts no bone de-
veloped on the operated side of the rudiment although ossifica
tion was normal on the mtact side Incision of less than half an
epiphy sis caused no change n the ossification on the mtact side
However on the operated side bone deseloped m the superficial
perosteal tissue 1 the area subjected to tensile stress

Gluchsman s experiments show that mechanical forces stun
ulate bone formation and orientation n vitro both during its
formation and after differentiation as well as the amount of bone
formed 1n any guren region Increasing the normal tension 1n
the pertosteum 1ncreased ossification while reducing tension de
creases 1t Tensile stress determines where bone will be deposited
1n osteogenetic tissue  In young differentiated bone compressive
stresses can change a disoriented structure mto 2 regular pattern
Unfortunately Gluchsman did not determine the magnmitude of
the stresses responsible for stimulating osteogenesis or the effect
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of evcessne stress  Prestimably an as set unknown optimum
amount of stress 1s necessan for satisfactory osteogenesis which
will not occur if the stress 1s too httle or too great

An evpermmental approach to the miluence of internnttent
pressure on ostcogencsts m voung gunet pigs and rabbits was
made In Jores (1920) Bags of witer or mercury were taped
over the spmcs of the thorcic vertebr e so that they exerted pres
sure upon the spinous processes  After 100 or more davs the
ammals were sacnficed It was found that under constant un-
changing pressure the bone atrophied but actne growth oc-
curred on removal of the pressurc I the pressure were removed
perodicalls e g, 24 hours on 1nd 24 hours off there was a clear
increase 1 bone growth

Lenche and Policard (1928) cxplun Jores results on the
basis of local enleific changes They beheve that osteogenesis
occurs under Joeal humoral control pressure leding to - resorp
tion of a certnin amount of bone and prosohing 1 loc! ealeium
excess Thus pressure 1s an eveitant of bone growth and simply
preparcs the proper medim for the lying down of bone The
latter however, only occurs m the absence of pressure In thewr
opimon mechanical stresses are more mmportant m the preser 1~
tion and modeling of newly formed bone tissue than i 1ts ong-
mal formation or development They also review some of the
earlier researches on the effects of mechanical mfluence on bone
formation ponting out tht, in their opinion, the role of tensile
stresses 1s still debatable  Although they accept Rouxs iden that
shearing stresses cause cartilage formation n connectine tissue
they do not think it plays any part in osteogenesis

Theortes on the Influence of Stress in Osteogenesis

Various theones of the influence of mechamenl factors on
osteogenesis have been advanced by Thoma and Kolott, dis
cussed by Murray (1936) Weidenreich (1923) and Loeschehe
and Wemnoldt (1922) Thoma compared the membr wous shull
to a closed capsule which increases 1n size s = result of 4 uniform
mternal pressure  Assuming that the walls of the cpsule wre of
umform thickness the stress would be the same throughout the
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walls However if the stress were intensified at any pomt bone
would develop 1n the membranous skull

In order to provide for such an mcrease 1n the stress at cer
tain pomts Thoma postulated that the skull erther ceases to grow
or fails to react mn the usual way to the iternal pressure The
factor considered responsible for the localized increase mn pres
sure 15 the bending over of the floor of the skull As development
proceeds the outer table of the skull appears as a layer of con
tinuous lamellae, while the inner table 1s still a network of discon
tinuous lamellae w1th bone deposition restricted toward the edges
Thoma beheves this indicates that the pressure from the bramn
creates both meridional and latitudmal tensile stresses plus ver
tical compressive stresses These stresses caused bending of the
bone with consequent increased tensile stresses on the outer shull
table while they are reduced on the mner table Thus bone de
positon 1s encouraged on the outer and hindered on the ner
aspect of the shull except m the peripheral part where the amount
of bending 1s small

Thoma offered no expermmental data in support of his views
and there seems to be no independent evidence that the bending
stresses he mentions even exist The question also anises as to why
if Thomas theory 15 correct other connective tissue structures
e g, the dura and pia mater subjected to the same mternal pres
sure do not ossify Murray mentions a case reported by Wein
noldt, of an individual 1 whom the bramn remained n a smgle
fld filled vesicle without cerebral henmspheres yet a skull roof
with normally arranged bones was present In two cases of an
encephalt skull bones were recogmzable although they were
abnormally formed and arranged

The development of the skull bones has also been mvestigated
by Kokott who studied the arrangement of fibrous tissues mn the
pnmordnl skull of human fetuses two and three months of age
Five tracts connecting the areas of the future frontal parnetal
and occipital bones were 1dentified and considered as the points
of anchorage of the skull roof In experiments with an arr filled
balloon attached at five points corresponding to those mn the shull
he found that five systems of tension tracts were present and that
the balloon closedly resembled the shull roof He, therefore con
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cluded that shull form was the result of ats five pomt attachment
and an even distnbution of intcrnal hydrostatic pressure the five
fibrous tracts representmg the prinapl tension hines  After at
tumng its fibrous arclntecture the shull wall 1s more resistant to
wternl pressure long the Iines of the fibrous tracts than clse-
where In further dovcdlopment ossification hegns in the regions
Dbetween the fibrous tracts  Rohott assumed that the unstrength-
ened regions would develop 1 greater stress than the more re-
sistant areas 1 very doubtful assumption on mechanienl grounds
Pressure w1s considered to be mvolved m skull osteogenesis
v Loeschche and Wemnoldt (1922) who showed that resorp
tion of the mner skull table occurred with pressure exverted by the
shull contents However if the pressure were reduced or absent
deposttion of bone occurred They believe that pulsations of the
bramn cause or ud in the circulation of tissue fluds in the bone but
are veduced or absent at the pomnts where the brun exerts direct
pressure on the skull wall Constant pressure was thought to 1n
crease the resistance to the flow of tissue fluds through the bone
Removal of the pressure permits the region to have 1 more effi-
cient vascular system so that more rapid growth results  Murray
(loc cit ) pomts out that this vascular theory cnnot apply to
rapud alterations of pressure produced by muscular actinaty or
artenial pulsations However two factors provide for rehef from
constant pressure (1) 2 compensating vaseular apparatus built
up during the pressure pertod, and (2) previously suppressed
artertal pulsations transmitted through the cerebrospinal flud
The latter wns thought to axd m the flow of tissue fluds
Weidenreich (1923 1924) believed that the mechanienl stim
ulus acting on a bone was mediated through the vascular system
However he considered that tension was the type of mechanical
stimulus responsible for osteogenesis such as frequently occurs
m tendons and other similar structures

Lacroix (1951) believes that the data relating to the influence

of mechanical factors on osteogenesis should be di ided mto two
groups The first group consists of the instances in which after
:(lud%:3 ltz::ron; :1: I})trel:s:;eg:‘;e;see‘s‘ t:;e bone undergoes 1 remodeling
quirements  Examples of this

group are genu valgum and genu varum ankylosis or 4 mal-
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walls However if the stress were mtensified at any pomt bone
would develop mn the membranous skull

In order to provide for such an increase m the stress at cer
tam pomts Thoma postulated that the skull either ceases to grow
or fails to react m the usual way to the mternal pressure The
factor considered responsible for the localized ncrease m pres
sure 1s the bending over of the floor of the skull As development
proceeds the outer table of the skull appears as a layer of con
tinuous lamellae, while the nner table 1s still 2 network of discon
tinuous lamellae with bone deposition restricted toward the edges
Thoma believes this indicates that the pressure from the bram
creates both meridional and latitudinal tensile stresses plus ver
tical compressive stresses These stresses caused bending of the
bone with consequent increased tensile stresses on the outer skull
table while they are reduced on the mner tible Thus bone de
postton 1s encouraged on the outer and hindered on the mnel
aspect of the skull except 1n the peripheral part where the amount
of bending 15 small

Thoma offered no experimental data n support of his views
and there seems to be no ndependent evidence that the bendmg
stresses he mentions even exist The question 1lso anses as to why
if Thomas theory 1s correct other connective tissue structures
eg the dura and pia mater subjected to the same mternal pres
sure do not ossify Murray mentions a case reported by Wemn
noldt of an mdwidual 1n whom the bramn remamed n a single,
fld filled vesicle without cerebral hemispheres yet a skull roof
with normally arranged bones was present In two cases of an
encephalt skull bones were recognizable although they were
abnormally formed and arranged

The development of the skull bones has also been mvestigated
by hokott who studied the arrangement of fibrous tissues mn the
primordial skull of human fetuses two and three months of age
Tive tracts connecting the areas of the future frontal paretal
and occipital bones were identified and considered s the ponts
of anchorage of the shull roof In experiments with n ur filled
balloon attached at five pomts corresponding to those i the shull
he found that five systems of tension tracts were present and that
the balloon closedly resembled the shull roof He therefore, con
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cluded that skull form was the result of its fise pont attachment
and an even distnibution of mternal hvdrostatie pressure, the five
fibrous tracts reprcscnting the prmapal tension lines After at
tamng its fibrous arclutecture the shull wall 1s more resistant to
mternal pressure ong the Imes of the fibrous tracts than else
where In further devdlopment ossification begms mn the regions
hetween the fibrous tracts  hokott nssumed that the unstrength
ened regrons would develop 2 greater stress than the more re-
sistant arens 1 very doubtful assumption on mechamenl grounds

Pressure was constdered to be mmohed m shull osteogenes:s
v Loescheke and Wannoldt (1922) who showed that resorp
tson of the inner shull table occurred with pressure exerted by the
shull contents  Howerer, 1f the pressure were reduced or absent
deposition of bone occurred They beltese that pulsations of the
bramn eausc or -ud m the crrcultion of tissue flunds 1n the bone but
are reduced or 2hsent at the pomts where the bran exerts direct
pressure on the shull wall Constant pressure was thought to n
crease the resistance to the flow of tissue fluds through the bone
Removal of the pressure permuts the region to have 1 more effi
cient vascular svstem so that more rapid growth results  Murray
(loc c1t') pomnts out that this vascular theory cannot apply to
rapid alterations of pressure produced by muscular actiity or
artersal pulsations Howcver two factors provide for relef from
constant pressure (1) 1 compensating vascular apparatus built
up during the pressure period and (2) previously suppressed
arternal pulsations transmutted through the cerebrospinal flud
The htter was thought to ud m the flow of tissue fluads

Weidenreich (1923 1924) believed that the mechamenl stim
ulus acting on a bone was medinted through the v ascular system
However he considercd that tension was the type of mechanieal
stimulus responsible for osteogenesis such s frequently occurs
n tendons and other simlar structures

Lacroix (1951) believes that the data relating to the mfluence
of mechanical factors on osteogenesis should be divided mto two
groups The first group consists of the instances m which after
a deviation 1n pressure stresses the bone undergoes 1 remodeling
to better adapt 1t to the new requirements Examples of tlus
group are genu valgum and genu varum, ankyloss, or a mal
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united fracture In these cases the stresses are sumlar to normal
ones but act 1n a shghtly different direction

All other examples he places 1n a second group characterized
by the fact that the stresses acting on the bone are very different
1 nature and direction from the normal ones The stresses m the
first group he considers to be distributed through the articular
cartilages and subjacent bone while those of the second group
act by compression of the penosteum

The mechanism by means of which mechanical factors mduce
osteogenesis 15 unknown Glegg and Leblond (1953) believe
pressure causes a dissolution and redeposition of bone and tooth
crystals They base their 1deas on the principle that a crystal
under linear pressure has a greater solubihity than one not sub
jected to such pressure and consequently may dissolve even 1t
a saturated solution Since bone and tooth ery stals are surrounded
by a flud apparently saturated with 10ns composing the crystal
the Inws goverming the growth and dissolution of crystals m a
saturated solution should apply to bone They also cite many
examples e g erosion of bone by an expanding aneurysm or
tumor of the resorption of bone under pressure

Glegg and Leblond believe therr concept explams three com
plex phenomena occurrmg m bone (1) decrease n intensity of
localized radioautographic reactions at the growth sites (2) de
crease mn the intensity of incrementi]l dentine bands at the
dentino enamel junction n young teeth and (3) the decrease in
the mineral content of mtact bones in Ammals with fractures
These three effects they consider 1s the direct result of pressure
mducing dissolution of bone or tooth crystals followed by the
redepositon of part of the dissolved material on less pressed
crystals

Summary

The experiments of Glucksman clearly demonstrate that osteo
genesis and onientation of trabeculie both during embryome
development and after differentiation are influenced by tensile
and compressive forces The same 1s true of the amount of bone
formed 1 1 region Tension determimes where bone will be de
veloped 1n osteogenetic tissue Thus mcreasing tension 1n the
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punosteum mereases ossificrtion, while reducing tension de
creases it In voung diffcrentinted bone 1 disoriented structure
cm be chnged mto 1 regular pattarn by compressinve forces  If
the tensile or comprossive stresses are too httle or too great osteo
genesis will not oceur but the optunum unount of stress 1s un
known and probabhy v ancs wath hone id species

Mechameal factors are not entircdy sesponsible for bone form,
which also has 2 harediting bisis as shown by the experiments
with cluck Iimb buds m chorio lantose grifts The requirements
for muntunmg normal shape and proporttons of 2 bone during
growth are imvolved 1 osteogenesis and the embrvonte develop
ment of bone The spatial relntions hetween the periosteum and
the dinphysis of 2 bone are also parthy responsible for the m
creased thickness of the center part of the shaft of the long bone
Mechameal fictors are thus seen to be just one of several operat-
ing in the devclopment of 1 normal honc
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united fractuie In these cases the stresses are similar to normal
ones but act m a shghtly different direction

All other examples he places m 1 second group characterized
by the fact that the stresses acting on the bone ire very different
n nature and direction from the normal ones The stresses m the
first group he considers to be distributed through the articular
cartilages and subjacent bone while those of the second group
act by compression of the periosteum

The mechamsm by mens of which mechamcal factors induce
osteogenesis 15 unknown Glegg and Leblond (1953) believe
pressure causes a dissolution 1nd redeposition of bone and tooth
crystals They base therr ideis on the principle that a crystal
under linear pressure has a greater solubihity than one not sub
jected to such pressure and consequently may dissolve even 1n
a sturated solution Smee bone and tooth crystals are surrounded
bv a flud apparently saturated with 1ons composing the crystal
the laws governing the growth and dissolution of crystals m 2
saturated solution should apply to bone They also cite many
examples eg erosion of bone by an expanding aneurysm or
tumor of the resorption of bone under pressure

Glegg and Leblond believe therr concept explans three com
plex phenomena occurring in bone (1) decrease n mtensity of
localized radioautogr iphic reactions at the growth sites (2) de
crease m the mtensity of mcremential dentme bands at the
dentino enamel junction m young teeth and (3) the decrease m
the muneral content of mtact bones 1 ammals with fractures
These three effects they consider ns the direct result of pressure
inducing dissolution of bone or tooth crystals folloned by the
redepositon of part of the dissohed material on less pressed
crystals

Summary

The experiments of Gluchsman clearlv demonstrate that osteo
genests and ortentation of trabeculae both during embryonic
development and after differentiation are influenced by tensile
and compressive forces The same 1s true of the amount of bone
formed 1n a region Tenston determmes where bone will be de
veloped m osteogenetic tissue Thus mcreasing tension 1 the
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from ammals exlubiting s pathologs at aatapsy were not used
The bones were dned from saven to ten dwvs before tosting

The brething load of the fibult of 30 normal normals, the
standard controls and the standard group with surgically pro-
duced fractires was determmed by lording the bone hike 2 beam
The breaking load of norm 11 fibulas from rts on the standard dict
vaned from 203 to S00 gms for the nght bone and from 190 to
770 gms for the I ft onc The mean breakmg load for the normal
nght and left fibult was 140 and 435 gms  respectnely  In the
other experiments the night fibulh was surgienlly fractured The
range of vartion an 1ts braaling load was from 0 to 140 gms
on the sixth postoperatne day the first time the bones were
tested, while on the forty fifth dav at the ternunation of the ex-
penments, the saration was from 275 to 630 gms

The mflucnee of 1 low salt dict on the Joad which could be
suceessfully supported by the humerus, the rads, and the fibula
of young male rats was determined by Clarke Bassin, and Smth
(1936) Each expenimental group of rats had n  age control
group of ammals fed on an adequate diet and 1 calorie control
group n which the diet althouglh adequate was restricted to the
same cloric mtahe 1s i the Jow salt group

In the low salt cxperiments some of the rats were hept on the
diet for three weeks and others for six weeks During this time
there was a drop m the load supported by bones from rats on
the low salt diet Thus the load the humerus supported decrensed
from 1386 to 1195 gms the radius from 624 to 429 gms and the
fibula from 149 to 135 gms The load borne by the humerus 1n
the age control group rose from 3139 to 4279 gms  of the rads
from 1313 to 1621 gms and the fibulh from 264 to 294 gms
In the “calonic control group the successfully supported load mn
creased from 3106 to 3659 gms for the humerus from 1187 to
1262 gms for the rads and from 234 to 332 gms for the fibula

Realimentation experiments were then performed m which
rats after being on 1 low salt diet for three and six weeks were
divided mto three groups the first of which was placed on 1 nor-
mal dict for an additional nine weeks the second group for an
additional six weehs and the third for an ~dditional 12 weeks
In the first group the fracturing load for the humerus mereascd
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Factois Influencing the Breahmng
Stiength of Bones

The Errecr of diet disuse, and other factors on the breaking
strength or stress in bones of evperimental animals has been
studied by several investigators Most of the studies show that
the breaking stress of bones 1s defimitely affected by nutrition,
hormones immobilization of the bone and certamn poisons The
results of some of the more recent mvestigations of this nature
are discussed m the present chapter

The Influence of Diet

McKeown Lindsay Harvey and Howes (1932) studied the
effect of diet on the load which healing fractures of the fibula
could support before breaking Rats of a known stock four to
eight months of age and weighing between 190 and 300 gms
were used The rats were fed on a standard Moise and Snuth diet
for a week and then were divided mto three groups The 50 rats
of the first (normal normals) group were stcrificed after one
week on the diet and the breaking load (gms ) of the normal
night and left fibulas was determined The second (standard con
trol) group qlso fracture free was contmued on the diet for a
longer length of time At the start of the experiment the rats were
dnided mto lots of four and from the thirteenth to the fifty
second day one lot was sacrificed at three day intervals The
third (standard) group consisted of Iots of seven rats each of
which had been on 2 diet for a week at the end of which the
nght fibula was surgieally fractured by cutting it with scissors
At 14 different times during the experiment the breaking load of
the fibula was determmned on four standard control ammals with
out fractures and seven standard ammals with fractures Bones

[160]
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The mflnence of ealennn intake on the brahg strength and
wze of the fomur wa studied by Bl Cuthbertson and O
(1941) 11 96 recently weaned malc allino rits Four cxpeniments
ware made on groups consisting of four or five rats waghmg
about 60 gms One reprosentatine group was saertficed at the
begmmning of ¢1ch (xperiment so that the eileim content could
be detarmined by wagling the vscerited eareasses The re
mammg groups for 1 penod of 58 davs were placed on diets
of constant protan carbolndrate fat and vitamm content but
vanung in amount of cilaum The nuthors were mware of the
vamation m the Ca P ritio m their cxpenment but presumed
that amy raclutogeme action resulting from the abnormal Ca P
ratio was presented by giving adequate amounts of vitamn D

At the end of an cxperiment the femurs were cleaned, \ rayed
werghed ind measured  After the mechanieal tests the ealerum
content of the bone was determined  Before testing  the bones
were dried at room temperature for several diys to prevent
weight loss during the tests The breaking strength of the nght
femurs w1s determined by bending while the left femurs were
tested by torsion

Tar the bending tests the femur was supported horizontally
at the ends and loaded to rupture 1t the middle of the shaft The
actual fracturing Joad was tahen to Iic between the greatest
weight supported and the final weight applied Two micrometer
measurements tahen perpendreular to each ather, were made of
the thickness of the cortex at the fracture site During the tests
slight vaniation in the length of the span was allowed The great-
est bending moment was used s the strength mdex of the bone
The deflection of the midpoint of the shaft duning - test was meas
ured by a dial gage resting hightly on the wire supporting the pwm
for the weights

For the torsion tests the ends of the bones were cemented 1n
hollow brass cubes One end of the bone was fied whle the
other was twisted by plicmg weights on pan suspended from
a lever attached to the bone perpendicular to its long avs
Weights were gradually added to the pn until the bone broke
Cenerally the free end of the bone rotated through an angle of
about 30 before it broke The twisting strength was measured
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from 1536 to 5042 gms for the radius from 624 to 1897 gms, and
for the fibula from 149 to 517 gms

The breaking lond borne by the bones of rats of the third
group showed ~ definite mcrease over the strength of bones from
rats of the second group The brealing load for the humerus rose
from 3968 to 4280 gms for the rdws from 1675 to 1952 gms,
and for the fibula from 374 to 387 gms In the age control rats
the breaking lond for the humerus increased from 3761 to 5189
gms for the radus from 1604 to 1909 gms, and for the fibula
from 306 to 517 gms

