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Abstract

The electrical signals resulting from the stressing of human
tendon collagen have b;en investigated as a function of pH. The
isoelectric point for this collagen was mneasured by micro-cell
electrophoresis.It is concluded that fully wet tendon collagen
is not piezoelectric, and that the elecirical signals produced
upoen sfressing the tendon are ;treaming potentials,

The piezoelectric properties of dry and wet, human and beef
bone spccimensAhave been quantitatively investigated in the direct
and converse piezoele&tric effects at low audio frequencies.The
wet measurements have been determiﬁed as a function of piH.
Quantitative evaporation measurements have been conducted on wet
" bone pieces where the mass is continously measured as a function
of water content,The directionai resistivities of stressed and |
unstressed wet bone pieces.have Been neasured as the water content
is lowered from natural evaporation.

It is concluded that the electrical signals arising from the

' /majnly '
stressing of wet bone are streaning potentials, although the bone
collagen is piegzoelectric.The evaporation measurements identify

two different types of bound water in bone.Both these are inter-

preted as protein water, and are associated with the bone collagen



o

A and B bands.The resistivity results show that when the collagen

fibred are sheared the collagen A band water melecules re-—

orientate from the bone long to a transverse direction.it is

suggested that loss of skeletal stress may reduce the protein-

nineral binding force by viritue of this reorientation, and that

‘the primary mineral seeding may occur in the collagen A bands.

It is tentatively suggested that this reorientation may be

responsible for the occurrence of mineralization of the protein

in connective tissues when sudden changes in direction occcur.
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Chaptexr Q(ne

Review of Previous Work

The majority of experiments carried out in this general
field have teen post-war and conducted ir two counitries; the

United States of Awmerics and Japan. The work in Japan has

“been done by Fukada and Yesuda, whereas in the United States

many more people have contributed. Two schocls cf thought
hzve arisen from these experiments, The firs? supporfs
Fukada's general obgervations that the stress--generated
electrical potentials in dried bone and collagen 1525354

ére classically piezoelectric and therefore highly directional.
The other school holds that the po#entials in bone derive

from the‘stressing of a myriad 6f P~N junctions; formed from
collagen P-~type and apatite ﬁ«fype crystals; with no mention
of directionality. The former school has dembnsﬁrated that
dried tendon collagen itseif is piezoelectric-2 s ils greatest
coefficient being of the same oxrder as the dyq of quartz.
Dainorsa 2 quotes that he obtained nearly 80% of the stress-
generated potentials in bone when the apatite wag removed by
formic acidy; and remarks that ' it is difficult to conceilve

of P-N junctions being formed when the N part has been




removed' o The PN junction school of thought has conducted
many experiments to look for - free electron szites in bone,
These include extensive gqualitative Electron Paramsgnetic
Resonance measurements on bone and its main constituents 6’7’8,
and also experiments designed to invesiigate photoelectric
effects 9, and fluorescence under ultra-violet excitaﬁion%o
They conclude from ,thé EPR measurements that the bone g-2
resonance signal is not attritutadle to a simple combination
of that obtained for collagen and apatité separatelyy and
that a direct physical bond exists between the collagen and
the apatiie. They note that there is a distinct difference
in the results betwwen dry and wet collagen, and they
attribute this to the ability of the collagen fibre to struc—
ture absorbed water to an high degree.

Becker and Broﬁn 2 conclude in their paper on the
' Photoelectric Effects in human bone ' that the results
support the P-N junction theory. Howevexr Spruch and Shamos 1l
in a later paper conclude that the effect of light on bone
is simple heating., Becker, Marino, and.Bachma;n‘l2 ha§e
measured thé dielectric constant of human cortical bhone in
varying degrees of welness, at 1, 10y and 100 kHz; in a