A few studies of the breaking load of leg bones of cattle on
varous diets have also been made Becher ind Neal (1930)
found that the leg bones of @ cow on a low calcim ratio broke
under a load of 335 Ibs The bones from three cows on a diet con
taming 2% bonemenl required 2345 to 3450 5 Ibs to fracture them
while the bones from five Angus cattle did not break until loads
of 27135 to 31490 Ibs had been applied The bhones from cows
on 1 diet deficient 1n P and CaCO_ broke with loads of 23115 to
2680 Ibs while those from 2 cow that had fully recovered from P
deficiency did not break until 3618 Ibs were appled In another
paper Becher Neal and Shealy (1934) found that the breaking
load of 215 bones from Floridn cattle on a caleium deficient rough
age ranged from 335 Ibs m a cow that suffered a fractured
pelvis to over 3000 Ibs 1n seven cows that received bonemeal for
13 to 27 months

In the above discussed papers the authors constantly refer to
the breaking strength of the bones although they never actually
determined 1t The breaking strength or stress of a matenal 1s
computed 1n terms of the load (pounds or hilograms) per unit
area (squiwe mches or square millimeters) which the material
supports up to the rupture pomt In order to compute the break
g strength the cross section area of the specimen of matertal
tested must be known None of the above mentioned authors
determmned the cross section rea of the bones they tested There
fore the breaking strength or stress of the bones cannot be cal
culited Clarke Bassin and Smith gawe the diameter of the
bones they tested but the cross section area of the bones cannot
be computed from this data because the bones are hollow
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soon 15 possible after «ienficc while another was not tested for
two weehs and 4 tlird not for tan months Aafter removal and
demmg A drvng of 1 bone producad no sigmficant alteration
moats strength - In both cases the difference m bending moment
between the fresh and the ur dricd hone was less than 2%

In anlvzing thar results it was found that the strength of
Bones, mdicated by the bonding ind torsion moments mercased
with mercased ealaum mtahe up to thout 036% Ca in the dict
Wath lugher ealaum mtaike there was no further merease m bone
strangth The nerage bro kg stresses i bendmg and twisting
ware appravmately 35000 and 9500 lbs/in”, respectnely  The
ratio of bro thg stress i twisting to that m bending (0 27) 1s
of some mterest Yor isotropic maternnl, e g cast won and steel
this ratio 1s shghthy morc than half but for lamunated matenal like
wood the ritio 1s consideribly less about 8 1 Thas 1s considered
to be due to the wckness of cement substance betw een adjacent
hgutfied fibors  Evadentls bone has 2 somewhat sumilar weakness
at the mterconncctions between the longitudinal fibers  In the
few cases m which it was imestignted the load deflection cunve
was 2 strught Iine to falure

In a sccond paper Bell Chambers and Dawson (1947) tested
the effect of 1 richitogemc diet upon the strength and other
physical propertics of the femur of male albino rats about four
to eight weeks of age  After weaning at three weeks the amimals
were fed 1 full dict until they reached 1 weight of about 50 gms
One of each htter was hilled so the carcass after removal of the
stomich and mtestines could be analyzed for Cn and P One
of the romaiming litter mates was put on 1 rachitogemic dhet
supplemcnted with vitamin D (group N), while one or two of
the other ammnls were put on the rachitogenie diet without the
Vitamm D (group R) A fourth ammal from each litter (group
S) was fed on a standard diet The methods for measuring break
ng stress on bendmg and twisting were the same s deseribed
by Bell Cuthbertson wd Orr (loc cit )

. One of the most mteresting results of their expenments wns
L;Zfﬁ:;}ysm of t{:c llfll'l(l l;egs of (hefr’lts n group R The paralysis
o ‘ree “160 s after the start of Experiment I qnd progressed

was almost complete in some ammals No piralysis was



164 Stress and Strain sn Bones

by the product of the fricturing Joad nd the leverage (weight
times length of Jever) The thickness of the cortex was measured
at several plices on the fracture, which often ran obhquely or
spirally along the shaft for some distance

In the torsion tests the lord should have been applied to the
bone at the periphery of a wheel instead of by 1 lever because
with a 30 angle of torsion the length of the lever arm would
change appreciably Consequently the effect of the load upon
the bone would also change during a test

In contrast to the previously discussed dietary studies the
breakimg stress of the bone was caleulated to determme o lack
of caleum 1n the diet affected the quality of the bone formed
under these cirrcumstances Assumimng that the section profiles
of the vanious specimens were stimilar m shape and proportional
dimensions the breaking stress was caleulated from the formula
M=s,(abt) and T =s (abt) where M equals bending and T
equal twisting moments at fracture s, nnd s. equal breaking
stress n bending and twisting respectnely, and ¢ b, and ¢ we
the dmmenstons of the central or fracture section 1e, a 1s the
outside diameter m one direction b the outside diameter
the direction perpendicular to the first and ¢ the thickness of the
cortex These formulae do not give absolute values for breahing
stress but values comparable with one another

Smce the section profiles are not exactly stmilar the error

was checked by use of the formulie M =5, 312 (glib_d_ci) and

T—:s,l' ~ (at)(bt)t, where a and b are the outside diame

ters taken perpendicular to each other and d and c are the corre
sponding mside diameters and t, 1s the mmmal thickness of
the cortex The Iatter two formulae are based on the assumption
that the sections are elliptical 1 shape and composed of perfectly
elastic material These latter formulae provide absolute values
for breaking stresses 5, ind s In using these formulae 1t 1s s
sumed that the stress stramn curve 1s a straight line to fulure and
that the spongy bone has no strength

The effect of drying on the strength of bone was tested by
comparing femurs from two anumals  One femur was tested s
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soon ns possible fter sienfice while wother was not tested for
two weehs, nd 2 third not for ten months after removal and
clewng A drvng of 1 bone produced no sigifieant alterntion
m ats strength T Doth cases the diffcrence i bending moment
between the fresh and the ur dred bone was less than 2%

In analvzmg therr results it was found that the strength of
bones mdicated by the bending and torsion moments mereased
with mereased ealeum nt ke up to about 036% C1 in the dict
With Iugher cileimm intahe there was no fusther mercase in bone
strength The average breaking stresses i bendmg and twisting
were approumately 35000 and 9300 Ibs/m’, respectnely  The
ratio of bre thng stress in twisting to that m bending (0 27) s
of some intcrest  Tor 1sotropiec maternil, e g, cast 1ron and steel,
this ratio 1s shghtly more than half but for lammated materil hike
wood the ratio 1s considerably less tbout 0 1 This 1s considered
to be due to the wehness of cement substanee between adjacent
ligmified fibers Evidently bone his a somewhat similar we thness
at the interconnections between the longitudinal fibers  In the
few cases i which 1t was ivestigated the load deflection curve
was a straight hne to fulure

In a second paper Bell, Chambers, and Dawson (1947) tested
the effect of 2 rachitogenic diet upon the strength and other
physical properties of the femur of male albmo rats about four
to erght weeks of age  After weaning at three weeks the aumals
were fed 2 full diet until they reached 2 weight of ~bout 50 gms
One of each htter was hilled so the carcass, after removal of the

stomach and mtestmes could be annlyzed for C2 and P One
of the remaning litter mates was put on a rachitogenie diet
supplemented with vitymm D (group N), while one or two of
the other anmmals were put on the rachitogeme diet without the
vitimin D (group R) A fourth ammal from each htter (group
§) was fed on a standard diet The methods for measuring break
ing stress on bending and twisting were the same s described
by Bell Cuthbertson, and Orr (loc et )

One of the most mteresting results of their experiments was
the paralysis of the lund legs of the rats i group R The paralysis
began three weeks after the start of Expeniment ¥ and progressed
until 1t was almost complete n some ammals No pralysis was
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present mn the rats of group N In Experiment II an unsuccessful
attempt was made to elmmate the paralysis by adding vitamin
E to the diet A further attempt to wvoid paralysis was made
(Experiment III) by addmg vitamins E nd A to the diet In
group R five rats had severe paralysis at the end of the expen
ments, four others showed weakness, and only two had no evt
dence of 1t at all

The breaking stress accordmg to group for each of the three
experiments 1s summanzed s follows

Expertment Groups
R N S
1 117101bs /in 18700 Ibs /1n
il 12850 1bs /1n 18130 1bs /m _—
ur 11860 Ibs /in 18590 Ibs /m 26890 Ibs /in

A high correlation between the bone ash content (%) and the
breahing stress was mdicated by the correlatton coefficient
r which was 4052 (SE =015) for bending and - 0405
(SE =012) for twisting The structure of the bones, as re
vealed by their x ray diffraction patterns ws also mvestigated
However the authors concluded that the mechamical chemcal
and x ray findigs indicated no disturbamce m the fundamental
plan of ossification m rachitogenic rats

In a third paper the strength and elasticity of bones of rats
on 1 richitogenie diet was studied by Werr, Bell and Chambers
(1949) The bones used were obtaned during the expermments
of Bell Chambers and Dawson (loc cit ) just described The
bending tests were made by the method described by Bell Cuth
bertson, and Orr (loc cit ) Twelve ammals were on the rachito
geme diet (R group) 19 on the rachitogemc diet supplemented
with vitamm D (N group) and six ammals on « complete diet
(5 group) In contrast to the earlier papers of this series the
mean stram 1n the bones at the elastic mit and at rupture was
also determmed (Table II)

Stress stramn diagrams were drawn which showed that while
stress at the elastic imit was greater in bones having the higher
ash content strun was very similar m all the bones Bones with
a hugher ash content also had greater stress at the breahing pomt
qlthough a tendency was noted for the stram at rupture to be
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TABEY 3
St aap Sty Vatnrs por AT Frvuns

(Dats e m War Bell ar 1€ ambern 1920)

Group
L \ 5
Man strun at s tie bt (“¢) 14 128 17
Mean strun at meptunc (‘) 21 218 1 8%
\Momstrunatddr et ax *  of mean trun at rapture [ ) 75
Mean sress at i tie it (b im® 8100 12000 21200
Mean stre < at rapture (L") N0 1300 2690
Moanstressatela tichmita ¢ ¢ of moan stross at rupture 7 67 ]

Tugher m bones from rits on 1 poor dict when the ash percentage
was Jow The diferences which dict produced m the breahing
stress on bending in the modulus of elwstieity, and m the per-
centage of ash m rats of the dufferent groups, was highly signifi
cant as revealed by Student s £ test

Plottmg breahing stress nd the modulus of elasticity agamst
the percentage awsh sugpested 2 positne correlation between
them These are intrinsic values mdependent of bone size In
the bones from groups N and § a positie straight Iine relation
was found when brohing stress was plotted 2gunst the modulus
of clastictty A Inghly sigmficant rcdation between these two
physical properties of bone as mdicated by 1 correlation coefh
cient of + 063 w1s found m all three groups, R N, nd S, even
after elmination of the cffects of diet The results of the exper
ments ndieate that breahing stress 1nd the modulus of elstieaty
appear to be more closcly related to each other than erther 1s to
the pereentage ash in the bone

Although the stress at the upper himit of elasticity had 1 wide
range of varntion m the three groups of rats the strun at the
same pomt w1s very constant at 1bout 15% The nuthors beheve
that the modulus of elsticity because of its close association
with the brealing stress on bending 15 a good ndex of the
quality of bone and might be used n predicting the load 2 bone
can safcly bear In spite of the significant differences mn the
breaking stress of hones from rats fed on the different dicts they
are not convinced that lugher ash content alone 1s responsible for
the greater stress and modulus values m hones from ammals fed
on the better diets This conclusion ws bised on the Ca P ratio
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present 1n the rats of group N In Experiment II an unsuccessful
attempt was made to ehmmate the paralysis by adding vitamin
E to the diet A further attempt to avoird paralysis was made
(Expeniment IIT) by adding vitamins E and A to the diet In
group R five rats had severe paralysis at the end of the expert
ments, four others showed weakness, and only two had no ev1
dence of 1t at all

The brealing stress according to group for each of the three
experiments 1s summanized as follows

Experiment Groups
R N s
I 11710 Ibs /1n 18700 1bs /in
1 12850 lbs /i 18130 1bs /in _—
41 11860 1bs /in 18590 Ibs /in 26890 Ibs /i

A high correlation between the bone ash content (%) and the
breakng stress was indicated by the correlition coefficient
r, which was +052 (SE =015) for bending and +- 0403
(SE =012) for twistmg The structure of the bones as re
vealed by thewr x ray diffraction patterns was also mnvestigated
However the authors concluded that the mechanical, chemical
and x ray findings indicated no disturbance m the fundamental
plan of ossification 1n rachitogenic rats

In a third paper the strength and elasticity of bones of rats
on a rachitogenic diet ws studied by Weir Bell and Chambers
(1949) The bones used were obtained dunng the experiments
of Bell Chambers and Dawson (loc cit ) just described The
bending tests were made by the method described by Bell Cuth
bertson, and Orr (loc cit ) Twelve anmimals were on the rachito
gene diet (R group) 19 on the rachitogemc diet supplemented
with vitammn D (N group) and six amimals on a complete diet
(S group) In contrast to the earlier papers of this series the
mean strain 1 the bones at the elastic irmit and at rupture was
also determined (Table III)

Stress stram diagrams were drawn which showed that while
stress at the elastic hirmt was greater m bones having the higher
ash content stram was very similar n all the bones Bones with
a hugher ash content also had greater stress at the breahing pomt
although 2 tendency was noted for the strun at rupture to be
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true of the famurs m the thyrosd capertments Howeser, the dif
ference m the quality of the bone as mdicated by the breaking
stress (Table 1V) of the capermmental and control ammAals was
shght

TABIT 1V
\nso1t Tt Bri aning Staess 1y Bosia or Honstoxt Taiamen Ttars
(D sta from Bell & Cuthberteon 17(3)
Croup 1

Or antcror tuitany 30000 1hs in?
Cf thy mus controly 35550 b in?

Croup I1

Hors antenor pitaatary 34500 Ihs/m?
Shecp anterior pitattapy 3,500 1hs/in?

O« antcnor pitastar, 36100 Ihs/in?
CAlf thy mus controls 36300 1hs/1n?
Croup 111
O« anterior prtustary 33,30 Ibs/m?
CAlf thymus control 37360 lbs/m?
Ocstr u{ml diproprionate 34270 1hs/in?
1 arathyrond hormone 32670 lbs/1n®
Controls 31620 1bs/in?
Croup I
Thy rowl 32030 1bs/in
Controls 34300 1bs/1n?
Croup Il
Thyraid 31300 Ibs/1n?
Controls 28000 bs/m?

Bell and Cuthbertson concluded that the differences in break-
mg strength of the bones of the experimentnl vs the control am
mals were the result of changes 1n the dimensions of the bones
rather than n the quahity of the bones The latter charactenstie
as mdicated by the shght differences m the breaking stress of

the bones was not changed by the hormones given the animals
during the expenniments

The Effect of Disuse

The effect of disuse on the breaking strength extreme fiber
stress gross and microscopic anatomy chermeal composition and
permeability to x rays of foreleg bones m dogs was myestigated
by Allison and Brooks (1921) In 13 experlm'ents the foreleg
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which w15 two 1n all bones and the sumlanty n the structure of
the morganic matrix as revealed by x ray crystallography They
feel that 1t 1s safer to assume that alterations in the physical prop
erties of bone are the result of variations in the relative propor
tions of the organic and morgame constituents

In an addendum to the paper Walter L. M Perry pomted out
that there was no significant correlation between ash and break
g stress or between ash and the modulus of elasticity 1n any
one separite group Also the relation between breahing stress
and modulus was not sigmficant for bones n group R but was
highly significant in bones from the other groups Smee diet
mught affect the quality of collagen as well s the ash content,
s0 that breaking stress and elasticity could vary mdependent of
the ash content he thought 1t deswable to combme the data
from the three groups without elmimating the effect of dufferences
m diet When this was done a highly sigmificant correlation was
found for ash vs elastiaity ash vs breaking stress, and for break-
mg stress vs elasticity

The Influence of Hormones

The mfluence of hormones on the breaking strength nd
stress of white male rat femurs was studied by Bell and Cuthbert
son (1943) The ammals were drided mto three groups, I 1I
and III and given ox horse and sheep interior prtuitary extract
oestradiol dipropionate, parathyrord and thyroid hormones The
thyroid hormone was given with the food but the others were 1n
jected subcutaneously The controls of the same age recerved no
treatment except 1 the pituitary experiments 1n which the con
trol ammmals were given extract of ¢alf thymus instend of prtuitary
extract

The nght femurs were tested for breaking stress on bending
and the left ones for breaking stress by twisting The methods of
testing and computing stress were the swme as used by Bell
Cuthbertson, and Orr (loc ait )

The results of the experiments showcd that while the bones
from ammals treated with extracts of the interior prtuitary
oestradiol dipropionate and parathyroid were proportionately
larger and stronger than those from the controls the reverse was
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were cut  In a1 thurd group of aght kittens anterior root scetion
was combmed with removal on the side of the operated himb
of all the lumbar svmpathctie ganghia from the renal van to the
pelue brm  In all experments the opposite, normal hind leg
senved as the control

Two months postoperatinels the hittens were seentficed The
leg bones were then cleined, weighed and exposed to ur dry g at
room temperature for several weeks so that the moisture content
of all the bones would be approximately cqual

Additional experiments were made on 16 young white, male
rts weighing approumately 120 gms  One hind leg was para
Iyzed by avulsion of the femoril and sertte nerves The anmals
were sacrificed four wecks postoperatively and the femurs and
tihias removed, cleaned and dried

The htten and rat femurs were then subjected to bending
tests m order to determine the bending moment the breaking
stress and the modulus of elstieity The method of testing was
the same s used by Bell Cuthbertson and Orr (1941)

The results of the tests (Table V) showed that the average
ultimate bending stress tn the kitten bones was greater in the
bone from the denervated Iimb 1n the ammals 1n which the an
terior (Group 1) and the posterior (Group 2) roots of the spinal

TABIF \

Urriiate Brspina Stress (s’ gv e Lonag Bowves
or it Hisn T1us oF RITTENS AnD Rats

(Data from Cullespre 1904)
Average Ultimate Stress

Ra

nmamal Denertated Normal I)tnermlrz’l’g(l s a’m“n"armal
Ritten

Group 1 38960 37960 34100-13300 0040000

Croup 2 38900 37933 3110034900 g?’(s)UO-IEDOO

Croup 3 38187 448,0 3130011800 4130047600
Rat 27092 3183> 18400-33300 25200-35900

1ntmal Stress Greater on €¢ Duifference S‘?:;l;;i‘;tsﬁe
l\l((lt(ll

roup 1 Deneryated Side 28

Group 2 Denervated Side 23 ‘Qg: g:gn:pc:m:

Group 3 Normal Side H9o Slgmﬁcg:ntlmn
Rat Normal Side 144

Sigmificant
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was partially or completely parnly zed by sectionmg of the brachial
plexus, 1n seven experiments a flail jont was produced by m
cision of the proximal end of the humerus, and m four expert
ments the foreleg was fived in plaster of Paris The length of an
experment varied from a few days to almost 1 year (314 days)
At the completion of an experiment the bones from the used
and nonused limbs were compared by x ray exammation, meas
urement, weights chemical composition, breaking strength and
extreme fiber stress

The breaking strength was determined by placing the bone on
two supports 25 mm apart, and Ioading 1t to falure at the md
pomt between the supports Whole metacarpal bones from the
used and nonused lmb of an adult dog mn which the left fore
leg had been paralyzed for 113 days by section of the brachial
plexus were compared The weight necessary to break the sec
ond third fourth and fifth metacarpals was 21200 24000 21300
and 18000 gms respectively, for the used Iimb, and 7100, 7000
6000 and 9000 gms respectively for the nonused limb

In order to determme whether the decreased strength of the
mtact bones from the paralyzed limb wns because of reduction
m the form and dimensions of the bones or because of mtrinsic
changes m the bone matrix rectangular picces of bone from the
humeral cortex were tested The width and thichness of the
pieces at the fracture point were measured with micrometer calt
pers and the extreme fiber stress computed by substituting these
values m the formula used for calculating sumlar stress m rect
angular beams supported at the ends and loaded 1n the middle
Lattle difference was found i the extreme fiber stress from the
two types of bone the piece from the used humerus having a
stress of 12000 gms/mm” while that from the nonused bone was
15000 gms/mm

Another study of the effects of disuse on bones was made by
Gillespie (1954) who tested some of the physical properties of
femurs tibias and fibulas from kittens and white rats Twenty
erght Littens, weighmg from 750 to 1200 gms were used In the
first group of ten Lattens the anterior roots of the spnal nerves
mnnervating one hind Iimb were sectioned In 2 second group of
ten hittens the posterior roots of the corresponding spinal nerves
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metatarsals by torsion The methods of testing were the same s
emploved by Bell Cuthbertson and Orr (1911)

The merage bending moment of the fluorotic boncs was 25¢
greater than that of the control bone but the results were not
directly comparble heeawse the hones e une from sheep of dif
ferent ages and breeds These diffieultics did not apply to the
values for breahing strength In bending md by torsion because
these factors arc mdependent of the size and shape of the bone

The breaking or ulimate strength on bending vaned from
24400 to 26300 Ibs/m” 1 the fluorotic fomurs, from 28100 to
32200 lbs/in” 1 the fluorotic metac upals, wnd from 26600 to
31311 Ibs/m™ m the fluorotic metatarsals The range of varation
m the control bones was 16700 to 27000 Ibs/m” for the femurs
20100 to 33000 lbs/in” for the metacupnls and 26000 to 37400
Ibs/in” for the metatarsals The averige breaking strength by
bending was 29000 lbs/in for the affccted bones nd 27300 for
the control bones

The range of varition for breaking strength n torsion was
less than that for bending  Among the fluorotic bones the strength
varied from 8000 to 12000 Ibs/in wlhile the control bones had =
varration of 11800 to 14500 Ibs/in” The 1 erage breaking strength
for the fluorotic and control bones was 10400 and 13000 lbs/in”,
respectively

The fluorotic bones were genernlly igger hetvier and
thicker 1 proportion to length than were the control bones No
appreciable difference from the control bones was found i the
ash content of the fluorotic femur, the actunl values being 69 1%
and 739% respectively  Crystallogriphie studies by < ray of two
fluorotic and one control hone revealed no differences n the
spacing or ortentation of the spectra obtuned The authors pomt
out that on theoretical grounds such disturbances in the spectra
would be unlikely because of the smll amount (1%) of fluorine
n the affected bones The mean value for fluorine was 1027 of
the ash in the ffected bones and 0 028% m the control bones

Bell and Werr attempted to compute the bending moment
and the breaking strength on bending m bones from pigs from
the data given by kich Bethle and Edgmgton (1933), who fed

pure sodium fluoride or rock phosphate contamning fluorine to
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nerves to the hmb had been sectioned In the littens in which
the sectioning of the anterior spinal nerve roots was combmed
with a lumbar sympathectomy (Group 3) the bones from the
normal limb had the gretter average ultimate bending stress
This was n statistically sigmficant difference while that i groups
1 and 2 was not In the rats the wverage ultimate stress m the
bones from the normnl mb was also statistically sigmificantly
greater than that m the bones from the denervated hmb In all
bones from the Littens the average ultimate stress was consider
ably greater than that in the rat bones

Gillespie concluded that the altered changes m the physical
properties mcluding ultimate stress of the bones from the para
lyzed limbs was almost entirely due to decrease m the quantity
of bone resulting from secondary loss of muscle activaty There
was no evidence that vascular changes were mvolved or that
nerves exert any specific trophic influence on bone

The Influence of Healing

The breahing strength of healing fibular fractures in young
healthy adult male rats has been measured by Lindsqy and Howes
(1931) The fractures were surgically produced by cutting the
fibula with scissors The cleaned bones were placed 1n a desicca
tor for 24 hours before testing and then the breaking load deter
mmed by loading the bone like a beam The average load re
quired to break normnl nonfractured fibulas varied from 285 to
580 gms The experiments with the fractured fibulas lasted 45
days at which time the bones were completely healed The av
erage lond necessary to break these bones was 85 gms at the
sixth postoperative day 341 gms at the twenty first postoperative
day 285 gms at the thirtieth postoperative day and 465 gms at
the forty fifth postoperative day

The Effcet of I'luoresis
The breaking strength under bending and torsion of long
bones from four sheep with fluorosis and from four normal ant
mals was determmed by Bell and War (1949) TRight femurs
metacarpals and metatarsals were tested by bending and left
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with dicts Jow m salt calemm and phosphorus The breaking
strength of rit bones s indieated by the bendmg and torsion
moments, mercses with morCiscd ¢ daum mtike up to thout
0367 Cam the diet but gre ter Camntake has no further effect
on bone strength The bro ihing strengeth of it bones 1s deereased
v 2 rachitogeme dict althongh the strength e be mereased
somewhat of the dict as supplomented wath vtamin D However
the strength ¢annot be brought up to that of bones of ammnals
fed on a standard dict Bones with 2 higher ash content haove 2
greater stress at the dwtic It and breaking pot, although the
strun ss very simthir i all bones A tendeney has been noted for
bones from rits on t poor dict with 1low 1sh content to hne 2
Iughcr strun At falure

Gnung rts extricts of mtenor pititary  oestradiol dipro
ponate and parithvroid produeed proportionately lurger and
stronger bones than those of the controls but the reverse was
true of the fomur of rats ginen thyroid hormone with therr food
However the diffcrence n the breahing stress of the bones from
the expenmentil and control anumals was shight

No statistically sigmficant differences were found between
the ulumatc breaking strength of hones of hittens 1 which the
antersor and the posterior roots of the spinal nerves had been
sectioned and Dones from the normal control hmbs However,
the breaking strength of bones from Mittens i which section of
the anterior spmal nerve roots was combined with lumbar sympa
thectomy was significantly Iess than that of the normal control
bones The decrease n the strength of the bones from the para
lyzed himbs 1s probably the result of decrease 1n quantity of hone
from secondary loss of muscle activity rather than from vascular
changes or trophic influence of nerves

Fluormne apparently reduces the breaking strength by bend-
g and torsion of sheep 1nd pig bones However the evidence
1s not entirely clear and the mechanism of the action of fluorme 15
not well understood
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112 pigs These ammals had up to 1 108% of fluorme mn dry fat
free bone which 1s equivalent to 191% of ash The bendmng

2
strength was computed from the formula ?_“;g

7
smallest external diameter of the bone However the values ob
tuned are meaningless because the formula 1s for 4 solid circular
aren rather than 4 ring shaped section such as from a shaft of @
bone

With an mncrease in the percentage of fluorine there was a
steady decrease 1n the breaking strength by bending in the pig
and sheep bones In a presious myestigation Bell, Chambers and
Dawson (loc ait ) found that the breahing strength of rat bones
decreased when the percentage of ash was greatly reduced but
the ash content was nearly the same 1 All the pig bones Evenm
bones with a lugh fluorine content the reduction 1n 1sh content
was too smAll to account for the decrease i breaking strength
Bell and Werr, therefore concluded that the fluorme rather than
the ash content was responsible for the reduction m breaking
strength of the bones

They believe the fact that the bending moment remuned high
until a considerable amount of fluorine was present while the
breakmng strength declned steadily mdicated a compensatory
mechamsm was present This compensation could be effected
erther by an merease 1n the thickness of the cortex or an mcrease
m the thichness of the shaft Kick et ql Phillips ¢t al Peirce
and Bosworth et al cited by Bell and Werr (loc cit ) agree
that fluorotic bones from different anim-ls all exhibit an abnormnl
ncrease 1 thickness of the cortex and shaft The affected sheep
bones were thicker than the control bones The s1me was true 1n
the pig bones Even i severelv fluorotic bones 1n which com
pensation was probably meomplete the breaking strength of the
bone was reduced about one third The pig femur with the great
est fluorne content required approuumately 400 lbs to fracture
it while the weakest sheep femur supported over 500 Ibs before
brealing

where 8 1s the

Summary

Experimental studies with rat and cattle bones show that the
breahing load when the bone 1s tested hike 1 beam 15 decreased
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changed mto hilograms per square millimetcr by multiplying by
0000703 Tensile Stress and Stran

The first sigmficnt expcrmental mestigition of the tensile
strength of human bone was made by Wertheim (1847) who
attempted to detcrmme the strength of intact human fibuls
under direct tenston  However, hie had no satisfactory method
of holding the bone nd found that 1 lond of 140 Lg pulled the
condyles 2w from the compacta with only shght clongation or
strun in the shaft He therefore, tested Jong thin strught strips
of bone from the compacta of femurs and fibulas of fresh eadavers
of indunrduals from one to 74 vears of age Each specimen was
subjected to tensile loads up to fulure and ats strun determmed
by measuring with 1 cathetometer, the distance between two ref-
crence marks on the specimen  \Measurements were tihen with
and without lond The cross section wea (mm”) load (hg/mm”),
Iength of the specimen with and without lond and the obsened
and calculated elongation (for one meter of length), 1s well as
other physical preporties were recorded Data were reported
from eight samples of the femur and fibula of two females 21
and 60 years of age and from two males, 30 and 74 years of age
The specimens were tested fresh wath the load applied parallel
with the long axis of the specimen and the tact bone The test-
ng apparatus was not iflustrated nor 1ts accuracy stated

The ultimte tensile strength m the samples from the female
femurs vaned from 9100 Ihs/in" m the 60 yer old individunl to
9770 Ibs/in” 1n the indwvidual 21 yerrs of age The strength of
the fibular samples of the stme mdividuals was 4960 Ibs/mn” and
14590 Ibs/in" respectnvely The samples from the male femurs
hiad a strength of 10380 Ibs/1n” for the 60 year old man and 14930
Ibs/1n” for the one 30 years of age The fibuls of the same md1
s1duals had a strength of 6160 lbs/in” and 21370 lbs/1n? respec-
tely The average strength m the samples from the male and
female mdividuals respectnely was 13210 and 9538 Ibs/in”
No consistent decrease m tensile stren
of the indnviduals was noted

One of the most extensive studies on the physical prope:
of bone was made by Rauber (1876) who detemimed tge t{)cnrstnllis

gth with adyvaneing age
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The Tensile, Compressive and Sheanng
Stiength of Bone

I covrast to the precedimng chapters in which stress and strun
m mtact bones were discussed the present and followmg chap
ter deal with the same phenomena m bony tissue These phe
nomena are studied by preparing samples or spectmens of stand
ardized size and determining therr stress strain charactenistics
by the same methods employed by engmeers for evaluating sim
1lar properties of structural materinls Factors influencing the
stress stram values obtained are the nmount of moisture 1n the
sample whether the simple was from embalmed or unembalmed,
compact or spongy bone the shape and cross section area of
the sample the direction of application of the force with respect
to the axis of the bone from which the sample was obtuned or
the aus of the collagen fibers of the sample, and biological fac
tors such s the age state of health and possibly sex and race of
the indwvidual from whom the samples were taken
The strun and the ultimate strength of the samples are the
phy sical properties usually determmed by a test the ultimate umt
stress bemg computed later However when the sample 1s tested
to fulure the ultimate umt strength 1e the load per unit area
at which faillure occurred 1s equivalent to the ultimate umit
stress In conformity with common engineermg practice the term
strength will be used 1n the following discussion nstead of
stress  although the two may be considered as synonymous
Most of the studies on stress and strain 1n bony tissue have been
made by Europeans who report their stress values m terms of
Jalograms per square millimeter English and American workers
compute stress m terms of pounds per square inch Kilograms
per square millimeter can be comverted into pounds per square
inch by multiplymg by 1422 Pounds per square inch can be
(1761
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changed mto hilograms per squ e nilhmcter by multiph ing by
0 000703 Tensile Stress and Stram
The first sigmificant expernmental myestig ition of the tonsile
strength of human bone w1s made by Wertheim (1647), who
attempted to determine the strength of ntact human fibuls
under direct tension  However, hie had no satisfactors method
of holding the bone and found that 2 Joad of 110 kg pulled the
condiJes w1y from the compacta with only shight elongation or
strun m the shaft He therefore tested long thin strught strips
of bone from the compacta of fomurs and fibulas of fresh evdavers
of mdudunls from one to 74 yews of e Each spceimen was
subjected to tenstle loads up to fulure and ats strun determined
by measuring with 1 eathetometer, the distanee between two ref-
erence marks on the specimen  Measurements were tihen with
and without load The cross section aren (mm?), load (Lg/mm”),
length of the specimen with and without Joad, and the observed
and caleulted elongation (for one meter of length), as well as
other physical preporties were recorded Data were reported
from eight samples of the femur and fibula of two females 21
and 60 years of age and from two males, 30 and 74 years of age
The specimens were tested fresh wath the Joad applicd parallel
with the long axis of the specimen and the mtact bone The test
g apparatus was not llustrated nor 1ts 1ccuracy stated
The ulumate tensile strength m the sumples from the female
femurs varied from 9100 lbs/in” in the 60 vear old mdnidual to
9770 1bs/m? n the mdnidual 21 years of age The strength of
the fibular simples of the sxme mdsvidunls was 4960 1bs/in” wnd
14390 Ibs/m  respectwely The samples from the male femurs
had a ftrength of 10350 Ibs/1n” for the 60 year old mmn and 14930
Ibs/m” for the one 30 years of age The fibuls of the same mdi
: :xdeulals’ll‘llad a strength of 6160 Ibs/in” and 21370 lbs/in", respec-
e ;'Ie ’ ::l l?:;:;};e strength 1 the symples from the male md
No conarin dccsr, respectively, was 13210 and 9538 Ibs/m”
ease m tensile strength with advancing age
of the ndwviduals was notcd
o bg;l:: :;ﬂrlsatlnost extensive stuches on the physieal properties
© by Rauber (1876) who determined the tensile,
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compressive, shearmg bending and torsion strength of samples
of compact bone from the muddle of the shaft of the human hu
merus, femur, and tibia, as well as tibias from an ox a calf, a
domestic hog and a wild hog Additional tests were made on
samples of spongy bone from human lumbar vertebrae a femur,
and a tibra The human material was obtamed from male indi
viduals 28, 30 33, 40, and 70 ye s of age and from one female
56 years of age

Most of the samples were tested 1n the fresh condition after
being warmed 1 water at 1 temperature of 38 C, but a few,
dried 1t a room temperature of 15-25 C, were lso studied The
ultimate tensile strength was determined for 30 femoral erght
tib1l and 11 humeral symples The samples were tested under
durect tension with the direction of the force parallel with the
long axis of the mtact bone 1nd the collagen fibers The samples
had a central reduced area 3 cm long with a cross section area
of § mm?

Rauber recorded the fracturing load for ench sample and the
average ultimate tensile strength (kg/mm ) for all the samples
from each bone However he did not compute the ultunate ten
sile strength for each sample This has been done by the author,
usmg Raubers data for fracturing load m order to determme
the range of varation mn the ultimate strength among the samples
from a single bone s well as 1mong samples from different bones

The average ultimte tensile strength and range of varrtion
of the human materal according to bone, was 14560 Ibs/m
(8880 18670) for the humeral samples 17640 lbs/in (15110
24170) for the tibial samples and 12850 Ibs/in> (8170 18840)
for the femoral samples The humeral samples from the man 30
years of age had the greatest average strength (15780 Ibs/n”),
while those from the man 28 years of age had the least (13150
Ibs/in } The tibial samples were all from the man 30 years of
age The femoral samples with the Ighest average strength
(15860 Ibs/m ) were from the same man while the weahest
(9020 Ibs/m”) were from the woman 56 years of age The sx
dry femoral samples from the man 28 years of age had an average
strength of 16460 Ibs/in” (14220 18670)

Another extensie mmvestigation of the strength and other
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physical praperties of bone wis Hulsens (1896), who also de

termmed the ulimate tensite strength of hus samples under direct
tensson 1 thesr lang an Light fresh somples (four from the
humerus and four fram the thn) of m wult mn and ten dry
samples (four from the humerus of the stme man and six from
the femur of amother) were tested  Additional tests were made
on samples from the femur of 1 ox 1 clf, wd a wolf, md 1 b
of an o Al these samples were cut parallel with the long axis
of the mtact bone but five others, cut transverse to the long as,
were tihen from a fresh ox bt S decalesfied sunples three
parallel with and three transverse to the long axs of 4n ox tibin
were tested The samples hnd a reduced center section with 2
cross section area of 6 or 9mm™ Tensile fulure generalls occurred
at a point ¥z the length of the sample and the decaleified samples
sphit wnto slvers  An Amsler Testing Machie of unstated accur

acy was used

The average tensile strength for the human matenal was
15000 ths/im” (13350 16280) for the fresh humeral samples and
15550 s/ {14830 17480) for the ary samples from the same
bone The fresh tibial samples had an average tensile strength of
15040 Tbs/in™ (12880 16250) and the dry femoril simples n
average of 18850 lhs/m (14260 21720)

The ultimate tensile strength of 11 smples from the femoral
shaft of ten embalmed cadisers was determined by Carothers
Sruth and Calabniss (1849) The average age of the mndividunls
whase hones were tested was 51 (3073) but the ge and sex
of the mndnduals according to samples, were not recorded There
was an equal number of whites and Negroes but fise tmes as
many men as women  None of the indi iduals died from musculo-
skelctal disease

The samples had a cross section wen varyng from 00179 to
00194 1 and were tested to fatdure under tension m the fong
awns of the fibers A 600 b capaeity hand opcrited Amsler Test
mg \ichwe was used The loading speed was ~bowt 100 1bs/
minute The ultimate tensile strength vared from 16600 to 31500
s/ with an average of 22000 Ibs/in

In a mare extensne study Evans and Lebow {1931) deter-
mined the ultimate tensile strength and per cent elongation
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(stramn) under tension, as well 1s other physical properties of
242 samples of compact bone from the shaft of 12 femurs (6
paws) An attempt to determme regional yariation 1n the physi
'cal properties within a single bone was made by cutting samples
(of 2 stndardized size from the anterior, posterior medial, and
'lateral quadrants of the proximal mddle, and distal thirds of the
shaft The mfluence of moisture on the physical properties was
mvestigated m each bone by 1 comparatwve study of the same
physical properties n wet and dry samples from each regon
of the bone One sample from each region was «ur dried at room
temperature and tested dry, while the mmmediately adjacent
sample was kept i water and tested wet All samples had a re
duced area 1 25 mnches long and a cross section area of 00135 in
The femurs used mn the study came from embalmed bodies of
white males varying from 47 to 81 years of age None of them
had died from a primary bone disease
The ultimate tensile strength (stress) of the samples was de
termmed under direct tension 1 the long axis by loading them
to failure 1 a 5000 Ib capacity Riehle Testing Machme calibrated
to an accuracy of = 1% The low range scale of the machme
(0 250 Ibs ) was used so that the loid applied was registered m
units of 05 lbs
The stram occurring 1n a sample durmg 2 test was measured,
m units of 00001 imches by 2 Porter Lipp extensometer over a
gage length of one inch The magnitude of the stramn was re
ported mn percentage elongation which the simple underwent
during a test If the fracture occurred outside of the gage marks
of the extensometer the test was not used
The results of the tests showed that wr drymg increased the
werage ultimate tensile strength of the samples but decreised
the stramn or percentage elongation The wet symples from the
mddle third of the shaft were the strongest (12070 lbs/in )
while those from the proximal third were the weakest (11260
Ibs/in ) The wet samples from the middle third of the femoral
shaft also exhubited the greatest stram or elongation (127%)
while the samples from the distal third had the least (1 15%)
With respect to quadrants the wet samples from the lateral quad
rant were the strongest (12120 Ibs/m") while those from the
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ntenor quadrant were the wetkest (11370 Ihs/m™) The greatest
percentage clongation occurred m the wet simples from the
medial (1357) and Iteral (134%) quadents while the posterior
quadrant samples had the least clongation (106%) The differ-
ences between the maumum and nummum values were 7% for
wlimate tensile strength and 10% for strun, considered by tlueds,
and 12% considered by quadrnts The werage uluimate tensile
strength for all wet samples, regurdless of region, was 11840
Tbs/in” while the strn or elongation was 120%

The authors considered the results from the wet samples were
the more sigmficant and 1 closer approximation to the true values
for the tensile strength and strun of Ining bone  An attempt was
made to determme the moisture content of compact bone by
oven drying at 1 temperature of 103 C, all the samples from
the femur of a wiite male 78 years of age When 2 constant
weight was obtaned after prolonged drying 1t was found that

Comparnson of tensile stress strain curves
for WET ond DRY bone somples
from the human femur
Sample cross-section 150 X 090 inches
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the samples had decrensed 12% n weight becwse of moisture
loss

As far as the author 1s aware, Evans and Lebow (loc ot )
are the only mnvestigators who have studied the nfluence of
moisture upon the energy absorbing capacity of bone Stress
strain curves (T'igure 38) of dry and wet samples of stindardized
size from the same region of 1 single bone clearly demonstrated
the greater energy absorbmg capacity of the wet sample 1s ewt
denced by the greater size of the shaded area beneath 1ts stress
strun curve The magmtude of the energy (i lbs/mn®) each
sample absorbed to failure can be determmed by measuring with
a plinmmeter the shaded aren below the stress stram curve The
total energy absorbed to faillure by Il the wet samples from the
femur of a white male 78 years of age amounted to 836 mn Ibs/
in® wlhile the dry samples from the sime bone absorbed only
698 1n Ibs/m?®

The same myestigators were also the first to demonstrate that
the strain or percentage elongation oceurning m a sample under
drrect tension 15 directly proportional to its energy absorbing
capacity This was shown by the
straight line obtamed (Figure
39) when the percentge elonga Jaol-
tion of wet and dry samples from 130
the left femur of 1 white male 120l
78 years of age were plotted
agamst the energy (in lbs/in?)
they absorbed to failure The less
steep slope of the Iine for the wet
samples mndicates therr greater
energy absorbing capacity

According to Best and Tay lor

¥ efongaton of

(1950) water constitutes about 30 femoral compacta
95% of bone werght thus increas 20 In tensan
mg the energy «bsorbing ca
pacity of ning bone The greater
energy absorbmg capacity of wet o 0 (pom Eyans and Le
bone 1s of extreme 1mportance oy j Appl Physol 8 1951)
m traumatic fractures most of

Energy absorbed
10 taiturs
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which amse from blows or mpacts and e energy problems
Conscquentl, the abihty of 7 bone to absorb 1 considerable
amount of energy nd to undergo marked deformtion withont
breaking are safets factors