direction perpendicular to the long direction, and observed

a ' critical hydration point 'y which they interpre’ as the




1C

bound water of the syétem'at 3Tmg H20 to 48wz Héo/gm'honeo

' S.B. Lané3investigatod the pyroelectric effect in cow
bone anﬁ tencon specimens all of'which had been dried by
heating to temperatures between 50 and 1050C.He obzerved that
voltages only appeared in a direction parallel to the collagen
fibres.He gives fhe pyroelectric coefficient for hoof tenden
as approximately 4,1x2073 coulomd cm-3/°C and that for the
phalanx as 2.5z107>3coulomb cm“3/°C.It is not stated whether
the observed effect is primary pyroelectricify, that is at
constant strain when the sample is clamped; or whether the
effect is secondary pyroelectricity at constant stress when
~ the sémple is free to strain.What is observed in secondary
pyroelectricity is_the primary effect plus the piezoeleciric
voltage céused by the thermal strain in the material.The
difference between the two effects is approximately 100%
.and therefore not trivial.It would appear from the experimental
details that what was observed was secondary éyroelectricityc
In crystals for which pilezoelectricity is permitted but not
pyroeleqtmicity,secbndaiy pyroolectricity’cannot occur.lence
we may conclude from this experimentAthat both heated collagen
and heated bone are pyroelectric.It is possible that the
observed effect would be larger for unheated bone; since the

bone denaturation temperature is approximately 6500 1£.




;
down of the molecular structure.When the bone protein de-

natures, the triple helix of the collager mzciromolecule
collapses,This structure is described in Chapter Three. )
He concludes that the existence of a byroelectric effect
indicates $hat bone should vossess symmetry of the (00) type
texture and not (®2: 2) as originally foﬁnd by Fukada.That is
that bone.should possess the same polar symmetry as collagen,
( An account of piezoeléctfic textures is given in the next
chaptera) |

Dainora5 measured the elastic modulus in the long
direction of three human femurs in the wet condition, and
determined a piezoelectric constant for bone specimens that

. . o , .o
had been dried in an oven at 105 C for one week.The speciiic

gravity and microhardness were determined for the same specimens,

_He observed that the piezoelectric voltage decreased with
increasing specific gravity,microhardness, and modulus of
elasticity.le states that:—

' When the piezoelectric specimen was loaded parallel to
the long axis of the bone; a negative ch;rge'appeareé on the
outer surfacé of the compacta.This is in agreement Qith‘what

was Tound by Fukada....' Subsequently he gives the values

found for %his piezoelectric modulus and states that these are

r)
4
iy




the magnitudes of the 614 constant.We are not in complete
accord with what is implied in this remark.This is discussed
in Chapter IMive.

Dainora also measured the piezoelectric voltage on the
same bone specimens after they had-been dgmineralized in 5%
formic acid until flexibility was achieved.As before they were
dried in an oven for one week at a temperature of lOSOC.In the
discussion of the results he states that the piezoelectric
voltage generated for such specimens was approximately 80% of
the normal undenmineralized specimens, and yet in the Abstract
the average value of 0.3x10—8ccg.s is given for bbth types of‘

specimensHe concludes that the observed potentials can best be

explained by the classical theory of piezoelectricity.

2 . . .
Fukada measured the piezoelectric properties of vacuum=—

dried cow and horse Achilles tendon specimens in the converse

effect using his own apparatus,where the specimens are

electrically driven at a low audio frequency,(see Chapter 5)e
These and his bone results are discussed in detzil in the above-
mentioned chapter,
14 .
Basset and Becker could detect no stress~induced
potentials in wood and fresh cat Achilles tendomswhereas

15
Bazhenov has extensively studied and measured the piezoelectric
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and elastic properties of wood, vhich are concordent with the
16

symnetry group (03 2)T , and Fukada confirmed the equality
of thé direct and converse effects in wood.In referring to wood,
Bazhenov states that the piezoelecfric moduius is‘increased two
or three times vhen treated by H-bond breaking chemicals, such
as liquid NH3 « NaOH, and ethylene diamine.He concludes that
this is due to the liquid being ‘texturised'.Considering the
results of Chapter 4 this increase seems likely to be due to
streaming potentials.,

An account of the PN junction theory of Becker, Bassett,

17

aﬁd Bachman is.givén in 'Bone Biodynamics' +They state at one
point that ' considerable differences from the single crystal
piegoelectric effects were observed, including a tendency
towards a non-synmetrical outﬁut and a steady-state output
~during the period of éﬁeady stress application.' In the
previous paragreph they dismiss piezocelectricity as a possible
explangtion of their results on the grounds that the classic
concept of single crystal piezoelectricity requires the absence
of eitper a plane or axis of symmetry in the crystal structure.
In the addendum of the same paper they give the experimental

details for the measurement of the electrical characteristics

of the ' collagen apnatite ' PN junction.One electrode is placed




on the face perpendicular to‘the long direction and the other
is plaoéd or: o side féce parallel to this direction., The forward
and reverse bias currents are tnen measured for these contacts,
on the assumption that the first electrode makes contact with
P type semiconductcr and the otlher electrode with N type
semiconductor.They find that the 'forward current ' is greater
than the 'revérse current'.