In a second paper Eyans and Lebow (1952) used the same
methods m studying varations m the ulimate tensile strength
of the femur, iy and fibula from the same indnvidaals The
bones were obtancd from the embalmed body of 1 white male
36 years of age wother 47 years of age and 1 Negro mnle 72
years of age They were sclccted a5 representing 2 young middle
aged nd n old mwn The bones from both legs were used The
total number of samples tested was 115 from the femurs, 109
from the bibis and 25 from the fibulxs  All the samples were
tested wet The actual values for strength were not stated the
results of the tests being graphically represented by huistograms

The average ultimate tensile strength m 7l three long bones
of the lower imb was greatest n the spectmens from the middle
third of the shaft The lowest strength among the femoral spect
mens was m the proximal and distal thirds which were approu
mately equal The specimens from the prosumal third of the tiba
and the distal third of the fibulr had the lowcst ultimate strength
With respect to the entire bone the tthinl spccimens exhibited
the Tughest and the femoral specimens the lowest awerage
strength The average elongation or strun was greatest m the
proximal third of the femur and fibula and the muddle third of
the tibia The least elongation occurred n samples from the distal
third of the femur and fibula and mn the prosimal thurd of the
femur  Considered as « whale the fibular stmples showed the
greatest and the femoral samples the le st 1 erage elongation or
stramn

One of the most interesting findings was the high tensde
strength exiubited by the fibulh which per umit arer, exceeded
that of the femur Another important pomt was the demonstra
tion that the strength of the shaft of the three long bones of the
lower hmb showed considerable vartation This 1s 2 factor that
might have cimeal importance with respect to the selection of
bones from which to tale specimens for grafting

The ultimate tensile strength and other physical properties
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of human compact bone have also been nvestigated by Dempster
and Liddicoat (1932) Their study was based upon samples ob
tamed from cleaned and dried adult macerated preparations
Samples from 13 femurs ten tibias, and five humer were tested
No data were available on the age sex, race or method of preser
vation of the bodies from which the bones were taken None of
the bones showed obvious pathology

Two types of tension samples, spindles and rectangular prisms,
five to six inches long approximately % of in inch thick and with
a two inch reduced area having a cross section of 002 to 003
m” were used The samples were taken from the middle third
of the bones generally the anterior aspect Test samples were
considered as dry or as wet, after soaking for 24 hours m
water The only fresh simples were from a middle aged male
which had been refngerated for some days The samples were
tested under direct tenston mn the long 1us of the bone Several
types of testing machines all calibrated to an accuracy of * 1%
were used Generally the loading speed was 2bout 400 Ibs/mmn

The stram occurring m the samples was measured with
Porter-Lipp Huggenberger or Tuchermann extensometers fixed
along a standard gage length m the reduced area of the samples
Two extensometers one on each side of the sample compensated
for possible eccentricities in loading and gave more consistent
records than those obtwuned from a single extensometer How
ever both one and two extensometer records were obtamed

Dempster and Liddicoat found that the ultimate tensile
strength and stress of the 14 wet specimens was 11428 = 1540
Ibs/in” The corresponding v-lue for the 11 dry spectmens was
17090 -+ 3940 lbs/m  One of ther hgures summarizing the
data of previous mvestigators shows that the ultimate tensile
strength and stress of wet bone 15 3000 to 5000 lbs/m less than
that of dry bone

Data obtamned from the extensometers applied to the spect
mens dunng the tests were used in determming the modulus of
elasticaty of the specimens and for plotting stress strain curves
The stress strain for wet and dry compict bone under tension
(Figure 401) was similar to those previously illustrated by Evans
and Lebow (Figure 38)
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Tigure 40 Stress strun cunves for human compact bone  (From the

ongmnal Figure 1 Dempster and Liddicoat Am ] Anat 91336

1952) A = proportional it \ = breahing pomt O A = slope
of perfectly elastic ringe A % = rnge of plistic deformation

The stress stram relationstups of bony materal under tension
have been mvestigated by several mdividuals Wertheim (loc
ctt ) concluded that bone followed the lnw of proportionility to
weight as do organic bodies and wood Thus plotting weight
(stress) aganst elongation (strun) gave a strught line  Soft
tissues 1n thewr natural state of humidity did not behave this
way their stress strun curve approaching a hyperbole The
direct relation of stress nd strain was especinlly marked when
the bone had previously been well dried In fresh bone the co
efficient of elasticity incrensed hittle with load and the elongations
did not mcrease strictly with load but showed a less directly pro
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of human compnct bone have iso been investigated by Dempster
and Liddicoat (1952) Their study was based upon samples ob
tamed from cleaned and dned ~dult macerated preparitions
Samples from 13 femurs ten tibias, and five humer were tested
No dat1 were watlable on the age, sex rice or method of preser
vation of the bodies from which the bones were tahen None of
the bones showed obvious pathology

Two types of tension samples, spindles and rectangular prisms
five to sxx mches long pprovimately % of mn mch thick, and with
a two mch reduced 1rea having ~ cross section of 002 to 003
m were used The samples were taken from the mddle thid
of the bones generally the antertor aspect Test samples were
considered as dry or as wet after soahing for 24 hours m
water The only fresh samples were from 1 middle 1ged male
which had been refrigerated for some days The samples were
tested under direct tension 1n the long s of the bone Several
types of testmg machines all calibrated to an accuracy of = 1%
were used Generally the loading speed was about 400 Ibs/mm

The strain occurring m the samples was mensured with
Porter Lipp Huggenberger or Tuchermann extensometers fixed
along a standwrd gage length m the reduced area of the samples
Two extensometers one on each side of the sample compensated
for possible eccentrictties m londing and gave more consistent
records than those obtamed from  single extensometer How
ever both one and two extensometer records were obtained

Dempster and Liddicoat found that the ultimate tensile
strength and stress of the 14 wet specimens was 11428 =+ 1540
Ibs/im  The corresponding value for the 11 dry specimens was
17090 + 3940 lbs/m”> One of therr figures summanzing the
data of previous nvestigators shows that the ulumate tensile
strength and stress of wet bone 1s 3000 to 5000 Ibs/in Jess than
that of dry bone

Data obtamed from the extensometers applied to the spect
mens during the tests were used m determiming the modulus of
elsticity of the specimens and for plotting stress strun curves
The stress stran for wet and dry compact bone under tension
(Figure 401) was similr to those previously illustrated by Lyvans
and Lebow (Figure 38)
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TARIT V1

Avpnace Lernare Teasir Stusemn (Ens/IN?) oF Bt
Courser Bost Losoen in T Direrion o T Lova Axis

Bone Author

Humerus  Rauber 1876
Hulwn 187

Femur Wrtheun
1847

Rauber 1876

Hul~en 1896
Chrothers

Smith&
Calabrist 1949

Frans t
Lebow 1901

Tvans
{unpublished)

Titna Rauber 1876
Hulsen 1896

vans
(unpublished)

Fibula Wertheim
1847

Lians
(unpublished)

Notstated Dempster &
Y1ddicoat
1902

Sex
Male

Malc
Male

Malc
Temale
Male
Female
Male
Male

?

Male
\Male

Female

Male
Male
Male

Male

?

Vo o
\nmpf{v

11

121
121
58

Condition
of Sample

Dry un
balmed

Frosh
Tresh

Inh
Fresh

Dry un
eanImcd
Dry un
embalmed
D
embalmed
Wet
embalmed
Dry
embalmed
Wet
embalmed
Fresh

1 resh
Wet un
embalmed
Tresh
Iresh
Wet un
cembalmed

Dry

Wet

Ultimale Tennle
Strength

14560 (8880-186.,0)

1,000 (133%0-16250)
55,0 (115:0-17450)

126,0 (10350-11930)
013, (9100-9770)
138,0 (9210-18810)
9020 (8170-09.0)
16360 (14220-18670)
16800 (14260-21720)

22000 (16600-31500)

11840 (6990-15500)
15330 (8740-21510)
11250 (3640-18130)
17640 (15110-24170)
15040 (12880-162,0)
13159 (5199-21300)
13765 (6160-21370)
9640 (4692-14503)
14640 (8820~10890)
17090 £ 3940

1142841540

The average ultimate tensile strength regardless of source
obtained by various mvestigators ( Table VI) varied from 9020 -
16850 lbs/in for dry un
embalmed bone, 11250 11840 lbs/m" for wet embalmed bone
and 15330 22000 lbs/n” for dry embalmed bone Dempster and
Liddicoat (loc et ) reported 11070 = 3940 and 11428 = 1540
Ibs/m” for dry and wet bone respectively However they did
not state whether or not the bone w1s embalmed Al my estign

15040 lbs/in for fresh bone 15550
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portional relation Wertheim accounted for this difference on
the basis of the moisture 1n the fresh bone

Wertherm s conclusions are verified by the stress stram curves
llustrated by Evans and Lebow (Figure 38) and Dempster and
Liddicoat (Figure 40) Both teams of investigators found that
the stress stram curve for dry bone n tension 1s essentially a
strught hine to falure but that for wet bone deviates from a
straight Ime as the rupture pomnt 1s approiched In comparmng
statements made by different mvestigators regwding the be
havior of bony tissue under tension one must know whether the
specumen was tested to the elastic mut, the proportional hmit
or the ultimite hmit each of which 15 a point on the stress stramn
curve The clastic hmit 1s the pont up to wiich the specimen
will return to 1its origmal dimenstons when the load 1s removed
The proportional Iimut mdicates the pomnt up to which strun or
deformation 1s dwectly proportional to load, 1e, the straght
Iime portion of the stress strun curve The ultimate it 1s the
pomt at which the maimum stress 15 reached The evact place
of each of these points on the stress strun curve vares with the
maternil being analyzed nd m some mnstances two pomts may
comcrde

Evans and Lebow (1951) for example found that the tensile
stress stram curve for dry bone (Figure 38) 1s a strmght lne to
failure which means that the proportional imit and the ultimate
It were the sxme However the stress stramn curve for bone
under tenswon 1illustrated by Dempster and Liddicoat (Figure
40a) shows a shght deviation from a straight hine before failure
occurs The pomt (A) at which the curve starts to deviate from
a straight hine marks the proportional lmit of the simple Up to
this pomnt stram (elongation) was proportional to stress (load)
but beyond this pont stram increased more raipidly than stress
In addition the stram or deformation beyond the proportional
Iimit was permanent te the bone did not return to 1ts original
dimensions after removal of the load The load or stress at which
the proportlonal Lt was reached was about half the breaking
load or stress Dempster and Liddicont also found that the strun
or deformation produced by a grven stress (lord) was greater i
wet than m dry bone
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TABIT AL

Averacr Liotare Tessirry Stresar (Eps/INY) or Husras
Comrser Bont Loasio s T Dimrcrion of i1 Lasa Axie

Bone Author Sex

flumerus  Rauber 1876 \Male
Hulwn 1896 \{n}n
ale

Femur Wertheim \ale
1817 cemale

Rauber 1876 Malc
1 cmale

Male
Hulsen 1896 Malc

Carothers ?
Smuth &
Calabri 1 1919
Fyans& Male
Lebow 1901
Male
Ivans Fumale
(unpublished)
Tibna Rauber 1876  \ale
Hulsen 1896 Male
Frvans Male
(unpublished)
Fibula Wertham Male
1847
Female
Evans \Male
(unpubl: hed)
Notstatcd Demp terd ?

Liddicoat
’ ?

No of
Samples

1
4
4

(X1

Condition
of Samyle

Inh
Fre<h
Dry un
baftned

Fresh
Frch

o h
Fre h
Dry un
¢mbalmed
Ur{ un
embalmed
l)ri
embalmed
Net
embalmed
ry
embalmed
Wet
embalmed
Fresh
1 resh
Vet un
embalmed
Tresh
Tresh
Wet un
embalmed

Dry

Wet

Ultimale Tennle
Strengt

11,60 (8580-186.,0)

15000 (13350-162%0)
1500 (115.,0-17480)

126.,0 (10380-14930)
913, (9100-9770)
1380 (9210-18530)
9020 (8170-99,0)
16460 (14220-18670)
16800 (14260-21720)
22000 (16600-31500}

11810 (6920-10000)
15330 (8740-21510)
11220 (3610-18130)
17610 (10110-21170)
15010 (12880-16220)
13159 (2199-21300)
13765 (6160-21370)
9640 (4692-14503)
14610 (8820-19890)
170003940

11428+ 1540

The average ulimate tensile strength regardless of source,
obtamed by various mvestigators ( Table VI) varied from 9020 -
15040 Ibs/m for fresh bone 15550 16850 lbs/mn” for dry un
embalmed hone, 11250 11840 lbs/in” for wet embalmed bone,
and 15330 22000 Ibs/in for dry embalmed bone Dempster and
Liddicoat (loc cit ) reported 11070 = 3940 and 11428 = 1540
ibs/in” for dry and wet bone respectively However they did
not state whether or not the bone was embalmed  All 1y estiga
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tors who studied the influence of moisture found that drying m
crensed the ultimate tensile strength of bone

Another factor to be considered m comparing the results van

ous authors give for ultimate tensile strength 1s whether or not
therr ssmples were from unembalmed or embalmed bone Cal:
brist and Smuth (1951) reported that embalming reduces the
compressive strength of fresh bone by 13%, but the author knows
of no similar study on the mfluence of embalming on the tensile
strength of bone However the average ultimate tensile strength
of wet embalmed bone s reported by different authors (Table
VI) 1s usually considerably less than that for fresh bone

Rauber (loc cit ) found a decrease m the average tensile
strength of bone with the mereasing age of the mdividual from
whom the samples were obtaned but Wertheim (loc cit ) and
Evans and Lebow (1951) reported no consistent relation between
the age of the indnidual and strength of bone The latter two
authors also found no sigmficant difference between the average
ultimate tensile strength of right and left femurs but most authors
did not designate the side of the body from which their samples
were obtamed Among the long bones of the lower limb the tibia
1s the strongest per umt aret the fibula 15 intermedinte, and the
femur 15 weakest

Relatively few samples of female bone have been tested but
they are generally weaker per unit are than those of males
From the figures given by Wertheim (Joc cit ) and by Rauber
(loc ait ) the author computed that fresh compact bone from
male femurs has 1 werage ulumate tensile strength 34% and
54% respectively greater than that from female femurs How-
ever, the average tensile strength of stmples from wet embalmed
male femurs (data from Evans and Lebow, 1951) 1s only 5%
greater than similar samples from female femurs (data from
Evans unpublished)

Werthemm (loc cit ) made some mcasurements of the strain
or elongation occurring 1n hus samples under drect tension but
the stram w15 not determmed 1t the fracture load  Consequently,
lus results cannot be compred with those reported by Evans
and Lebow (1951)

Comparison of the werage ultimate tensile strength of hu



189

The Tenule Compressue and Sheanng Strength of Bone

(0015-05G) 08¢ 1
(0152053) 095

(011 1-01011) O%TL
{0°0s1-0L9° 1) OL29}

{0 L210ES) OVUTL
(OUOIS-0L00) 02921
WEL1ZOITH D) LYY

(O 2100081} 00 T
(G1ZT1-00601) O5H1T
(e 1-0cet 1 oLty
yibuzip
o UL RN

ouoq Jo
SIL MBI,
oo Jo st Huorp
Ao Jo

[TINER NELTNTIE
U0 JO SINL JUU|

woq Jo st duorp
o Jo st duery
e Jo it Juory
ouu Jurit Huerp
auo Jo s uer g

DUOC J0RIAL uo §
duod| o s Juwry
o Jo siag Juorg

Bupowy fo
ot

PoupaQLa(
gL

_— K
qu
qory
| ouq
oy

g
§ouy

e DO W O

{E::}\c Caz:.u
uoipuo)y .\: oy

Y
*0
MO
>0
did ppray
Fid onysowo(
»o
Y
0
Jow
)
0
oy

9681 u~nH

OL8T JqnEY

9081 W ]
doiny

INOE[ IIVIROY VU 10 GA[/BH [} HEINJRIG JHSNTE, JIYNILI VUL

A 1IEVL

iy,

anwa§

anog



Stress and Stramn in Bones

150

00L12-0060T)

(00982-0080)

0059£-0°013)
(08502-08921)
{00192-099€2)
(0665E~0EE18)
(058F3-09191)

{00UST-E8ITT)
(ee912-0 811}

(00z1£-£8592)
(09198-01123)
(0F292-04103)
{09162-0088¢)

{0° 081-0%2FT)
(0£602-05981)
(899L2-08F91)

yuaig

orgee
000eT

003Fg

00185
01662
0ge81
o1erg
00692
08502

05991
91691

2438G
0206z
09¥88
08003

09091
01161
0Z8L1

anssauduio]

820qy JO UOLaAN(T
S13q1J JO WO TP
03 njoipwdiag

$334Y Jo UoRAP
o} dvjrpuadisag

S1qy Jo uotdanp
o3 Iufratpund e g

auoq Jo st Suop

oueq Jo SNG Juoy
Juoq Jo st Juop
0} 1] puddsa ]
0q Jo S Juo
uoq Jo sn Juo

2U0q JO SN [LuISuL ],
Quog JO SINE [LIpbY[

uoq Jo SNE Fuo

ouoq Jo SN\ Juo [
Buoq §0 sty Buop
03 r[nipudidg
ouoq Jo S uoy

auoq JO SIVL Buoy
0} avha1puadiag
7104 Jo SINE Juo]
ouoq jostxu Juo |

paof fo
wosIq

(godsg)
JapwgAd

NO[[OF]
oorg

(g@odsy)
Japur $2

1Jets ooy w
3001y
Ry

agny

w0
opdi Emw

powequzy
Qg

uq

g
g
g
o
Yed1g
g
A
Qg
qourq

st
® 21

uqg

Qg

qsd1g
aplwng fo
uorpuo)

NN B m Mo RS 8 m -

9
g
€1

sadung
Jo oy

W
I
I

n
n
n

g

LEGT BHALB)
3 prug
a1 %Y

96ST U2 [y

9281 4quyp

2ool
woppi |
3y 1psdung

GOST UL

9L8T FqnuLy
gy

aNog] LOVAR0)) NYRAJ] 40 (N[, $€ [) HIONTULG TAISSTUINOD JLVIHNLLI[) TOYEIAY

IIIA TV L

anwa

snIawniy

ouog



191

The Tenwle, Compresure and Sheanng Strength of Bone

Accn:ué f:

(O01L5-00113)

(00T (S-00003}
(0L1TE-00998)

(0006 1-0ut 1)
(0919309983}
(012 202238
(0815003 1)
(L00L-ENELL)
@ 1E£-£1822)

(009 -000LT)

(0001£-00£03)
yibusy

00ES
005 &
01058

02803
0L

00153

00105

e

09263

016l

[ (0

susssuduin )

(erod€r)

RIH|Y JO VORI 1opurjAd
opanpnopuodia [ woyorr

purf s

anyin

K1Y JO U012 WKL Piloy

SIH]1] JO U0 ML
U JO UOTRINC .
£3q) Jo nondat(g

(godsy)
1opuIf
sy Jo uonMq wo[lof]
(\ od€1)
1Yuips o—c.,%s
1] JO uOHIMNC Jo ey
(AT
purf A
£12Y Jo uonA([ woy[off
ouo Jo szt Juorf Ny
0 Jo s fuo|
o apjopuxd wny
kg Jo vy Suerf wny
ouot} Josizs Juwr] xny
uex| Josn [Lrpuadut I, Ny
W JO R UL aqn)
2uot] Jo e Jue| Ny
S0y JO UOHS (]
w131} JO uond ML
SIH|Y JO BT T
AT
._w—::_ ]
810y JO UL ML wo[jo
o | fo wao
:m:tm.:Q opltany

180¢] 1OV IROD AVIVI[] 40 (A[/50 [) HIONTULY {155 SMIR0D ILVIILIf] TIVEILY

£1a

521
pour[equy
o221
powLquiy

arg

powpLquig

powpquiy
=911

powpnqu
y arg
powpuqua |

a1 ]

opdavy jo
upyIpUe)

(p1uod) TIIY 1TUVL

e

Qetr Ham oD o

4
wopduny
Jooon

o

Pl NN

n

v
n

SR e o

23
g

0F6I SUGE[E)
P ypwg
SII0IL)

180t sy
P UGERL)

bFOT T HQL[ED
3 qpug
fenaqloan))
9681 U [ME

98T 204N
G0l
JeAppry

v 4 dudg

1801 Yy
3 UqL[L)
anyng

ket

UqLY,

anwuag
suog






191

The Tenule Compresuee and Sheanng Strength of Bone

HOLIL tosD)
OO0 )
wat e ucte )
N UK )

(00ILE (I

(YR
(o ITL o)

Ot Oy I
(e gt
T T RIS
Wy s v )
[RIUNE RS T AN
wr bty I

L T 0L

(ol L)
iUy

o

(LR

({04}
ol

[LRIEA

s asdudr y

St JO Ot I
opduinapda |

S Mgy 0 tona ([
W (1] O s Ui [
W 30 ot g
B2 1]1] O o1 M|

Yy o S0 (]
oy o wnsuq

[NET QLT EN
o o s Huerg
A o st dugg
apashapuda |
o Jostau duer|
u] Jusine 3ucr |
MO ) IR LU L
i) 1 1
WK JO ML (LR
W g s Buery
O UL L
ST R EN T
>y Jo tn g