Shamos and Lavine 18 carried out several experiments on
the eleciriczl properties of dry bone znd other mineralized
tissues,; and commented on previous wérk.Théy measured the

ics of various materials,

[~

temperature variztion of the resistivi

including wood; dry bhoney, dry bons collagen, and marble, and

e s = i

showed that it is more Gorzect to regard such substansces as

D,

poor insulators rather than as semiconductors.They obizined o

T)
3
s oy e

value of 2.4 eV for the energy gap of dry bone from these

resistivity-temperature measurements, and concluded that this

was mﬁch too high for appreciable semiconductor effects to

occur at body temperaturess; near to ,03eV, if these dry results
are releV¢x to the wot case.ln commentihg upon Becker et al's
statement on tkhe nature and duratioﬁ of the signels compared with
of quzrtz; they showed that it was incorrect to regerd the boﬁe

signals as non-piezoelectric because the guartz signal decayed

rapidly whereas the bone signals did not.They pointed out that




I5

the measured eléctrical signal devends upon the circuit

constants such as the bone leakage resistancs and the input
Jmneaance of the measuring apparatus.They also obsefved that the
signal produced npon releasing the applied siress was not a
piezoclectric signals and that bedause this signal was often less
than that_produced upon the application of the stress, one vas
not justified in saying that rectnflcatlon wvasg taking place in

a reverse divection,

In an article on the electiical and piezoelectrical
properties of dental hard tissuesl? the authors give an account
of their work on elephant dentin and enzmel,They measured the
electrical potentials arising from compressive stresses by
connecting the specimen through'an electrometer valve to an
oscilloscope.The electrical resistance of ‘'parallel' specimens

" was als; messured at 50 c¢/s using an R-C bridge.They states—
' We were unable to discern any piezoelectric‘effect with the
mineral apatite CalO(PO4)6(OH)2 as expected, or with enamel.'
No 1nformatlon is given on the snehimen orientationsvused s0
that we are not in a position to know vhether zll the piezo-
electric coefficientv for enamel and apatite were meaqured to

be zero.However we assume that several orientations were used

so that this is the case.,They report that results were obbained




for dentin comparable with those found for bone; dbut that

'the electrical résponse appears to vary non~1inear1y with stress,
contrary to the findings of Fukada and Yasuda.They show that |
the résistivity of dried dentin varies exponentially with the
reciprocal of temperature in the range BOQC to 12000, in a
similar way to that suggested fy Shémos énd Lavinel8, and they
conclude that there is nothing to suggest that dried dentin

is a sémiconductor.

The experiments described in this thesis were undertaken
primarily to determ;ne the electrical propsrties of wel bone,
‘that is bone bathed in an ionic fluid as it is in vivo.Because
of the confusion existing in the literature it was thought
necessary first to examine the properties of purc collagen

in the wet state. The results from these experiments were then
vused to interpret measurements made on wet bone.The piezoelectrical
propertiég of dry bone were also investigated, and these show
_%haf the bone coliagen vis responsible for the observed properties.
The work on collazgen shows that fully-wet, pure collagen is not
piezoelectric-ahd that potentials obﬁainei from it when strained»
can be aScribed to ionic streaming effects.The measurements on
wet bone demonstrate that streaming-potentialé are by‘fartfhe
greatest source of electrical signals in stressed wet bone, in the

long direction, but that the bone collagen still retains piezoelectric

properties.

16
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Chapter Two

Theory of Piezoelectricity

2.1 Intrcduction.
Direct Piczoelectricity is the physical phenomenon which

occurs in some insulating solids, of the production of an

electric moment which is proportional to, and derives from
applied stress.The converse effect is the strain produced in
the solid resulting from an applied electric field.The
phenomenon ié commonly associated with single crystals;
because their anisotropy is readily app;rent,and a solid nust
be be anisotropic if it is to be piezoelectric.This concdition
is a necessary one, but not sufficient for the existence of
the effect.The criterion that‘determines whether.a crystal is

piezoelectric or not is the possession of a centre of symmetry

--in its étructure.A crystal that possesses a contre of symaetry
cannot be piezoeleciric, because no combipation of uniform
stresses ﬁill produce a separation of the centres of gravity
of the positive and negétive charges that is necessary for the
occurrence of a dipole moment.Crystals can be divided into
thirty two classes on the basié of the symmetry they'foésess,
and of thesé‘thirty two classes twenty may be piezoelectric
and twelve cannot,