K]l JO URI MI(]

s
u it

NG LOVIRO ) VR GJ[ 0 (N S DN S ITTRe ) AL ]
tun L

Gy
EXTETEW)
wapogg
Dpuipa
[y
Difosy

(rodey)
dpurag
woyo)|
(v
YurpE om
Jo oy
(f xsy)
dIprITA
WO
TS

nju )
wu)
wh )
nin y
Wiy
ETLY

RS
Dt
ool
w
TS

(P 1y

Lt

Y g
P |
HMI
Pouugu

quy

P

PO |
HMr

pout(uqus |
" M
powjuus |

[
spbuav, Ju
wouny 10 )

R TN

o

sopiavy,
Jo oy

e

1
1N

- RPN

3%
I

oYy

ol 1 gL
3 g
HNJOLL)

1061 qniis
UL )

[T R CN]
3 iy
EYR TN

OUsL ur [

OLs1 X
cuul

nonp |

3 Dy duaf

[ TEEN
3 UL )

anyny

v[Aqr

LqT,

PN
suogf



Stress and Strain in Bones

190

(00LIE-00002) 0°L(T

00088
(00UT-00802)  00ZYT

00188
(00598-04012) 01663
(0g"02~089L1)  08C8T
(00195-009€8) 018"
(0062E-0L61T)  DLLYT
(0651T-09101)  0L¥OT
(00081-€5131) 04791
(€69T2-048IT)  9T69I
(00Z1£-€8598)  LL28C
(09198-01122)  0G06T
(01L0T-0L10T)  0YFET
(09162-00888)  0£06T
{0ros1-02gIT) 09001
(0£002-09081)  OL16T
(8PGLE-0LF01) 03501

YU
anssaudioy

$3041 JO HOTMIT
531 10 UOLRIH
o} xu[notpuddid g

810415 JO HOT P
03 AL harpuddag g

£13]) JO NOUOMIp
o) umarpuadog

Auoq jo s duo [

noq Jo s 9o g
ouB( JO w1 Juop
03 nnarpudn |
o Jo 1w uo
neq Josnu duo |

noq jo s pyuriug,
o JoSINE HIPLIL

U0y JO sV Juo |

uog Joso Gus g
2o Jo st Tuo
oy auupudo
auog Jo sty Jue [

u0¢ JO s1\ Tuo[
o) marpwdo |
Ao jo s Fuo
ot Jo s Tuo |

poo [ fo
2

(g12dAT)
Jopuidd
wojory
[201[

(g od<T)
LopuITad

ALY O[O 1
ooy
Hury

Ay

aqn)

yny
My

oqn y
Banyg

any
wn)

wio |
aplutng

powsjuqus 1
»..Q

g

Qq
aq
Yot

qory

Yuq
ysat [

opduewy fo
upppuDy

w o

—— w

® wm oo

9
Y
€l
s tuvy
Jo oy

n

i
3N

n
"
n

ESN

OFOT L ULy
4 s
swen),

OusT U InEp

4281 Doy

ool
noxppt|
y 1y dunsg

YOS WML

LS T AMIM
anyginy

INOG[ IOV INOD NVNA] 10 (NI ST ) HION (MLF IAISSRIMNO ) ILVNILT[) 10V I8y

A 1I8IVL

anww |

snoangp

Juogy



193

The Tennle, Compressce and Sheanng Strength of Bone

(uoteL-uL W)

(3R {1
Weldd we

WS ARSI D
Wrar T-0ILLY)

Qs e )
Wl Wt )
Unist-tr D)
witee-targ)

Uslhe

[U{Ty
il
e 1T
wrat

ol
uost
OGN
wl
o1l
s

y sy ais
~ailt Jeoniag)

Wew] Jo riry Juop
opavjnuapus g

QUM Ju et S|
woy Jo e due]
ou Jusiae Suof
WU | Josnn Suvg

U ju st Huop
o) asiapu sl g
auo } e Buo]

ixg josiiv Suwrp
U Ju st Suor]
ol ] Justhi Jur)
ouw| Jusnt Juwr]

Burirp
£ wenaaangg

IN0f] SYRIINOY ST (N] »il ) HION ULy nt -
AL TIVL

MYy

oy
ny
)
)

\ny
n)
Hayg
Suryg
Suny|
Bunyg

sduaty,
Jodng

gy

qnq
Y

_Qn"
g

M
oMy
g
NSk
uuy
YoMl

sopduivy jo
uwrIpuY)

-

wenm oo

sopdutvy
FEAN
IR0 JIVALLT] 47vidry

20

Sud pry
Sidony emcﬁcﬁ

Jloay

Sud aysowo([
9

0

ounng

ObST ¥ [N

98T Joqneyf

9081 U IDIE

an gy

TMqLL

wqry,

anwo Y

anog



192 Stress and Strain tn Bones

man comp ict bone (Table VI} with that of similar samples from
the leg bones of other mammals (Table VII) 1s mstructrve
Under a simlar type of loading the samples from the human
femur were weaher than those from the femur of an ox and 2
wolf but stronger than those from a calf femur Rauber found
that the fresh samples from the human tibia were stronger than
those he tested from the tibia of an ox « calf and a domestic
and a wild pig but Hulsen reported that his samples from the
ox tibin were the stronger Humeral and fibular samples from
nonhuman mimmals were not tested Examnation of the tables
also reveals that although the average ultimate tensile strength
of the humn samples may be less than those of other mammals
their range of variation overlaps that of the nonhuman mmmals
studied

As far as the author 1s ware the tensile strength of spongy
bone has not been determined for any amimal The probable rea
son 1s the difficulty of preparing samples that can be held m a
testing machine

Compressive Stress and Stramn of Compact Bone

The ultimate corpressive strength of compact bone of man
and other mammals (Tables VIII and IX) has been mvestigated
by the same authors except for Wertheim (Joc cit ) and Evans
and Lebow (loc cit ) who studied its tensile strength However
the results obtamed by the varous workers are not as directly
comparable with one another as those for tensile strength because
of differences 1 the shape of the test samples and the direction
of loading with respect to the vanous axes of the bone The com
pressive strength of bone 1s also influenced by drying and em
balming

Rauber (1876) found that the average ulimate compressive
strength of fresh cubes loaded 1n the direction of the long ans
of the bone was greatest (23880 lbs/in )} m samples from the
tibia intermediate (22230 Ibs/in ) 1n femoral samples and least
(19820 Ibs/in ) m humeral siumples Drying cubes of unem
balmed humeral bone shightly reduced the compressive strength
under similar loading to 19410 Ibs/in  but increased the com-
pressne strength (26990 Ibs/in") of the femoral samples The
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t0 0000002 m/m The wccuracy of the wire and optical lever strun
gages was 3o md 050 respeetneh

The results obtamed for compressine strength depended on
the direction of loading of the samples The ulimate compressive
strangth for the smgle type A ur dned fomoral sample Toaded
perpendicular to the diseetion of the fibers was 25100 Ihs/in”
Under sumlar Joading the mwerage comprossine strength of threc
air drted type B fomoral samples was 24200 Ihs/m™ (20500 - 25600
Ibs/m ) while 2 single ur dned block from a funur had 2
strength of 23000 Ihs/in™ The ulimate compressne strength of
a simgle ur dned tvpe B fibulr sample subjected to sumilar load
g was 23200 hs/1n”

The strength of samples loaded i the dircetion of therr fibers
was gencrally greder Thus, aght anbilimed but not air dried
tipe B femoral samples hnd an werage ultimate compressise
strength of 25350 Ibs/m  while four sumlar tibnal samples had
an average strength of 27775 lbs/mn™ The ultimate compressive
strength of a single embalmed but not ur dried tvpe A bl
sample was 20400 1bs/m”

The tnfluence of cmbalmmg upon the compressive strength
of compact hone w1s myvestigated by Calabnsi and Smath (1951)
i type B samples from the middle third of amputated femurs
and tiblas Two samplcs, as nearly 1dentical s possible were
machined from cach of seven honcs one member of each par
being tested 1n the frcsh condition while the other was put 1
cmbalmmng fluid for 43 to 50 days before testing Several mma
ture cylindrical samples about 5 inch in diameter and 3s mch
long as well as two tubular (Type B) samples were also tested

It was found that the wverage ulimate compressive strength
of the regular sized fresh and embalmed simples was 27200
Ibs/in and 23300 lbs/in  respectinely The minture samples
had an average compressive strength of 25200 Ibs/in” (18900 -
31300 Ibs/in ) just 4 8% less than that of the two tubular samples
(26000 Ibs/1n )

Calabrisi and Smith therefore concluded that embalming
reduces the compressiv¢ strength of compact bone about 13% and
e of bone Tty Lvesed s s -aun (he compresve

1e vanation i compressive
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compressive strength (17910 Ibs/1n®) of dry tibial cubes loaded
perpendicular to the long ams of the bone was less than that
of sumlar fresh cubes loaded parallel with their long axis

The cubes of compact bone tested by Hulsen (1896) were
generally stronger than Raubers samples Thus the average
compressine strength of fresh humeral cubes, loaded m the
direction of the long axis of the bone was 29030 Ibs/in”, while
sunilarh loaded tibial cubes had a strength of 29760 lbs/mn”
Fresh humeral cubes loaded perpendicular to the Iong auis of
the bone had an average ultimate strength of 23460 Jbs/mn> Fresh
humeral nings loaded parallel with the long axis of the bone had
an average compressie strength of 29020 Ibs/in™ while sumlarly
loaded fresh tibial nngs were shghthy stronger (29760 Ibs/in*)
The average strength of similarly loaded drv femoral nings was
about the same (26910 lbs/m™)

Carothers Smuth, and Calabns1 (loc ¢t ) made 23 compres
sion tests of samples of compact bone from the shaft of 14 fe-
murs eight tibhas and one fibula Eight of the samples were
from femurs which had been air dned for several years while
the remamimng samples were taken from the bones and tested
within a vear after embalming of the body The bones were the
same as those from which the tensile samples had been taken

Three tvpes of samples were tested Tvpe A samples were
preces cut from the muddle third of the shaft with thewr ends
machined flat and parallel to within 0001 inch Because they
were sections from the entire shaft they were cvlinders with walls
of varvmg thickness T\ pe B samples were hollow cvIinders taken
from the middle third of the shaft but machined to have walls
of uniform thickness The dimensions withun a sample were um
form to within 0001 inch The ¢+ linders consisted of smooth com
pact bone with their long aus approuimately parallel with that
of the marrow cavity of the intact bone Tvpe C samples were
checler Iike leaves of compact bone

The samples were tested i hvdraulie testing machmes cah
brated to an accuracy of = 1¥ The deformation or strain occur
rng n a sample during a test was measured with electrical wire
resistance or optical lever strain gages capable of measuring stran
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to 0 000002 m/m The wccuricy of the wirc nd optict fover strum
giges was 37 and 057 rc spectincy

The results obtamed for compressne strength depended on
the direction of loading of the sumples The ulimate compressive
strength for the smgle tvpc A ur dned fumoral sunple Toaded
perpendicular to the direction of the fibers was 25100 Ihs/in”
Under similr Toading, the v crage compressine strength of three
air dried type B femoral samples was 21200 Ihs/in™ (20800 - 25600
Ibs/m") while 1 smgle ur dried block from 2 fonur diad 2
strength of 23000 Ihs/m” The ultimate compressinve strength of
a single ur dncd tvpe B fibulir sample subjeeted to simlar load
mg was 23200 ths/m”

The strength of samples Yoaded m the direction of therr fibers
was generlly greater Thus cight embilmed but not r dried
tipe B funoral sumples Ind wm wverage ultimate compressive
strength of 23350 Ibs/m” while four simlr tinal stmples had
an average strength of 27775 Ibs/in - The ulumate compressic
strength of a single embalmed but not ur dried tspe A tibial
sample w 1s 20400 Ibs/in

The mfluence of cmbalming upon the compressnve strength
of compact bone was mvestigated by Calabrist and Snnth (1951)
m type B samples from the nuddle tlurd of amputated femurs
and tiias Two samples as neuly identicd s possible were
machined from exch of scven bones one member of eich pur
bemng tested m the fresh condition while the other was put in
embalming fluid for 43 to 50 dnys before testing Several minn
ture cylindrical symples about *% meh 1n dirmeter and 2s inch
long as well as two tubular (Type B) samples were 1lso tested

1t was found that the werage ultimate compressive strength
of the regular sized fresh and embalmed samples was 27200
Ibs/in and 23300 lbs/in , respectively  The mmmnture samples
had an average compressne strength of 25200 Ibs/in (18900 -
31300 Ibs/in ) just 4 8% less than that of the two tubular samples
(26000 Ibs/1n )

Calabrist and Smith therefore concluded that embalmmg
reduccs the compressive strength of compact bone about 137 and
St]ra:ngll:lrfh};? samples are switqble for testing the compressi e

ne They believed that the varation n compressty e
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strength, because of embalming was similar to the vanation from
bone to bone, as evidenced by the fact that the average com
pressive strength of the embalmed samples tested n an earher
study (Carothers, Smith and Calabrisi) was about 10% greater
than the embalmed samples tested 1n the second study (Cala
brist and Smith)

The effect of direction of loading on the results obtamned for
compressive strength was clearly demonstrated by Dempster and
Liddicoat (loc cit ) who tested cubes of compact bone by load
tng them m the direction of their long their radial, and ther
tangential axis All samples were from dry embalmed human
humert and femora The ultimate compressive strength was least
(20266 lbs/in ) m the tangentinlly loaded femoral cubes and
greatest (30386 Ibs/m ) in the longitudmally loaded ones The
same was true for the humeral cubes the actual values for the tan
gentially and longitudmally loaded samples bemg 16550 Ibs/mn*
and 28277 Ibs/in respectively

All mvestigators who have compared the ultimate compres
sne strength of wet and dry samples of compact bone found
that the Iatter were the stronger Compact bone also has a greater
compressive strength when loaded parallel with the long axis
of the bone than when loaded perpendicular to the long axis
Dempster and Liddicoat found no significant difference between
the radial and tangential compressive strength Embalming re
duces the compressive strength of compact bone about 13%

The ultimate compressive strength of compact bone 1s con
siderably greater than its tensile strength and according to
Rauber (loc cit ) decreases less with agmg The same author
found that both tensile and compressive strength of compact
bone are decreased by heating The average ulimate compressive
strength and range of variation of compact human bone 1s sim
ilar to that of other mammals Carothers Smuth and Calabrist
(1949) found that embalming increased the stram of itact
femurs of young male ibino rats

Dempster and Liddicoat (loc cif ) are as far as the author
1s aware the only mvestigators who have published the stress
strain curve for wet compact bone under compression (Igure
40b) The curve was a straight lme as far as the proportional
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Emat, hovond wlich it rosambled the tensile stress strafn cme
(Frgures 35 10t) m deviating from 2 strught Time s the fulure
pomt was qpprmch(‘d Comprnison of the stress strun enrvs for
wet and dn compret bone undcr tansion und compresston (1ig
ure 40) shows that drvmg mereses the tensile strength of bone
and that hone 1s considerably stronger i compression than m
tension The ultimate tonsile strength of the wet bone w s shghth
over 10 000 Ibs/m” while the compressine strength of correspond
g bone ws ipprovm tely 16 000 Ihs/m™ The ultimate strum for
wet bone was ipproumatcds 0007 m/inch m tension and 011
m/mel m compression

Compressive Strength of Spongy Bone

Relutnels few studies have been made of the compressive
strength of spongy bone  Rauber (loc et ) reported that the
average compressne strength, tested parallel with the long as
of the hone of four frcsh cubes of spongy bone from the lumbar
vertebrae of adult men was 1190 Ibs/m” (920 1350) Tour stm
tlarly tested fresh cubes from the fumoral condyles of adult
men had an average strength of 1360 Ihs/m (1130 1700)

Hardinge (1949) mvestigited the compressne strength of
spongy bone from the hend nd neck of 94 femurs from em-
balmed dissecting room cadwers I'ive transverse scctions ap
proxumately % mch thick were cut from eich femur and the
strength of the spongy bone determined by measuring i pounds
the force required to crush the bone The crushing was done with
a flat nosed metal punch * mch m diumeter and driven by
constant speed motor The punch had n nccuracy of 02% and
was adjusted to penetrate the bone to a depth of ' inch The
first scction of the bone was through the head and the fifth
through the junction of the head and nech The test specimens
were kept 1n water to muntun 2 constant moisture content
One specimen from section one 13 from sections two three and
four and five from section five of each femur were tested Mens
urcments were made on spectmens from 31 night and 29 left fe
murs of males and from 16 right and 18 left femurs of females

The average age of the males was 609 years and the females
708 years
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strength becausc of embalming was similar to the v anation from
bone to bone 1s evidenced by the fact that the average com
pressive strength of the embalmed samples tested i an earlier
study (Cnarothers Smith and Calabrist) was about 10% greater
than the embalmed samples tested in the second study (Cala
brist and Smith)

The effect of dircction of londing on the results obtamed for
compresstve strength was clearly demonstrated by Dempster and
Liddicoat (loc eit ) who tested cubes of compact bone by load
ing them 1n the direction of therr long their radial, and their
tangential axis All samples were from dry embalmed human
humen and femora The ultim tte compressive strength was least
(20266 1bs/in ) in the tangentinllv Joaded femoral cubes and
greatest (30386 Ibs/in”) 1n the longitudinally loaded ones The
same was true for the humeral cubes the actualyalues for the tan
gentially and longttudinalls loaded samples being 16350 lbs/m
and 28277 Ibs/1n” respectively

All investigators who have compared the ultumate compres
sive strength of wet and drv samples of compact bone found
that the Jatter were the stronger Compact bone also has a greater
compressive strength when loaded parallel with the long axis
of the bone than when loaded perpendiculur to the long axws
Dempster and Liddicoat found no sigmificant difference between
the radial and tangental compressive strength Embalming re-
duces the compressive strength of compact bone about 13%

The ultimate compressive strength of compact bone 1s con
siderably greater than its tensile strength and according to
Rauber (loc ot ) decreases less with aging The same author
found that both tensile wnd compressne strength of compact
bone are decreased by heiting The average ultimate compressne
strength and range of vanation of compict human bone 1s sum
ilar to that of other mammals Carothers Smmth and Calabnsi
(1949) found that embalming increased the strain of itact
femurs of young male albwo rats

Dempster and Liddicoat (loc cit ) are as far as the author
1s aware the only mvestigators who have publshed the stress
stram curve for wet compact bone under compression (Figure
40b) The curve was a straight Iime as far as the proportional
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show that 1t 1s 2 great deal Tess than that of compact bone This
should not be surprismg becanse the Joad supporting part of an
mtact Tong bone or vertehral bods fs the compact rather than
the spongs bone This proposes the question of the mechameal
function 1f amy of spongn bone particulurhy with reference to
the proumal cnd of the famur upon wlneh the trajectornl theon
of the org, uuzation of the spongy bone s primanh hased

In prcvions discassions of the trycetormnl theony of bone
architecture it was pomted ont tht vanons trabeculie m the
nech of the fanur hwe boen considerad to be tansile or compres
sive resstint Howaver, mall probabnlity spongy or tribeculr
bone 15 not 1 force or load trmsmitting portion of the bone at
all Rather st would scam s i the cross prece of m Iheam that
the function of spongy bone mw be to separ e or hold apart the
actual loxwd carvng parts (compact1) of the mtict bone  In
fractures of the famoril neck wnd troch terie regron eapen
mentally produced v lowding the greater trochanter it was fre
quenth found that the trochinter atscf was undamaged

Anatomically the greater troch iter consists of 2 thin shell
of compnct bone filled with spongy bone wnd the frct that it ean
support 1 load somctimes more than 1000 1bs  sufficiently great
to fracture the bonc without the trochanter atselfl bemg damaged
1s of considerable mterest In x rays of cliuchl frictures of the
femoral neck and trochanteric region often anising from falls on
the trochanter the trochanter frequently appears to be undam
aged In the lnmng body the soft tissue overlying the greater
trochantcr would ibsorh much of the energy of  fall but such
was not the case m the femoral frctures produced m dry bones
by static or dyname Jondmng of the greater trochanter In these
cases the energy wis very Iikely absorbed by the spongy bone
ttself wlich 1s a good energy absorbing maternl

Shearing Strength of Bone

The direct shewnng strength of bone was fiust tested by
Rauber (loc cit ) who designed 1 spectl tool which subjected
standardized specimens of compact and spongy bone to 1 double
sheaning action  Rauber emphsized that m shearing tests bend
ng en only occur m two dircetions but if tested 1 the third



198 Stress and Strain in Bones

Contrary to lus belief Hardinge did not determine the strength
of eancellous bone from the femur but only the load or force
necessary to crush it He also makes the astomshing statement
that the force required to crush the bone without producing
compression was measured 1 pounds  This statement 1s ob
viously an error because 1t 1s physically mmpossible to produce
crushing m any material wthout compression