Piezoelsctricity is distinguished from electrostriction,



( which is another effect that causes a dielectric to deform
on the applicétion of an electric field) in thét a reversal
of the applied electric field causes the strzin to be reveréed.
For electrostriciive effects the resulting deformagtion is
independent of the sign of the electric.field.Because the
electrostrictive coefficients do not vanish for isotropic
materials the phenomenon may occur in all materials; including
liquids.However for non;ferroclectric piezoelectric crystals,
the electrostriﬁtive terms may be ignored as they are orders of
magnitude lesgs in value.

If the piezoeslectric properties of any material are to
be investigated quantitatively the phenomenon must be treated
mathematically.Authoritative accounts of the subject are given
by Cad?? and by Maso;f%so that only the barest oufline will be

" presented here as is pertinent to the work of this thesis.

2.2 A short note on the Piezoelectric Coefficients.

There are many ways in which the piezoelectric properties of
a crystal may be given.The coefficient that ﬁill be used in
this.thesis is the 'd' coefficient.Vhen referred to Caréesian
coordinates ijk, the dijk coefficient in the direct effect
measures the electric polarization per unit area Pi produced

in the i direction,; resulting from an applied stress Tjk s




1

when all other stresses are constant. In the converse effect
it relates the strain Sjk in a free crystal produced by an
applied electric field E; in the i direction. In tensor

notation the two effects are written,

P.

i = 4

i3k Tk

By

i,k = 1,253

S d

The above d coefficients may be shown to be the same using
the Thermodynamical Gibbs Function. dijk is a third rank matter
tensor( and so must conform to the symmetry of the point group),

and ij

.

and Sjk are both symmetrical second rank field tensors
which do not represent therefore the group symmetryoTjk
represents a force in the j direction acting on the k plane,
so that“Tll is a tensile force in the 1 direction.Likewise the
components of sfrain Sii are the tensile strains.They are the
extensions which elements of unit length,drawn originally
parallel to the i axis, undergo during the strain.As an

example of a shear strain, equals half the change in angle

) 523
between two elements drawn parallel to the 2 and 3 axes%efore
deformation, and is considered positive if the angle decreases.

For the derivation of these symmetrical second rank tensors the

reader is referred to Mason.Fig 2.1 shows a unit cube with




stresses Tjk marked on the forward faces.

A3 - | | oy L}T;

59

1L

As long as body torques are not present Tij = Tji » This makes

the stress tensor symmetrical.The stress and strain tensors

are written,

1 e

Tp Te Tiy S11 B2 B3
S., S., S

Ty Top Toy i 12 S22 Sz
513 S23 833

P13 Ty Ta3

The diagonal symmetry of these second rank tensors allows them:

to be represented by a one suffix matrix notétion shown below.

. ) 1 1
1 1a .
T6 T2 T4 and v 256 82 204
2S5 3, S

4 3

0



Vhen these changes are incorpoerated into the definition of the
d coefficient the direcct and converse effects are written in

matrix notation,

Pi =3 dij T;j
i "_‘1,2’3; j = 1’2, 00_60’
SJ :’dij E1
. . - 1 .
As an example of this notation d123 - d132 become? gd14 ’
and d211 becomes d21 «The array of dij written ogt 2s a nmatrix is
|
d d d l d d 4
11 12 13 V%14 15 16
l
Aoy dpp dp3 Ay a5 dpg
a a d,, ! d
n Y 433 %y 95 a
i 36
' !

There are 18 matrix coefficients compared with 27 tensor
coefficients, so that when possible it is more convenient to
handle the matrix notation. All the terms with second suffices

greater than 3 represent shear terms in this frame of reference,

14! is equivalent to a shear around the 1 axis, '5' around the

41




2 axis, and'6' around the 3 axis.Hence the piezoeléctric matrix
may be split into two halves,shear and non-shear terms,

By using the Thermodyﬁamical Gibbs Function, and treating
.the strains, electric displacements, and entropy, as the
fundamental variables; and the sfresses, electiric fields, and
changes in temperétureg as the dependent variables, general
expressions may be developed for the first three in terms of

the others,.For adiabatic conditions the resulting equations are

where Dm = a component of electric displacement,

S = the surface charge at a boundary.

il
égp — a free dielectric constant.
S?j = the elastic compliance at constant electric field.

«

The first equation incorporates the converse piezcelectric
effect and the second, the direct effect.It is these equations

which are used in analysing Fukada's apparatus in Chapter Five.

A3



>2.3 The Symmetry Theory of Polycrystalline Materials or Textureé.
The theoretical footing of this subject is entirely due to:
A.V.Shubnikogi and the reader is referred to the textbock for
further information.

A texture is defined as any homogeneous body lacking a
lattice structure, which consists of a multitude of elementary
particles of undefined physical nature that are oriented invspace
according to symmetry lawé. Among the examples of textures are .
fibrous substances such as wood,; polarized dielectrics consisting
of dipoles oriented in the same sense, and magnetswpresenting
aligned electron spins.What dinterests us are the textures
containing axes of infiﬁite order, that is those textures which
possess one axis or more.avound which rotations of anrny
magnitude leave the body in a position which is indistinguishable
from that before the rotation.It may be helpful to remark here
that a polar vector,(which is commonly represented by the arrow
sign -———~>) s velongs to the above limiting point group textures,
as does an axial voctor(normally drawn -€%~% ) ".In Shubnikov's
notation the polar vector belohgs to the point group o0 .m énahz
hhe.axial vector to the poinf group o :m .The dot in the w.m: .
representation signifies parallelism between the infinity axis and

the mirror planez, and the two dots in thew i formula represent

43




At

perpendicularity between the axis and the single mirror
plane.,The limiting point groups are seven in number and are

written.
o) 9 GO 4y QOIM 5, 0032 4, MW oo/oo, andoa,éo.nr,

The stroke in the last twoe groups indicates an oblique rélation
between the two infinity axes. We shall only discuss three of these .
groups, since only these may show piezoelectric behaviour. These

are

co 9 So.m 4  -andee:2 ,

The first group possesses no elements of symmetry other than

the infinity axis.Texturcs of the type (%0)T may be formed by
subritting a righf-handed‘or left--handed asymmetric particle to
all possible translations of the group Ty, and then rotating the
particle through an arbitrary angle, but élways in the sanme sense,
around an arbitrary éxis.Aﬁexample of a texture so formed is

"

illustrated below,




ak

The oo axis is perpendicular to the plane of the drawing.
Such a texture consists of all right-handed or all left-
handed particles.It therefore has twa enanticmorphic forms,
The coaxis is polar-axials

Theea.m group contains besides thewaxis symmetry
element, an’. infinite number of longitudinal mirror planes, -
Textures of.thevtype o.m)T may be realised with any such polar
particles of whatever orientation as long as the particles are
directed with the same polarity parallel to each other. Thé axis

in this case is polar.An example of such a texfiure is drawn below.

Thetw :2 group possesses besides theworder axis an
infinite number of transverse diad axes.It may be formed from:
particles of symmehry 2:2 as long as all the longitudinal diad
axes are parallel to each.other.As for the group there are -

two enantiomorphic forms.An example of such a texture is shown

at the topbof the next page.The shaded areas depict regions of




of opposite polarity.

A texture which belongs to the oo limiting point group must
possess the piezoelectric matrix shown below, if the axis isn
along the 3 axis .This may be seen by recalling that the form: of

the matrix is independent of rotations about the 3 axis.

o o0 0 a4 a 0

14 715
d31 d31 d33 0O ©O 0

For textures of the oco.m group the form is similar except that
the longitudinal mirror planes do not permit the dl4 and d25

terms.Hence the piezoelectric matrix of this group is

$2.m)T = o 0 15

3y 433 di3




If one operates on the (@)T matrix with a transverse diad

.xis one arrives at the matrix for the (0:2)T textures. This is

0 0 0 4, 0 0
fo:2)T = o 0 0 0 -4,0
o 0 0 O 0 o

These matices are the only irreducible representations for an
homogeneous piezoelectric texture which belongs to the limiting
point groups.Reference to Chapter Five shows that an Achilles

tendon that consists of parallel collagen fibres belongs to the

co point group.




Chapter Three

The structure of Bone and its Protein Collagen .