Hardinge recorded the v erage force (in pounds) needed to
crush various regions m each of the five cross sections of the
femoral head and neckh From this data the author has caleu
lated the actual compressne strength or stress (Ibs/mn ) of the
spongy bone m the different sections In doimng this the cross
section aren of the punch was determmed from the formula for
the arex of 2 circle ind 1t was assumed that the force delivered
by the punch was umformly distributed over its cross section
area

The authors computation of the 1verage ultimate compres
sive strength of the spongy bone m the different sections was
3380 Ibs/m for section one 4317 Ibs/m” (2700 6120) for section
two 4383 Ibs/in> (2100 7240) for section three 3588 lbs/in
(2480 5380) for section four and 3328 Ibs/mn” (2620 5160) for
section five

The above data show that the averige compressne strength
was greatest n section three although section two was only very
shghtly less The samples from section three also exhibated the
greatest range of yvariation  Section five was the weakest The
average strength of section three was 31% greater than that of
section five

Hardmge found 2 band of greatest compressne strength ex
tending vertically from the most superior pont on the head 1e
the weight supporting area i the erect posture to the junction
of the head and the mfenor aspect of the neck This band corre
sponded to the so cilled compression resisting lamellae of the
trajectorial theory of bone architecture Little difference was
found m the compressie strength of specimens from nght and
left femurs The dat1 were not presented 1n such 1 way that the
nfluence of sex on the strength of bones can be computed

All of the studies of the compressive strength of spongy bone
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show that 1t 18 1 great deal leee than that of compact bone This
shauld not b surpraung e the o suppacting, past of n
mtact Tong bone or vertehral body as the compact rather than
the spongy bane This proposes the question of the mechanieal
function 3f v of ponm bone, partienlnl wath rcfarence to
the provimal end of the fomur npon which the trajectonal theon
of the orpamzation of the spongn bonc as primany hased

In previoms disenssions of the trycetond theon of bone
architeeture at ws ponted ont thit vanons trabeculic e the
nech of the fanur hane boon comsdered tn e tensale or compres
sne resstint However, i all probdulits spongy or trabeeular
bonc 1s not ¢ forec or load trmsmittng postion of the bone At
all. Rather st would scam, 1 mn the cross prcec of an Thoun that
the function of spongy bone mn e to scparite or hold apart the
actual Toad Carmvng prts (comprctt) of the mtict bone  In
fracturcs of the fanoril ncch md trodh mtenc region Gypen
mentilly produced by Jording the greater troch mter it was fre
quently found that the troch nter stscJf w s undunaged

Anatomieally the greater trodhnter consists of 1 thin shell
of compct bone filled with spongy bone wd the fict that it e
support 4 load, somctimes more thn 1000 bs  suffiaently great
to fracturc the bone without the troch nter ts)f bang dmaged
15 of considerable mterest In A rivs of ¢linteal frictures of the
femoral niech and trochanteric region often ansig from fills on
the trochantcr the trachanter frequently appeus to be undun
aged In the Inmg hody the soft tissue overlymg the greater
trochanter would ibsorh much of the energy of 4 £l but such
%as not the cse i the fomornl fractures produced m dny bones
by static or dynamie lowling of the greter trochanter  In these
cascs the encrgy wis very Iihcly 1bsorbed by the spongy bone
tself which s a good tnergy bsorbing materinl

Sheaning Strength of Bone

The direct she g strength of bone was first tested by
Rauber (loc et ) who desgned 1 speand tool wlich subjected
standardized spccamens of compact and spongy bone to 2 double
sheanng action  Ruwber emphasized thit m sheanng tests bend

g can only occn m two directions but if tested i the turd
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direction, parallel with the fibers, great dufferences are found
Consequently, some of his samples were cut parailel with the
long axs of the bone and loaded perpendicular to the direction
of the fibers while others were cut perpendicular to the long
aus of the bone and tested parallel with the direction of the
fibers

Rauber found that the average she wing strength of five fresh
rods of compact bone, cut parallel to the Jong avs of the femur
of a man 30 years of age and loaded perpendicnlar to the divee-
tion of the fibers was 16850 Ihs/in" (14931-18486) The average
shearmng strength of fve other rods of compnet bone cut from
the same femur perpendicular to 1ts long aus and Joaded paraliel
with the fibers was only 7152 lbs/m (6043 9243}

Six fresh rods of spongy bone, cut parallel with the long axis
of 1 tibna but loaded perpendicular to the long axs, had an av
erage shearing strength of 796 Jbs/in (644 838) Five other
fresh samples of spongy bone from the same tibia cut perpen
dicular to its long axs and loaded parallel with it had an average
shearing strength of 270 Ibs/m” (199 419)

Rauber s tests cle wly show that the shearing strength of com
pact and spongy bone 15 considerably greater when loaded per
pendicular to the direction of the fibers or the long axis of the
bone than when loaded parallel with the fibers or the long axis
of the mtact bone Therefore when figures for the shearmg
strength of bone are gnen the direction of the sheiring force
with respect to the fibers or long ax1s of the bone should also be
mcluded

Differences i the sheanng strength of specimens from various
parts of the same bone as well s the influence of moisture on the
shearing strength of bone have been studied by E»ans and Lebow
(1951) mn 242 samples of compact bone from the anterior pos
terior lateral and medial quadrants of the proximal middle and
distal thirds of the femoral shaft The samples were cut parallel
with the long axis of the bone and machined to a standardized
size Of the two samples obtaned from each region one was ar
dried and tested dry while the other was kept m water and tested
wet A specral shearing tool was designed to hold the samples
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whose ultimate shewrmg strength was tested o1 3000 1 en
prab testing machine eibibrated to m acenries of = e The
shearing Toad was applied perpendicatar to the Jong aws of the
bone and the dircction of the fibors

The meatest werage sheanng strength, with respeet to the
third of the hone from which the samples were obtuned was
8320 Ihs/sn for the drv samplcs from the proamal third of the
bone wd 10840 hs/w” far the wet samples from the addle
third of the bone The sumples from the distal third of the shaft
were the wethest the merage shormg strength bang 7770
Ibs/in” and 9350 Ihs/m” for the dn and wet samples, respec-
tnels

With respect to the quadrant of the hone from wlich the
samples were obtaned the Tuernl was the strongest (8850 Ihs/
") for the dny samples 1nd the medial (10190 1bs/m™) for the
wet sxmples The weakest stmples both dry (7230 Ibs/w™) and
wet (9410 Ibs/m™), werc from the antenor quadrant

The werage shearmg strength of Al the dry symples was
8000 Ibs/in* and of Il the wet symples 9800 Ihs/in" The werage
ultimate tensile strength for ssnilar samples from the femoral
shaft was 15330 Ihs/im” and 11840 Ihs/w” for dey nd wet spect
mens respeetnely Thus, ur drvng decrewed the shearing
strength but nereased the tensile strength of the symples How-
ever, the tensile sumples were tested parnllel with the long 1as
of the bone and the fibers mstend of perpendicular to them 1s
were the shearing specimens

Summary

Studies of the strength charactenistics of compct bone give
the following results Compnct bone when loaded parallel wath
the long axs of the hone or the collgen fibers 15 strongest
compression mtermeditte n tension and wethest m shear Dry
Ing ncreases its compressive and tensile strength but reduces 1ts
shearing strength Its tensile and compressiy¢ strength are de
creased by heating The compressive strength 1 greater when
loaded parallel with the, long ax1s of the bone or the direction of
1ts fibers than when loaded perpendicular to them Lmbalming
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tends to reduce the tenstle and compressive strength of compact
bone The average ulbmate tensile wnd compressive strength of
humnn compacta 15 similar to that of other mammnls

The compressive strength of spongy bone 1s conssderably Jess
than that of compact bone nd 15 approuimately similar m man
and other mammals The tensile and shearmg strength of spongy
bone have not been determined

The stress strun curve for dry compact bone under tension
1s approuimately a strught hine to failure but i wet bone the
cunve deviwtes from a straight hne as the farllure pomt 15 ap
proached The Iatter 15 also true for the stressstruan curve of
wet compact bone under compression The per cent elongation
or stran 1n wet nd dry compact bone under tension 15 directly
proportional to its energy absorbing cipacity However wet
bone has 1 greater energy absorbing caprerty than has dry bone
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Torsion Bending and Fangue
Stiength of Bonc

I\ sont s i othar maten W, torsion produces tensile and
shearmg stresses wlhile bendmg gnes rise to tensile and com
pressine stresses on the consey wd conene sides sespeetuely,
of the test spcamen Howarver the results of determmations of
the bending d torsion strength of hone are not direetly com
parable wath thosc for tension compression and direet shear be
cause the former 1re computed on the 1ssumption that the modu
lus of elastieits 13 1 constant to rupture This s mdicated by the
stress strun curve s not truc of bone espeanlly when it 1s wet
or has a relatnely lirge amount of water as 1s the case in lnng
bone Torsion 1s measurcd m inch pounds or hilogram meters
The severity of hending 1s mewsured by the bending moment
apphed to the spceimen  If the specimens have constant dimen
sions the bhending moment 1s directly proportionl to the load
applid to the speemmens and therr strength m1y be compared
on the basis of the mraumum load they supported  Semetimes
the extreme fiber stress (Ibs/mn” or hg/mm ) 1s computed but
this 1s not compirable with stress v lues for direet tension or
compression beeause the modulus of clasticity 1s not constant

Torsion Strength of Bone

The torsion strength of httle rods of fresh compact bone
from the femur of 1 man 30 ycars of nge was determined by
Rauber (loc cit ) The swmples had « reduced crrcular areq 80
mm long 193 mm 1 diamcter and expanded rectangular ends
for gripping purposes The load was ipphed via 2 wheel with 2
10 cm radiss The breiking torque for the four samples tested
was 1000 1250 1000 and 1100 gm cm The average torsional

[203]
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shearing strength was 11233 lbs/in” which 15 quute stmilar to that
10633 = 1140 lbs/m, found by Dempster and Liddicoat (op
cit ) for dry spmdles of compact bone from six human tibins

Rauber found that the torsion strength of compact bone 1s
greater than the direct shearing strength of samples cut perpen
dicular to the long axis of the bone and loaded parallel with
the direction of the fibers However, the direct shearing strength
of samples cut paralle]l with the long axis of the bone but loaded
perpendiculnr to the fiber direction 1s greater thi the torstonal
shearmg strength Dempster and Liddicoat reported that the
average torsional shearing strength of compact bone 15 consider
ably less than its compressive strength both for wet and dry
bone The torsionnl shearing strength 1s also less than the avernge
tensile strength for dry bone but there 1s some overlap 1n the
range of vanation of the tensile strength of wet bone and the
torsional shearng strength of dry spindles

The torque necessary to produce torsion fracture of mtact
bones was first determined by Messerer (1880), who recorded
the following verige loads applied at the end of a lever arm
16 ¢m long for fresh human bones clavicle—8 kg humerus—
40 Lg, radwis—I2 kg ulnn—8 kg femur—89 kg, tibra—48 kg
and fibula—6 hg The umt ultimate shearing strength m torsion
for the femurs of 1 man 29 years of age was 810 and 824 lbs/m’
The wverage load required to fracture 12 femurs was 1350 nch
Ibs of torque (694 1971 mnchlbs ) Pedersen, Evans and Lissner
(1949) produced fracture of four dry embalmed femurs with an
average of 348 6 inch lbs of torque (166 498), while Carothers
Smuth and Caltbrist (1949) reported an 1verage of 449 mch Ibs
(142 827) for three simlar femurs Comparison of the figures
obtamed for fresh and embalmed femurs seems to indicate that
embalming reduces the strength of bone mn torsion

In contrast to the other mvestigators of torsion m tact bones
Carothers Smith and Chlabris1 (1949) plotted torque angle of
twist curves for one bone where a shght deviation from a straight
Iine occurred at 1 high torque This bone fuled at n ulimate
torque of 827 inch Ibs However only three femurs were used
so no generalized conclusions can be drawn
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Bending Strength

The first (xpenments on the bending stre neth of bone were
made In Rawber (foe et ) swho used hittle rodds of compact bone
with 7 cross section are1 of $mm The specumens were obtaned
from fresh and dn uncmbalmed haman bones and were Joaded
to faslure m an apparitus dessgned for bonding tosts: The resalts
he obtained are presented m Tible N

TARIY N\
Timn anane Lot Intace Houss Bones

(Datrfrmla ber 5 ()

Tet { 1t mate Berd ng Ao of

Souree  or { hhons lartgms) Samplex
Humerus
3017 mal D1y 20 C 12% (12.0-137) 2
Feamur
3037 malc Dnoml, 2, C X375 (2100 S£ 1) 2
Famur
0r male Proan 10-24 € H66 (1350 1550) 3
Femar
4635 mak Dymir2:¢ 2,37 (10004900 k)
Femur
4641 male Jreshin 1,-25 € 1800 1
Tibia
46vr mal Frehn 15-2) € 21,0 (2100 2200) 2
Tilea
4637 malc 1reshin 39 ¢ 13,0 (90-1800) 2
Fomur
4631 malc Fre han 38 € 1866 (1600-2200) 3
Femur
40 yr male Dry contuous L 1200 (1100-1300) 2
Famur ox Dryvint -2, (¢ 1966 (1600-2600) 4
Temur ox Fre hn 38 € 2,07 (2000-32,0) 7

Rauber s results reveal thit the werage ulttmate bendmg load
and its range of variation are similar for human and ox bones The
bending load a bone can support without bre thing 1s reduced by
drymng the bone or heating 1t The few tests made mdicate that
fresh ox bones can support 1 greater bending load before falure
than can dry ones However more data are needed before defi
nmte COnClLlSlOnS can bC drawn

The load required to fracture small rectangular specimens of
compact bone from man and other mammals has been the subject
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of 1 extensnve sertes of studies by the Italin investigators Ma
Olnvo nnd Toyart Specimens of a standardized size were tested
under bendimg m n apparatus ealled 1 chsimeter which con
sists of two hmufe blndes 7 mm apart, for supporting the spect
men whule the load 1s apphed to 1t midwy between the supports
The fractuning load was recorded in hilogryms and the deflection
m milimeters The loading was m the direction of the thickness
or smallest dimension of the spectmen  Vartions m the foad re
quired for fractuning specimens from the swme section of a single
bone 75 well 15 from one bone to another were studied with re
spect to the hastologienl structure of the specimens

My and Toyan (1937) tested the breaking lond of 12 hittle
parallelepipeds from ox tibras cut parallel radial and tangental
to the long s of the bone The stereometric position of the

rodial longitudinal
tangential longitudingt

radial tangentio!

!
1
I
!
]
]
i
{

LABELS width fength
Figure 41 S posttion of tested by May &

Toyan (1937}
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speamens m the mtict bone (Figure 11} was deseribad by two
terms the first mdietmg the onentation of the width of the
spcemen and the sccond the erentation of the le ngth of the speat
men with rospeet to the Jong was of the bone

ERIUBERN

B antse Lowr Eanin ot o Sppongiss o Conrwr e
1nov 0K Fame

(DatsFrom Mayar 1 Teypane 143 )

Onerftte n Speam u Mhimeres 10 Fracture Lond (kg) for a
o nrim Span of T mny
Specrmen Wit Thelvese Tap | I 11
Ra bl Dimgta Tinad 29 1r 187y 1% 00
Radnd tang ntial 29 1 5 A S50
Tang nuial radnl 20 1e 12, 126
Frp 1T trp IN
Ttadidd D mgitudianl 3 10 1350 12 00
Radial tang ntisl 3o 19 19 00 19 00
Tangental vy b L) 19 000 4 00
Frp 1 Frp VI
Radud Lingitu bl 2n 25 Nat brohen by 15 kg
Padul tangentidd 25, 2 23,0 23 0
Tangentid rudial 2 2 12, 12 00
Irp Vil Tep VHIT
Radul longitu fnal i1 20, Not brohen by 1 ki
Railnd tang ntaal 41 20, 22 00 217>
Tangentid radual i1 20, 112 11 2,
TepINiep Niep\D My
Radual longrtudm o 214, 12 112 1.5 11,0
T 5 00
angential longitudin s 2 6o 12 16500 100 1,20
Longitu final tangentnl 2 0o 12 1,0 w2 1.0
Radid) tangontinl 20, 12 22 4,0 o2y 500
Longtudinal radial 26, 12 250 300 27
E)
Tangentnt radial 205 12 250 200 250

The results of the tests (Tible NI) revealed that the load
required to fracture the spccimens cut longitudinally to the long
axis of the bone w1s three times greater than that for specimens
cut tangentially to the axms wnd sn times greater than that of
specimens cut radinlly to the wis Furthermore the tangentially
cut specrmens were ibout twice as strong as the radmlly cut
speaimens The longrtudinlly cut spcamens were thus seen to
be the strongest and the radnlly cut ones the weakest as far as
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of 1n extensive series of studies by the Itallan mvestigators May
Olrvo and Toarn Specimens of v standardized size were tested
under bendmg m an apparatus enlled 2 clwsimeter which con
sists of two hnife blades, 7 mm apart for supporting the spect
men while the load 1s 1pphed to 1t rmdway between the supports
The fracturing Joad was recorded m kilograms and the deflection
i millimeters The lowdmg was n the direction of the thickness
or smallest dimenston of the specrmen Varittions m the load re
quired for fracturing spectmens from the same section of 2 smgle
bone, as well a5 from one bone to another, were studied with re
speet to the histologicl structure of the specimens

My and Toyart (1937) tested the breaking load of 12 hittle
parallelepipeds from ox tibins cut parallel, radial and tangential
to the long s of the bone The stereometric position of the

radial longitudina!
tangential longitudinal

radial tangential

LABELS width length

Figure 41 S position of sp tested by May &
Toajan (1937)
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which were the wethest fow of the collagen fibers were parallel
to the major s of the speamens Thus the greater resistanee
to bending m 2 spcaimen of compact bone appaars to be corre-
lted with the greitcr number of collyen fibers paralled to the
magar s of the speemen On the bisis of the results of thar
tests May and Tory i made the followsng conclusions (1) the
resistance of compact hone to bundmg £ilury as dirccthy propor-
tional to the number of colligen fibrs present m the plane of
the section of the bone, (2) the cobesnencss of the mterfibrllw
clarfied substance 15 at least st times mfcnor to that of the
collagen fibers, (3) the dnractenstic meehanieal antitropism
of bone 15 the result of the distribution and direction of the col
lagen fibers, and (1) the mterfibrllie substance very probably
confers iomoegenaity and 1sotropre propertics to compact bone

Olno My and Toan (1937) using the clisimeter deter-
mimed the breahing lond (kg ) and reported the deflection n
hundredths of 4 nullimeter per 5 g lond of several specimens
from the same ning of bone tahen from the metacarpals wnd meta-
tarsals of an ox sy years of age, 1 mule and the femurs of two
women 42 and 90 y ears of age The number and orientation witlin
the bony nings of the vanous specimens tested are illustrated m
Figure 42

The results of the tests of the metatwsal spectmens showed
defimte tendency toward an inerease m the ntcroposterior di
rection, m the breihing load and 2 decrease i the maigmtude
of the deflection  Such oricntation mn the Interomedal direction
was not observed

The fracturing load and deflection A series of specimens
taken from the anterior and posterior part of the femur of 1 man
79 years of age are summarized 1 Table \II No consistent posi-
tive relation was evident between the breaking load and deflec
tion the same load producing varying mounts of deflcetion
different specimens The average breaking load was 80 kg for
the specimens from the anterior purt of the femur and 84 Lg
for those from the posterior part The difference between the
average breaking load of specimens from the anterior and pos

terior part of the femur was less than 1% nd probably 1s not stq
tistically sigmificant
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the load necesswy to fracture them by bending was concerned

From hastologienl ¢ 10n of the sp under normal
and polinzed hght the dfferences m the magmtude of the frac
turmg load was explaned on the basis of the predommnate direc
tion of the collagen fibers mn the indnidual test specrmens In
the longitudinal specimens, which were the strongest the pre
dommnate direction of the collagen fibers was parallel with the
myor axis of the specimens However, i the radinl specumens

e 12
41
5 6

ap

77
:':/u'

Y

413
B8 O

Meracarpol

13U210US)

13041 1 UGB 1043} 14415)

1091 1306314(2)

U5
sl 008 067

Post  Mule metacarpal
Ant
seoion 2% 9201909)
g 1206) 1204111(79)
141 108) 1348 nushiz(7)H o0}
30AN205) 1305)1207)
15461131250 1206) 130611367 3k}

Mule mefoforsol  Post

)] 4(63)
Homan femur

Figure 42 Breiling load (kgs) and deflection 0 01 mm/5 kg
joad {mn parentheses) (Redrawn from Olve May and Toa
st Bull s¢ med Bologna 109 1937 )
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mg v e of the Jwmcter Consderable rogional vantion
(Table A1) was found m the broaking Joad of spcamens from
diffcrent nings of 2 ungle bone The spcamens from the ring
the nuddle of the diplinss were the strongest, while those from
nngs on ather side of it showed 1 progressne deere ise m the
brcaking Toad The decraase ws rather graduad from the center
of the dirphyvsis toward the provmnd end whercas sl drop
oceurred from the miTdle tow ird the distal end of the bone