3.1 The structure of Bone

A bone such as a femur is approximately cylindricalAin shape
possessing a soft centre which is termed the marrow.To the naked
eye it appears homogeneous.Viewed with an optical microscope the
bone appears to consist of smaller nearly cylindrical units
called osteons running parallel to the long axis of the bone,

The osteon is sometimes referred to as the building block of bone, -
‘but it would appear from the literature that it is'controversial
to regard it as such.Basset3%h1lﬁﬁ article in Scientific
American on 'Eiectrical Effects in Bone', depicts a piece of bone
as consisting of perfectly cylindrical osteons in closeepacked-
hexagonal arrangement lying along the long direction of thebone,
He shows the csteon consisting of the central Haversian

canal, which contains the blood vessels; surrounded by
cencentric layers of hydréxyapatite crystals, Célo(PO4)6(OH2),
embedded in collagen fibres that are ' alternatively turned to
the left and the rightr' in +the neighbouring lamellze,

On this model thé collagen fibres in one layer spiral around
the axis of the osteon in the opposite sense S0 that of the
neighbouring layer, and since the axis of the osteon is

v

shown as rdnning parallel to:. the long




axis of the femur,; the picture is of collagep fibres
spiralling around the long axis of‘the femur;The ostgggytes,
which are the bone producing cells, are located in small
cavities throughout the cross-section, and are 1§nked by
vefy fine capillaries to the central blood caﬁal;

»Cooper.énd Robinson 24 state that'oe.; While it is true
that many of the Héversian canals are orientated in a
longitudinal manner with respect to the long azis of the bone,
textbook diagrams showing straight Haversian canals which
connect by transverse Volkmann canals ére definiteiy misleading;
The thvee-dimensional reconstruction of osteons by Cohen and
Harris demonstrated the intricate branching, spiralling, and
interconnection of osteons and their vessels.' Fig3,1lL.shows
the structure of bone as illustrated by Bassett,

Cooper and Robinson later remark, '.ccs0e The lamellar
pattern was evident in both mineralized'and unmineralized
sections.,Individual lamellae averaged about three micra in
width, Adjacent lamellae had their collagen oriented in
different directions, In many ostéons, lamellae with their
collagen fibres éircumferentially oriented alternated with
lamellae in which the collagen was parallel or obliéue to,

the long axis of the Haversian canal, No cellular layexr or

a1




Fig. 3.11

Structure of the Osteon

In the middle is the canal that contains the blood vessels.
It is connected by much finer canals to cavitles that contain osteccytes.
The concentric layérs are composed mainly of of hydroxyapatite embedded

in variously oriented layers of collagen fibres(depicted above).
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amorphous zone separated the various lamellaé,'and in fact
ﬁ@e pollggen.fibrils_of adjacent layers were seen to inter-
mingle ;;;;eo'

J.W.Smith 25 plassifies the bone fibre pattern into three
tjpes of diffe:ent mavurity, the third group repregenting the
most mature bone; |

Type 1 consists of an alternation of lamellae which
contain approximately loﬁgitudina} and approximately transverse
circumferential fibres respectively,‘dhd in which the
concentration of fibres in adjacent lamellae is nearly
equal;

Type two consists of distinct lamellaey, concentrically
arvanged about a vascular canal, and as for the first tyve
alternate lamellae contain approximately longitudinal and
approximately circumferential fibres respectively, However,
contrary to the first type adjacent lahellae concentrations
are markedly ﬁnequal. The longitudinal fibres are densely
packed together so that in the transverse directions they
form darker layers ‘than the circumferential fibies which aré
loosely dispersed,
| The feature if the third group is the non-abundance of
the lamellae. This is due to the small number of circumfer—

ential fibres.Under low magnification a transverse section




does not show concentric layers. At higher magnifications the
cut ends of longitudinal oriented fibres are visible;
Thus in going from type one to type three the number

of longitudinally oriented fibres increases and fewer fibres

are arranged in 1ame11ae; J.W.Smith states that the first two

types are characteristic of immature bone, ahd that as the
osteons become older the longitudinal fibres increase in
number unfil they are no longer confined in lamellae;

Hence for a large specimen in which all crientations
are included, the most gensral d@scfiption of the structure
of bone collagen is that the protein fibres may be said to
exibit, statistically s@eaking, conical symmetry with respect
to the long direction of the bone.The apical angle will
depend upon how many fibres lie parallel to‘the axis of the
osteon, how many lie circumferentially, and whether the
osteons themselves spiral along the directién of the long
axis;However,for specimens of size comparable with or less
than the pitch of the spiral, the fibres will in general
strike an obliquevangle with the long direction,

The positioning and size of the hydroxyapatite crystals
in bone seems less controversial than that of the protein

fibres. Engstrdm and Finean 26, using X-ray techniques,
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found thet the apatite c;ystals of bone were rod-shaped,

and uniform in their dimensions of 210 X and 50 A. Fernandeg-
moran and Engstr6m~confirmed this using the electron micro-
scope.They give the average dimensions as 200 & and $O.~»60 1.
The c- axis of the crystals was observed‘to be in the fibre
direction.It is pertinent to remark here that the point group
symmetry of the apatite structure is 6/&, that is a mirror
plane perpendicular to an hexad axis . This is a centro -
symmetrical group so that apatite is not piezoelectric,.
Glimcher 28 has sﬁown that not only are the crystals
attached to the surféce of the fibrils but that the bulk of

29

the apatite is within the fibrils., Fitton-Jackson showed
that electron-dense particles are arranged in a regular
pericdic pattern along the fibril, and electrpn diffraction
identified these particleé as apatite crystals of diameter
less -than 100 A, The observation that the length of the
crystals is a sub-period of the collagen 640 A bgnﬂ - infer
band unit forms the basis of the ' collagen seeding theory ‘;
Cooper and Robinson °4 state that it is generally

accepted that the inorganic compbnent of bone is hydroxy-—

apatite and that the c~axis of the crystallites is parallel

te the fibril =xis. They state that the crystals vary in




fhickness from about 25 to 40 A and length from 200 to

400 A, with oocasional crystals up o 1000 A in length.They
give the surface area of the crystals as varying from 100 to
300 £q m/gm, and they state that the crystals are deposited
over ahout 4QQ A of every 640 A of the fibril 1ength;

. Thus in conclusion, there seems to he general
agreement that the inorganic crystals of bone are hydroxy-—
apatite, that they are needle or rod-shaped with average
dimenéions of approximately 210 A in length and 30 to 60 A
in tﬂicknessa ’

An account of the structure of bone would not be
complete without reference to the nature and size of the
wvater which forms an integral part of the living mniterial,
The work of Berendéen indicates a possible interpretation,
but without experimental evidence it cannot be assumed that
the structure of thevcollageﬁ water is relevant to bone which
is a rigid bod&, largely consisting of apatite which itself
takes up water. The problem of bone anydration secrs to: have
received relatively little attention, The main work on this
subject appears %o be that of Marino, Becker; and Béchman, 12
who measured the dielectric coastant and dielectric loss of
bone at.various frequencies‘and humidities, All their measure-

ments were carried out on human cortical bene in a direction
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perpendicular to- the long axis, so that to a first approx;
imation wgumight séy that the dielgctric constant transverse
to the cqllagen”fibres was measuredi These measurements were
made at 100,50,10, and lke/sec, employing a capacitance

' measuring assembly ' and a micrometer ;-driven dielectric
sample cell, A typical curve resulting from their measurements
is shown in Fig 3,12, It shows the variation of the dielectric
constant with hydration, the latter quantity being in units;
of mg HpO / gm bone,The point at which the slope of the curve
appears to.change is termed the ' critical hydration point !
and occurs in the region 37 to 48 ng Hp0 / boney; the actual
figure for a specimen depending upoﬁ the density. The authors

interpret this as the amount of waber necessary to occupy the

' primary absorption sites ' in bone, that is the bound water

of bone, They note that absorption isotherms for synthetic

30.and hide collagen 31

hydroxyapatite have bheen dgtermﬁned,
and when fitted to the B.E.T equation, values of 17;6 mg H20
/ em and 95.2 mg Hs0 / gm are obbained for the
amount of water necessary to complete the 'monolayer’ in
epatite and collagen respectively.( The B,E,T equation and

its general applicability are discussed in Chapter 6 in

connection with the interpretation of the evaporation curvesJ
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Using the fact that bone by weight consists of 65% apatite
and 35% collagen, they obtain a figure of approximately 45 mg
H50 / gin bone for the water necessary toaoccupy the ' primary
absorpiion sites f in bone.This compares with thelr experi-
mental value of 37 to 48 mg HoO / gm bone,