TAEY AL

Tctonar Dirsrmacrs s Avanaer B anisa Loan (ha)
st Brsoise as Ox Courwt Boase

(Dtafr m Vay 118y

Ditarec (em ) fr

'
B ne Tronmal Ivlet  Mchnt Lat ral tnteri 1 L asterior
Tetret It ve Quriennt Qurirart Qualmnt  Quadrant

Mitataral 7 7 A ] 72, s 00

12 1o 10 00 10 (0 7,0

17 1 100 10 30 10 00

2 ] (0] 90 87,

7% o 100 G0 1.0

Mctaewpat , 10 0 a0 o 00 6 00

t 10 0 00 900 800

10 10 % 1 00 10 00 9 00

1, 100 12 00 13 0 14 00

20 100 3 00 17 3 50

Duffercnecs were also found (Table NIV) within vanous quad
rants of 2 single bony rng The quadrnts m order of decresing
brealing load of the specimens taken from them were grouped
as medial Iatera], nterior and posteror One cveeption was
found 1 the mctacarpal sing 15 cm from the proumnl end of
the bone 1 which the breahing load was least i the spceimens
from the mcdinl quadrant ind greatest in those from the posteror
quadrant The rings ncarest the distal end of the bone were also
exceptions hecause the breahing load of the spceimens from the
antertor and medinl quadrants was shghtly greater than that of
the specimens from the posterior and Interal quadrants

Even within a single quadrnt (Table \IV) differences were
found m the breaking strength of the specimens Thus the break
lfng Strengt(ljl of the specimens decreased from the external sur-

ace toward the medulliry cavity n the poster:
lateral quadrants of the m)et 1t1rs§|l and thz sameort,x-:111121?;111‘08l -
y was
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TABIT X

Barr sning Toap anp Derrtcerions iy Seecisens oF Cowraer Bose Frov
h Frvir oF 4 MAN T8 Y#aRs oF Ak

(From Ol Mag and Tongare 193%)

tnlersor F art
T taner {em) from
supenovendofione 8 10 12 M 16 18 20 22 2t 26 28 30 82 3¢

Bredhmgload(he) 81 7 7 ¢ 9 7 8 6 11 & 7 8 7 ¢

Deflection {mm )
per &g load 20 20 19 17 39 20 20 22 16 22 22 21 22 39

I esicriar Part
Breakinglowd (hg ) 4 7 7 7 vT 7T 8 20 8 86 8 9 7
Defleetion (mm )
prShe lond 32 22 20 23 16 20 21 22 20 17 17 318 18 20
Olno (1937} reported the eustence of a constant parallelism

between the mechameal behavior of bone specimens and varying
mucrascopie structures  His work was based on studymg vanous
1reas of metwcaepals nd metatarsals of the ox the horse, the
dog and especnilly the chamos In aress of the bone showmng
marked fracture resistance And 2 high modulus of elasticity there
was 1 prcdaminance of osteones composed of colligen fibers bav
ng a vertical or steeply spirilling course  In the areas with a Jow
resstance to fracture the fibers had 1 more cweulir or oblique
course  Olivo did not however report the actual values for the
breaking Joad of the specimens

My (1938) studied topographic differences i the mechameal
strength of specumens of compact bone from the same sheletdl
segment Complete diiphyses of oven metatarsals and metacar
pls and of human femurs were used From the metatarsal of a
six year old ox five bony rings 2.em thick were sawned at distances
of 7 12 17 22 and 27 om respectively from the proumal end
of the bone From the ruetacwpal of the same nmnal five rings
of similar thickness were cut 2t distances of 5 8 10 15, and 20
em from the proximal end of the bone

From the four quadrants of each rmg test specxmens 12 mm
tiek, 3 mm wide and 10 20 mm Iong e ch onented with re
spect to the anatomical axss of the draphysis were ent The di
mensions of the specimens werc calibrated to lmndredths of 1
millimeter The specimens were then tested to farlure under bend
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i Table \VT The teanlts are presented aso fraction the mones
ator of wlndh mdic ite s the hreabing Joad m kalooe sme swlnde the
denomuntor indacates the deformation for 1 dength of T mm an
hundredths of 4 pullimcter pes 5 by of Tord Ihose speamens

TARTE N\

Sune s Hroasey 1oa v v Nearnaaon ast D nasis s
Mistrsan 1 a My T R lost gy na 7 Mu Sra
AN mtaar o Costracy Jhaas amoaas Areer Mo & Ox
Darfe T mme 1oy

\etr gl

LN I tenr
Artmal Nt oef Samp!? 7 re Sty Seetroa
Mul 28 em fram 1At il 1Sk (1010 101
;;-I» malen 101 mm (12 1% IR R LY
ol
NE 12
w T 5 (1%21)
Intemal 1anen (%1
P a2 T (11 17)
1~200m from 108 O by (610
proxemalen iz asnm
of hane
N Mt of Tatemml 5 A B8 (5-13)
diphiv s 17 .5 (11200 ™ k(17 20)
Intermt S 47 el 10 25 (~13)
Th 15 (16-22) 17 63 (16-19)
Vetat seatl
Mule Sem from  Txterml 4
proumlend T2 (1022
HONC
Middle 0o ary 13 (12 1)
SR (11 20) 17 66 (1620
Tutornd 12, 4213
™ a3
517em from T atermil 10 5 (311} 1125 (13 1a)
provmal cnd 16 (1218) 16 o (1419)
of hane
Middlc 127, (12 14)
17 25 (1-19)
Lt 1, (1314) 3 (14 15)
TI 6l (14 16) .3 (14 15)
Ox Middlc of IR 50 (710) 10 7, (8-13)
diaphy s T8 1 (17 21) W (18-27)
il b0 (712) 115 (10-13)
T8 0 (15-20) 75 (32
I ternal 52> (6-10) 10 8 (10-12)

8 a2 166 (1,19)
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generally seen 1n the metacrpal specimens  In the antertor quad
rant of both the metatarsil and the metacarpal the opposite ten
dency wns noted

The relation between fracture load and porosity of specimens
from the anterior and postertor aspects of the femur of a man
79 years of age was also studied The spectmens were taken at
2 em mtervals from strips of bone cut the length of the femur
The porosity was determined by computing the volume occupied
by the cavities of the specimens The metatarsal of an ox was
similarly analyzed

The results of the study (Table \V) showed that the break
mg load decreased and the porosity mcreased from the approxt
mate middle of the femur toward its extrermties This was par
ticularly true of the brealing load for specimens from the posterior
aspect of the shaft However, the mcrease n the porosity of the
specimens was not proportional to the decrease 1n the breahing
load

From his studies Maj concluded that the degree of porosity
was not responsible for the variations 1 breaking load except 1n
the distal metacarpal rings 1 which the porosity was approxt
mately 50% Consequently according to him the differences in
the strength of compact bone of different areas of 1 single shele
tal segment re probably a function of intrinsic properties of the
bone 1nd variations m the density and orientation of the collagen
fibers

The relation of breakmng strength and elasticity of compact
bone to its listological structure was also studied by Toajart
(1938) For this purpose he selected bones which because of
their peculiar position and function he considered to be con
tinuously subjected to a particular mechameal stress Test spect
mens 12 mm thick and 3 mm wide were cut parallel with the
long avs of the bone from rings of bone taken from the radius
the ulna and the olecranon processes of oxen and the meta
carpals and metatarsals of oxen horses and mules The specimens
were progressnely loaded to failure 1n the clasimeter

The data Toajar1 obtamned on the breaking load and deflec
tion produced over a span of 7 mm 1n specimens from the mett
tarsal and metacarpal of adult mules and oxen are summanzed
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In order (o venfy same of Indomdaaons Toaan (1935) o«
ammned splinters from fractine gpramenc onder poliszed hght
He found that an Jongstudinal « ctions the Toninosty was agmfi
cantlv gre tter thin i transyverse sccttons Iecanse of the fret that
the colhgen filkrs wanlh sun Jongatudinal wath rospeet to the
mjor wis of the bone  In companmg transverse scctions of the
strongest md the wead et specamens he found morc pronomced
Timmosts v the Intter Howaver in companng longatndiml
scetions the Tumiouts i the speamens showng the groatest
fracture strength (15 b ) woas greater than those showang the
last fricture steength (9 kg )

TANLE NV

Breanin Lo ant Cavany Vot Mizaoanrars
or Twa M or Caan

Itrfe m T oy g0 4

. e ; ’lrrTgt
mylafrm traleryg Samples frimn treaking
Dutch Ceus Aot ,l w8 e Lartig) B tooed wtef fme Lond (lg)
12 T, 1 L B3
}1 | T G- 0 § T 11— 83
i LI S G, 50 F 6 7T — b7
‘l i 3 n - s 0 + 8 1 — 53
+ o 7T 6 sy 0 6 11— a0
K 73
Toha! € us
§| e g g 0 7 5, 8 12
H 707 6 4 60 1 7 7 7 80
i 6 8 & 7 72 9 w7 9 87
7 6 o6 7 67 1 9 8 85
70 81
terage A wmgc
Carrly Carity
Dubel Cons Volume (%¢) T olume (‘c)
I i1 34 38 38 7
443 43 — 53
1 18 33 23 3, 115173 — 56
30 55
Telish € gus
1 31 24 24 24
26— 2 37 26 31 —
I 16 221 — 1% %4237 338 = 31
23 36
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were obtuned from differont depths of the diphy sis of the bone,
se external, middle nd internal zones the cxternal bewng near
est the penphery of the bone and the internal nearest the medul
ey ety

Trom the 271 observations Toan stated that m general the
modulus of elastioity mereses with the merease i the breaking
strength of the bone He felt that the parallel behaviar of these
two physical properties was qustified on the basis that the me
chameal properties 1re dependent upon the quality nd onenta
tion of the collagen fibers present in the bony tissue In a de
tuled -nalysis many differences were found m the hstologial
structure of the sime sheletal segment as far s s brething
strength was concerned This was particularly true m the meta
tarsals 1nd the olecrmon process m wlich the areas or zones
of bone usunlly subjected to tension had a more marhed resistance
to fracture nd 1 reltively higher modulus of elstieity than the
reas subjected to compression, m which the breihung strength
wd modulus of clasticity were greath reduced This w1 true
m quite 1 Iwge percentage of cases

Toajani s finding regarding the conelation between resistance
to fracture modulus of elwstiesty and areas of 1 bone subjected
to tensie or compresswve stress was pirtally confirmed by Evans
and Lebow (1951) 1n thesr studies on the human femur In the
erect posturc the Interil aspect of the femur 1s primandy subjected
to tensile stress while the medial wspect 15 under compression
Because of the forward bowing of the femoral shaft the anterior
and posterior aspect of the diaphvsis are partly subjected to
tensile and compressive stress respectively  Ewvns and Lebow
found that the werage tensile strength of specimens from the
Jateral quadrant of the shaft was the greatest for the entire din
physis but the same specimens did not have the highest modulus
of elasticity The specimens from the antertor quadeant of the
shaft had the highest modulus of elwsticsty and the Jowest ten
sile strength However the modulus of elustierty of the speci
mens from the Jateral quadrant the region of greatest tensie
stress and strain m the erect posture was shghtly greater than
that of specimens from the medial quadrant the area of greatest
compressive stress
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fibers per s mallaneter of bone and the werine arcnof the
collygen fibess mosquie micra Unfortunate v however e did
not recotd from wlich Il antenor or podenior of the mata
capal by matenn] was talen Canwequenthy, it s imposable
to determme from Dis data whiat relationdup of amv custs be
tween the broahang Yo ud and the nmmber and sz of the collgen
filcry

From Table NV it §s <eon that the aver we broalng strength
of both linhves of the metacaupal bones of the Polish cows was
greater than that for the Dutch coms However the poreentage
volumc of the ¢ natres that iv the poroats of both halves of
the meticarpads of the first ad thind Putcd cons was greater
than corrcspanding, + lnes for the meticarp s from the firsst and
third Polish cons Thus the degree of porosits ind the broikmg
strength seom to be parddlcd just the opposte to what w s found
m the antenor ind postenar hbves of the mdridul metiearpals
m the two rices of ¢t

The groater hending strength of the metac wpals of the Polish
cattle (Table NVIHI) mn be corredated wath the fact that the
Pereentage wrea ocenpicd by colligen fibers s well s the wer
age arcrof the fibers thamselves (i tarms of square micr) were
8reater i the metcarpals of the Pohsh cattle thn m those of
the Dutch catt) However the number of colligen fibers per
Square millimcter was greater i Cich of the metwpals of the
Dutch eattle than i thosc of the Polish cttle

The mfluence of prolonged v rny tharpy on the breihing
strength of dog Done w 1s also matigited by My (1910) A
cﬂfglt adult dog wagling 15 kg was subjected to two separate
t])uc ]C|S of xray irrdiation one on the exterml portion of the left
“egmlcorrespondmg to the site of the diaphysis of the femur and
. omlycr 0;1 the Icft forearm The left thagh was wridiated wath
total dﬁc 0’ 600r thrce times 1t mtervals of one month gung 4
on the I:]ﬁ[:lb (Ilf 1800r The left forcarm w s irradiated alternately
20 hmesc xal and the later1l aspects wath doses of 200r repeated
ments rcs“ll“ an nterval of one dry between every two treat
n Opl'lmuu ting 1n 1 total dosage of 8000r The ammal remuned
men, m1dm organie condition during the course of the expert

radiographs taken 45 60 and 150 dys after the start
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Differences i the histological structure and breahing strength
of compact bone from two races of domestic cows, one from
Holland and the other from Poland were studied by Toajart
(1939} Test pleces 3 mm by 12 mm were taken from the an
tertor and the posterior regions of the met icarpals of the cattle
The pieces were tested to failure under bending n the clasimeter
the load being recorded in khilograms Wheneser possible four
samples from each half of each metacarpal were tested

The average breaking load (Table AVII) was greater i the
postertor half of all metacarpals n both races of cows However,
some overlapping was noted mn the brenking load of mdividual
specimens

The porosity of the bone 1n terms of the percentage area of
the cavities 1e Haversian canals and Volkmanns canals was
also greater i the posterior half of the metacarpals than mn the
anterior half Thus, (Table XVII) the stronger half of the bones
as far s the brealing lond 15 concerned also had the laghest
percentage volume of space or were the more porous This re
lationship between the average breahing load of the region and
its porosity suggests that the qualit of the bone m the posterior
half of the metacarpals 1s better that 1s stronger per umt area
than that 1n the antertor half of the metacarpals The umt strength
of the specimens was not determined

Toajart (Table AVIIT) computed the per cent of the area of
the bone occupied by the collagen fibers the numbers of collagen

TABLE \VIII

Nuwprr AND “zk 01 CoLLAGEN FIBORs IN VMETAcARPAL BONES
oF Two Breeps or Carrie

(Data from Toazarr 1989)

Per Cont of the Area of N umber of Collagen. _Average Area of
Dutch Cous Bony Tissue Occuped  Fibers per mm? of Section of Collagen

by Collagen Fibers Bone Fiber wn sg mucra
1 67 180 411 0 374
1T 90 217 021 0 360
oo 141 272 004 0 511
v i1 2 260 902 0 410
¥ olish Cous

306 147 104 2 046
11 21 6 102 6% 2 338
11t 15 7 152 695 1,17

n 20 1 9) 920 198
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fibers per sequare nullinc ter of bone d the werige arca af the
collagen fibers i spare micrn Unfortunatelh however he did
not record from which half antenor or postcnior of the meta
carpal his matenal was tihen Conscquenthy, at s unpossible
to detcrmne from Iy daty what rdlationship af am casts be
tween the braahang load and the number and size of the collagen
fibers

From T ible VIt 1s scen that the wer e breahing strength
of both halves of the metiearpal bones of the Polish cons was
greater than that for the Dutch cons  Howeser the poreentage
solume of the cuwitics that s, the porosity of both halves of
the metacarpals of the first and third Dutch cows was greater
than corresponding bt for the mctacrpls from the first and
third Polish cows Thus the degree of porosity ind the brething
strength scem to be parilldd just the opposte to what was found
m the anterior nd postcnior hahves of the mdnsdu d metiearpals
m the two races of eattle

The gre vier hending strength of the metacarpals of the Polish
cattle (Table \VIII) may be corrclated with the fact that the
pereentage arca occupied by collagen fibers s well as the wer-
age aren of the fibors thamschves (an terms of square micra), were
greater m the meticarpals of the Pohsh cattle than in those of
the Dutch cattle  However the number of collagen fibers per
squarc millimetcr was greater mn each of the metaerpals of the
Dutch cattle than m those of the Polish cattle

The influence of prolonged ~ ray theripy on the breking
strength of dog bone was also mvestigated by May (1940) A
large adult dog waghing 15 kg was subjected to two separate
cycles of x ray wrradiation one on the external portion of the left
thigh corresponding to the site of the diphysis of the femur and
the other on the left forearm The left thigh was wradinted with
a dosage of 600r three times at mtervals of one month gving a
total dosage of 1800r The left forearm was rradinted alternately
on the medial and the Iateral aspects with doses of 200r repeated
40 times with an intcrval of one day between every two treat
ments resulting 1n a total dosage of 8000r The 1mmal remamed
:czrtﬂ::(llu;la;:-oganncl mndntlon-durmg the course of the exper1

graphs taken 45 60, and 150 days after the start



220 Stress and Strain an Bones

of the wradintion showed no difference betwecen the nradiated
and the nomrradiated bones

Three months after the end of the roentgen treatments the
ammal was sacrificed and autopsied No alteration 1n the macro-
scopic aspect of the uradiated muscles or bones was found and
both the iradiated wnd the nonuradiated bones had the central
etes filled with yellow marrow  I'rom the femoral and radal
diaphysis of the wradiated and nonwradiated limbs seven six
and mne rings each 2 ¢m thick, were cut The rngs from the
center of the diaphysis were submitted to controlled histologienl
examnation to se¢ whether rradintion had modified the architec
ture of the bone with respect to the Haversian systems Inmellae
and mterstitial substance  Such an exammation revealed no dif
ference between the wradited nd normal bone

From the antenor, posterior and lateral aspects of the femoral
rings specimens of bone 12 mm thick 3 mm wide and 10 to
20 mm long were tested to fulure m the clasimeter The break
g load of the specimens from the wradinted and normal femur
was practically 1dentictl bemng 103 kg and 104 kg respec
tnely However the specimens from the radius showed a de
crease m breahing lond of the wradited bones which had an
average of 65 kg compared with 96 kg for the nomrradiated
bones The syme was true of the ulna the uradiated specimens
having an avernge breaking load of 10 6 Lg compared with 123
kg for the nonwradiated specimens From hus studies Maj con
cluded that wrradiation reduced the bendmg strength of the ra
s more than the uln1 hoth of which were subjected to more
intense radiation than the femur

The caleium and phosphorus content of fractures of wradiated
and nonuradiated bones were then studied 1n an attempt to learn
if the reduced fracture strength of the nradiated bones resulted
from resorption of calerum salts or a chemical change The chem
scal analysis showed that wradiation had na effect whatever on
the quantity of the morgame salts present nor on the chemical
composition of bone Therefore according to May the causes
of mimor vanations 1 the strength of wradiated bone must be
sought n (1) the modification and dispersion of particles consti
tuting the mmeral substance ( 2) difference 1 the mtrnsic prop
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crtics of osteocr tos and the fundunontal subatance (osteomucornd
and collagen fibers), or (3) i 2 combunation of these factors
The theon that wradiation cwses virtions - dispersion pt
terns wd m envstalhine states i aggrcgations was considered
However no defimte conclimons were drwwn ind Map bodieves
that modifications i the strength of bone induced by < ray 1
dition requires further study

In a hter paper Maj (1942) studied regonal v ination i the
bhending strength of b boncs wath rospeet to the age of the
idinidual from whom the bancs had been obtuncd - Rings about
2em thach were ent from the nuddle of the diphsis of the
bumerus wina fomur, md thiy of 10 mdnadiads « wnying from
five to 90 vears of age T rom five of thom the mtermedinte seg
ments of the humerus fomur and b were removed for ease of
sectioning I'rom the witcnor, postenor medinl and lateral quad-
rants of each ring test speamens of bone 12 mun thick, 3 mm
wide and 10-15 mm long 1l orented e the dircction of the
major axis of the dyiphysis were preparcd i tnial specimens
from the humcrus, three from the ulny mine from the femur
and six from the tibny were prepared The broakmg load by bend
g was tested with the dwsimeter The flovon of the specimens
was measured by 4 heun of reflected hght which magmfied at
100 times

In the first oncnting obsers ations \anations of 5 6 and 7 kg
and 1 a fow cases as high s 8 or 9 kg werc noted between one
feading and another Thus heterogeneity was more evident 1
human honcs than thosce of lower ammals and was greater and
more marked 1n the femur ind humerus than m the tibia and
ulna The average breaking loads for the various specimens were
the ulna—§ 36 kg the uh1n—77 kg the humerus—7 17 kg and
the femur—g 86 hes

In rmgs from specific zones of the diaphysis the muamum
average values for hending strength were distributed with certun
regulanty and had  somewhat constant relationship but the
}“m‘mﬂl values were very mconsistently distributed and for the
emur the humcrus nd to « lesser extent the tibia, 1t was some

times difficult to determine which sections of the bone were the
stronger
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TABLE \IN

Rearoxan Desereser 1N Breaking Loap (e ) Usper Bespinve
ar Hrsan Cowr er Bove

(From Map 1912)

Anleror Vedial Posterror Lateral
HRone Quadrant Ouadrant Quadrant Quadrant
Humerus 7 51 6 60 737 736
Ulaa 9 38 8 87 T —
Femur 6 D2 b9} b2 7139
Tibia 730 701 7 746

However on the basis of 1verige values for brenhing loads
obtuned from Al the tests, May deduced that the physici heteso
geneity of the bone was not 1 chance matter In some cases cer
tamn areas of the bone were consistently nd logically more re
sistant than others (Table AIN) He, thercfore affirmed that

(1) 1f the wnterior postertor and lateral quadrants of the humerus
show mimmal differcnces m the wernge brething strength of the
bone, the medial quadrnt 15 logically weaker than the others
(2) m the femur the bending strength dunimshes mahedly m
the posterior quadrant m the region of the lmea aspera nd (3)
m the tibia the medinl quadrant has the hughest bending strength
Tn the ulna the anterior quadrmt had the greatest bendmg
strength and the postertor the lewst bending strength

With respect to the nge of the mdividual from whom the spect
mens were obtuned the following conclusions were drawn (1)
the hughest fracture loads were found m the greatest statistical
percentage n two periods of life one from the mddle of the
third decade and the other embrrcng the fifth decade of hfe
(2) the lowest fracture loads were most often found m mndivid
uals 10 the exghth 1nd nmth decades of bfe {3) m human bone
lower fracture lods were more frequently obtamed in the pertod
of minumal resistince 1nd (4) the average value for fracture
strength was found from the 25th through the 35th years of Ife
and corresponds to the werage strength from the 50th to the
70th ycars of hfe Thus the strength of bone between the 25th
and 35th year of Ife 15 approuimately intermediate to that be
tween the snth and seventh decades of Iife

May found when he caleulated the coefficient of dispersion
that 67 5% of the determmations varied between 0200 and 0 300
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The degree of Senilulity of the vanons ¢peamens was morc um
formh dutnbuted than the fracture Joad 1t was puticulrh
mteresting that the 1In1 showed mote decrerses m feabality than
did the imments the femur and the it The average deflections
(mcra) for 5 kg loads were humerns 2280 nlna 2060 fomur
222, wd tiln 213,

In general the flesthilits <hows 2 rather haphazard aincraase
with the advancing 1 of the indisdud from whom the spear
men was taken Mafs studics showed thit with the inerease of
flesbality of the <pecimens there 1 1 dinnution i the amphtude
of varbility of the fricture Toads from the sude of myjor re
sistance. This imvarse redstionsdnp w s mare ovdent when frae
ture Joads were comp ired st the «stic deform ations of 1 single
skeletal scment

The flcxsnlity of 1 bom bar stlyccted to progressne loading
to fracturc was not identic il sl specmens and three types of
modult of clsticts were demonstrable In the first type of
modulus Joad and de flection ar deformity of the bar until fracture
were about cqual Thus when Joud w plotted agunst cJastic
deformation 1 millaunc te rs 1strught hne wis obtuncd This tvpe
of modulus w15 thearetic sl and rither rir

In the sceond type of modulus the deformatton was appron
mately proportional to the mcrc e i Joad up to 2 certam pomt,

yond which deform ation incre 1sed more rapidhy than Joad until

racture occurrcd Thus was the most common type of modulus
and gave a conc ne load-deflcction cunve

In the third type of modulus the deformtion and load were
approximately proportional up to 1 certun pomt heyond which
r!:;d nercased more rapudly thm dcformation This wis 2 very

¢ type of modulus ind produccd 1Joad dddlcction cunve which
was conyex
qucﬂlle s:’cond type of modulus of el lill(.ll) oceurred most fre-
ﬂllrdty cSspecm]ly m awdvaneed ge Txumples of the first and
Pl‘evale)nlz m“]\crle found m the first hilf of fe and were most

rom thess ts cletal segments huwmg 1 higha fracture strength

Variatione 1y t(;Slsfl\hj concluded (1) that the most conspicuous
rom the o 1e fracture strength of hones occurred m bony tissue
me ndiidual rather than between the awverage re
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TABLY \IN

Recrovas Dirrerence N Breanine Low (ha) Unber Besoine
or Huuax Covracr Borng

(Trom Moy 1942)
interior Vedal Postersor Lateral

Bone Quadrant Quadrant Quadran! Quadrant
Humerus 7 81 G 60 737 736
Ulna 9 38 8 87 717 —
Femur 6 92 G 91 6 02 710
Tibta 730 70 726 746

Howeer, on the basis of average values for breaking loads
obtamed from 1l the tests May deduced that the phy sical hetero
geneaty of the bone w1s not 1 chance matter In some cases cer
tun areas of the bone were consstently and logieally more re
sistnt than others (Table \IA) He, therefore, affirmed that

(1} 2f the antenor postersor, and lateral qudrants of the humerus
show mimmal differences m the average brealing strength of the
bone the medial quadrant 15 logically weaker than the others
{2) m the femur the bending strength diminishes markedly m
the posterior quadr mnt mn the region of the hnen aspera and (3)
1n the tibin the medinl quidrant has the hughest bending strength
In the ulna the wtenor quadrint had the greatest bendmg
strength wnd the postenor the lewst bending strength

With respeet to the age of the tndividual from whom the speat
mens were obtained the followmg conclusions were drawn (1)
the hughest fracture loads were found m the greatest statistical
percentage m two pertods of Iifc one from the middle of the
thrd decide and the other embracing the fifth decade of Iife,
(2) the lowest fracture loads were most often found m mdivid
uls 1n the eighth and minth decades of Ife (3) m human bone
lower fracture loads were more frequently obtained in the persod
of mmmmal resistance and (4) the 1werage value for fracture
strength was found from the 25th through the 35th years of Ife
and corresponds to the average strength from the 50th to the
70th years of lfe Thus the strength of bone between the 25th
and 35th year of Iife 15 approxumately mtermediate to that be
tween the sixth and seventh decades of life

May found when he cdeulrted the coeffcient of dispersion
that 67 5% of the determmations varied be tween 0 200 and 0 300
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The degree of fleubilits of the vanous spectmens w1s more um
formlv distnbuted than the fracture load It was particularly
mteresting that the ulna show ed more decrenses in fleability than
did the humerus the femur, nd the ilna ‘The 1w crage deflections
(miera) for 5 kg loads were humerus 226, ulna 20Sx femur
222¢ and tibta 213x
In genceral the fleubility shows a1 rather haphazard werease
with the advanemg age of the mdividual from whom the spect
men was taken  Mays studies showed that with the increase of
fleubility of the specimens there 1s 2 dinumttion 1n the amplitude
of sanability of the fracture loads from the side of major re-
sstance Thss imverse relrtionstup was more evident when frac-
ture loads w ere compared with the elastic deformations of a single
sheletal segment
The fleubihity of 4 bony bar subjected to progressie loading
to fracture was not 1dentical m all specimens and three types of
moduli of elasticity were demonstrable In the first type of
modulus Joad and dcflection or deformty of the bar until fracture
were about equal Thus when load was plotted 2gaunst elastic
deformation 1n millimeters 1 strught line w s obtuned Tlus type
of modulus was theoretscal and rather rare
In the second type of modulus the deformation was approxt-
mately proportional to the mcrese m load up to 1 certun pont,
beyond which deformation increased more rapidly than Joad until
fracture oecurred This was the most common type of modulus
and gave a concave load deflection curve
In the thrd type of modulus the deformation and load were
Approumately proportional up to 1 certun pomt beyond which
roa wcreased more rapidly than deformation This was 2 very
21 type of modulus and produced 1 load deflection curse which
Was conyex
The second type of modulus of elasticity occurred most fre-
:luler'&'lt)" especially in advanced age Examples of the first and
prevalemes were found in the first half of hfe wnd were most
rom tlr:t mn sheletal scgments having 1 higher fracture strength
Vananoncse fests Maj concluded (1) that the most conspicuous
from g s 1n the fracture strength of hones occurred n bony tissue
¢ same dividual rather than between the average re-
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TABLE NI\

ReGiovan DiFrerence IN Breanmva Loap (Ihe ) Unper Bespve
or Huaan Cowracr Bone

(From May 1942)

Anleror Vedial Posterior Lateral

Bone Quadrant Quadrant Quadrant Quadrant
Humerus 7 51 6 60 737 736
Ulna 938 887 717 —
Femur 6 92 694 602 710
Tibra 730 791 726 7 46

However on the basis of average values for breaking loads
obtamed from 1ll the tests Mqj deduced that the physical hetero
geneity of the bone w1s not a chance matter In some cases cer
tamn arens of the bone were consistently and logically more re
sistant than others (Table XI\) He therefore affirmed that

(1) if the anterior, posterior, and lateral quadrants of the humerus
show mmmal differences n the average brealung strength of the
bone the medinl quadrant 15 logically weaker than the others
(2) m the femur the bending strength diminishes markedly m
the posterior quadrant n the region of the Imea aspera, and (3)
i the tibra the medinl quadrant has the highest bending strength
In the ulna the anterior quadrant had the greatest bending
strength and the posterior the least bending strength

With respect to the age of the mdividual from whom the spect
mens were obtamned the following conclusions were drawn (1)
the ighest fracture londs were found 1n the greatest statistical
percentage m two periods of life one from the muddle of the
third decade and the other embracing the fifth decade of Iife
(2) the lowest fracture loads were most often found m mdnid
uals m the exghth and ninth decades of hfe (3) i human bone
Tower fracture loads were more frequently obtained m the pertod
of mmmmal resistance and (4) the average value for fracture
strength was found from the 25th through the 35th years of Lfe
and corresponds to the average strength from the 50th to the
70th years of Iife Thus the strength of bone between the 25th
and 35th year of Iife 15 approumately mtermediate to that be
tween the snth and seventh decades of life

May found when he calculated the coefficient of dispersion
that 67 5% of the determmations varied between 0 200 and 0 300
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and 15 1 solid structure The porosits of compaet bane 15 also
greater than commonhy bclicved s shown b May (1938) who
found that spceimens af compact bone from metacarpals of an
o had 1 porosits s hagh 15 30% i some mstinces Thus refer-
ung to compactt s solid bone may be far from true

I atigue Strength

The first studics cver made on the fatigue strength of bone
were those of the anthor nd Milton I ¢chow who deternuncd the
fatigue strength of specimens of compact hone three nches long
025 mches wide and 0090 mches thick At 2 distwce of 0 875
mches from one end of the spceimen was an undercut aret 0 15
wnches 1 width The dmmensions of the speamens were stand
ardized to n aceur 1y of 001 mehes The specimens were tested
at a stress of 5000 Ibs/m" m 1 Sonntag Flesure Catigue Testing
Machine, model ST 2 An witomatic counter on the machine re
corded the number of cycles to fulure and the machine auto
matieally shut off when the specimen broke  Durning 1 test the
Specmen was hept wet by water dripping on 1t

The specimens were taken from the nterior posterior medial
and Jatera] quadrants of the prosimal middle and distal third of
amputated unembalmed human femurs, tibias, and fibulas In
a preliminary study, prescnted at the 65th Annunl Mecting of the
Amenican Association of Anatomsts (Evans, Anat Rec, 112,
1952) 1t was found that at 1 stress of 5000 Ibs/1n” the femoral
Specimens had a Iifc of approximately one million cycles the
tibual specimens a Iifc of two million cvcles and the fibulr speca
mens a lfe of three milhon cycles

In 2 morc extensive study of 46 spcamens from the human
tihia also tested at a stress of 5000 Ihs/in” at was found that the
specimens from the middle third of the shaft had the greatest
fatigue Iife (2015923 cycles) and those from the proximal third
the least (914,749 cycles) With respeet to quadrants the spect
mens from the postcrior quidrint were the strongest (2 283 615
yeles) while those from the interior quadrant were the weakest
1(1,'519 799 cyeles) The detuls of thes work will be published

ater

A study on the fatigue strength of intiet human metatarsals
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sistance m spectmens from indnaduals of varous ages and (2)
variations m the mechanical behavior of the bony tissue 1n ind1
viduals of various ages are more than ccidental

My was unable to give any satisfactory explanation for the
rather poor fracture strength of bone from mdividuals from 25
to 35 years of age He did not believe the differences in density
size and structure of Haversian systems nor the prevalent direc
tion of collagen fibers was sufficient to explun the changes occur
ring 1n fracture strength of bone with advancing age He be
heved that the causes of indvidual variability m fracture strength
were pnmanly bwological some acquired, and others congemtal
He thinks the vanbility 1s an explanation of chemical physical
duversity situated within the fundamental elements of bony tissue
that 1s the collagen fibers the osteomucoid substance and the
mineral salts

The studies of Olvo Maj and Toajar1 again showed that a
long bone 15 2 heterogeneous structure with respect to the bend
g strength deflections under bending and modulus of elas
tieity  This 15 true along the length of the diaphysis as well as
from the external surface toward the medullary cavity withm a
single ring cut from the dirphysis Specimens cut longitudmally
with respect to the long awis of the ntact bone are three times
stronger than tangentially cut specimens and s times stronger
than radmally cut specimens In longitudmally cut specimens the
predommate direction of the collagen fibers 1s parallel with the
major axis of the specimen while 1n radially cut specimens 1t 1s
not The Italian mveshigators m some wmstances reported the
deflections occurrmg 1n a specimen of compact bone during a
bending test mn terms of hundredths of a millimeter per 5 kg
load In domg this they assumed that deflection was directly
proportional to load which may not be true for bone mn bending
especially when 1t 1s wet or has considerable mosture 1n 1t

The studies on the bending strength of compact bone provide
additional evidence agamst the results obtained from analyzing
stress and stramn i bone by means of mathematical analysis of
cross sections of bone trajectorial diagrams or photoelasticity
because all these methods are based on the assumption that an
tact bone 1s composed of 1 uniformly homogeneous material
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Calbrist (1949) an werage of 149 inch Ibs Ths mdicates that
embalming reduces the torsion strength of mtact bones

The experiments of Olivo, May and Toayart with small speat
mens of compact bone from the metacarpals, metatarsals and
femurs of man wnd other mammnls showed there 1s considerable
vanation m the bending strength of specimens from different
levels of the diaphysis as well as withm smgle rings of bone cut
from the whole shaft The bending strength 15 greatest 1 rings
from the center of the shaft and decrenses from there toward the
ends of the bone The decrease 1 bending strength of metatarsals
and metacarpals 15 more gradual from the middle of the shaft
toward the proumal end of the bone than 1t 1s distal to the center
The percentage porosity of the same bones mcreases from the
center of the shaft toward its ends but apparently 1s not related
to the bending strength of the bone The only possible excep
tion may be 1n those rings of bone 1 which the porosity 1s ap
prouimately 50%

These studies emphnsize the heterogeneous structure of com-
Pact bone and the porosity determinations reveal that the com-
Pacta 15 not “solid bone as 1t 15 frequently called The relatively
low fatigue life of compact bone, as compared with metals 1s
Probably related to the presence of Haversian canals and other
cavities which make bone far more porous than metals and greatly
reduce 1ts fatigue strength

The studies on the torsional shearmg nd bending strength
of hone supplement those on its tensile compressive and drect
shearmg strength i demonstrating that bone 1s far from being a
homogeneous material Therefore the results on the strength of

one obtamed from mathematical analysis of sections of bone
from trajectorsal diagrams and from photoelastic studies are
Questionable because all of them are based on the assumption of
2 sold structure composed of homogeneous material Bone does
1ot have these charactersstics
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in an attempt to learn something of the mechamsm of fatigue
fractures 15 being made by the author and Glenn Lease Fatgue
fractures are considered to be the result of repetitive loading
such as occurs m walking hence the name march fractures
sometimes 1s applied to them Fatigue fractures have also been
reported for the tib1n the femur and even the pelvis

Thus far four metatarsals have been tested for fatigue strength
at a load of 10 Ibs, two at a lead of 12 Ibs and 20 at a load of
15 Ibs The latter was found to be the desirable load to use and
the followmg results were obtamed from bones tested with a
15 1b load The average life to fulure for metatarsals II through
V' the first being too large to be put 1n the testing machine was
2214 833 cycles for the second metatarsal 1522600 cycles for
the third metatarsal 329,400 cycles for the fourth metatarsal and
215 250 cycles for the fifth metatarsal

These studies are of interest because, as far s 1s known they
re the only ones on the fatigue strength of compact bone con
sidered as a matenal, and of intact bones However more data
are needed before definite conclustons ¢an be drawn

Summary

The average torsional shearmg strength of specimens of com
pact bone of standardized size 1s considerably less than the av
erage compressive and tensile strength of dry compact bone and
the average compressive strength of wet bone However there
1s some overlap m the range of variation m the torsional shear
g strength of dry bone and the tensile strength of wet bone
The torsional shearing strength of compact bone 1s greater than
the direct shearing strength of specimens cut perpendicular to the
long axis of the bone and loaded parallel with the direction of
its fibers However the torsional shearmg strength 1s less than
the direct shearing strength of samples cut parallel with the long
auts of the bone and loaded perpendicular to the direction of the
fibers

The average torque required to fracture fresh femurs by
torsion was found by Messerer (18580) to be 1350 mch Ibs while
for dry embalmed femurs Pedersen Evans and Lissner (1849)
reported an average of 3486 inch Ibs and Carothers Smith and
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Glossary of Engmeermg Teims

B ] The dealing wath the effect of force and
energy upon orgamsms or organic mitenal

Couple Two parallc] forces cqual in magmtude and opposite
direction

Deformation The change in the size or shape of 1 body produced
by the action of 2 force or absorption of encrgy

Elastic Limit  The point on 1 stress strun curve up to which 1 body
will return to its ongmnal dimensions 1nd shape after removal of a
force Beyond this pownt permanent deformation 1s produced

Elast ¢ty  The bility of 1 body to rcturn to ats onginal size and
shape after the removal of 1 foree

Energy The capraity to do work

Force Anything tending to change the state of rest or motion of a
body A push or a pull To completely define a force 1ts pomnt of ap
plication 1ts direction and 1ts magntude must be known

Hysteresis A phenomenon seen 1n a material subjected to stress
which results i Jess energy bemg grven out by the matenal m ts
recovery than was expended on 1t 1n produeing its deformation The
difference 15 the result of the energy lost as heat A shght temporary
set 15 produced

Mechames The science dealing with the effect of « force or energy
upon the form or motion of 1 body

Modulus of Elasticsty  The measurement of the stiffness of 4 ma
terial The units of measurement are lbs /in? or kg /em

Moment of a Force The product of 1 force and the perpendicular
distance to the action line of the force Tlis distance 15 the lever arm

Proportional Limit  The point on 1 stress stramn cunve up to which
stress and stran are directly proportional

Stram A chinge in the hinear dimensions of 1 body or matenal
resulting from the applicttion of 1 force This 1s called total stramn
The quotient obtained by dniding the total stram by the ongnal
Iength of the body 15 called umit strain

Stress The resistance within a body or matenal to the deforming
effect of = force Stress cannot be seen but sts magnitude can be com
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Glossary of Engmmeening Teims

Biomechamics  The science dealing with the effect of foree and
energy upon orgamisms or organic matersnl

Couple Two parillel forces cqual in magmtude and opposite 1
direction

Deformation The chinge 1 the size or shape of 1 body produced
by the action of n force or absorption of energy

Elastic Limst  The point on 2 stress strun cune up to which 2 body
will retumn to 1ts onginal dimensions and shape after removal of a
force  Beyond this pomnt permanent deformation 1s produced

Elast ety The ability of 4 body to return to its origmal size and
shape after the removal of  force

Energy The capaaity to do work

Force Anythmng tending to change the state of rest or motion of a
body A push or a pull To completely definc a force its pomt of ap
plcation sts direction and its magmitude must be hnown

Hysteresss A phenomenon seen 1 a matenal subjected to stress
which results 1n less cnergy being given out by the matenal n 1ts
recovery than was expended on 1t in producing its deformation The
difference 1s the result of the energy lost as heat A shight temporary
set 1s produced

Mechames The science dealing wath the effect of 1 force or cnergy
upon the form or motion of 1 body

Modulus of Elasucity The measurement of the stiffness of 2 ma
tenial The umits of measurement are Ibs /in” or kg /em

Moment of a Force The product of a force and the perpendiculir
distance to the action Iine of the force This distance 1s the lever arm

Proportional Limuit  The point on « stress stramn curve up to which
stress and strain are directly proportional

Stram A change 1n the linexr dimensions of 1 body or material
resulting from the application of a force This 1s called fotal stram
The quotient obtamed by dniding the total strain by the ongnal
length of the body 1s called unit strain

Stress The resistance within 1 body or matern:l to the deformmng
clfect of a force Stress cannot be scen but 1its magmtude can be com
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puted 1 terms of lbs/in or hg/em” In engmeenng practice
strength 1s commonly used s synonymous with stress”

Stress Strun Curve The curve obtuned by plotting stress as the
ordinate agunst strain as the bsaissa The slope of the curve repre
sents the modulus of elasticity of the matenal

Torsion The twisting caused m a body by the appheation of 1
couple

Torque The twisting moment of 2 force producmg torsion n a
body
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