They cémment that even though absorption on collagen
and apatite has been interpreted ( and presumably they imply
can be ) using the B.E.T equation , and that their own results
can be interpreted using this eguation, this does not necessarily
mean that absorption on bone follows a B.E.T equation. The
absorption isotherm whicﬁ they determined for bone,(see Fig 3.i3)
is in their own opinion not sufficiently accurate to the point,
They remark that thgt a system of two B.E.T absorbers will
not in general follow a B.E.T equetion, except in the case
where the heats of absorption are the same. They conclude
fhat i.f the absorption on bone is found to obéy a B.E.T
equation then the ' monolayer capacity ' should be expected
to agree with their walue of 37 to 48 mg H50 / gﬁrbone fox
the critical hydration,It should be remarked that Rougvie
and - constructed a moisture éorption‘isothérm for collagen
and found that the primary sorption amounted to about 13 gm

HoO / 100 gm of ccllagen, when analysed by the B.E.T equation,



Clearly this is not consistent with the figure of 9.52mgm Hp0

/am of collagen used by these authors in the interpretation

of their data.

When the later figure of 13.0 gms;Heo/iOO‘gmncollagen is
used for the primary sorption in collagen one obtains a value
of approximately 58 ng Hzo/gm;bone for the ' bound water of
bone', This figure is not consistent with the value of their
' critical hydration point! as detgrmined by bone's dielectric
behaviour,However; this observed ' critical hydration pdin£'~
is congsistent theoretically and numerically with what is
termed in Chapter Six, the first discontinuity.This marks the
end of free water evaporation and the start of evaporation

from the collagen B bands.(see 3.3)




3.2

The Structure of dry Collagen‘

We shall only present a brief outline here., For a

critical review the reader is referred to the article by

Harrington and Von Hippel%s

3,21

three
It is
three

bonds

The collagen molecular structure

The collagen macromolecule is a triple helix built from
polypeptide chains that are minor helices themselves;
approximately 28004 in length and 151 in diameter.The
congiituent chains are hydrogen-bonded to each other by

that are essentially perpendicular to the axis of the

helix.( A polypeptide chain is a repeating structure made up

of identical peptide groups ( CCONHC ). The chain is formed

by amino acids or residues, each of which contributes an identical

group to the backbone, plus a distinguishing radical (R) as a

side group.Fig 3.21 depicts a polypeptide chain and three of

the amino acids that occur in collagen). Fig 3.22 shows the

basic

structure of the collagen macromolecule as proposed
L3

by Rich and Crick.Only the amino acids are shown on each chain

as the backbone is common throughout,This model is known as

the 'Collagen 2:' model, and is built on the assumption that

every third residue is the amino acid glycine, and that the

sequence glycine, proline, hydroxyproline can be incorporated
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Structure of the Collagen Macromolecule according

to Rich and Crick (1961)
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into the structure.The basic structural unitbis therefore a
three residue sequence.The diagram shows this sequential
positioning as l= glycine , 2= proline, and 3= hydroxyproline,
It should be remembered though that positions 2 and 3 may be
oécupied by other amino: acids,; such as lysine, argénine etc.
The spatial operation that Brings coincidenqe for one chain

is a rotation of 36° and a translation of 8.58% along the
helical axis.The equivalent operation from chain to the ne;t

is a rotation of = 108° and a translation of 2,864, The axial
peribd of the major helix is 28,61, The intramoleéﬁlar hydrogen
bonds are formed between the NH of position.l (glycine) and the
carbonyl oxygen of position 2 of the neighbouring chain in an
anticlockwige position.The carbonyl oxygens oprositions 1 and
3, and the NH of 2 and 3 that are not occupied by proline and

hydroxyproline are therefore available for watér binding.

3,22 The Collagen Fibrillar Structure

Thereas the collagen molecular structure outlined above is
determined from the wide—angle X-ray diffraction, the collagen
fibrillar structure is éhown by low-angle X-ray diffraction
pafterns and electron micrqscopy.The latter mcthods ha&e shown
that the ﬁrdpocollagen macromolecules link up laterally to

form fibrils.Viewed microscopically collagen appears to. be



lz2id down in bundles that afe formed from parallel fibfoué
elements.Under the resolution of the light mioroscobe the fibres
appear smooth and undifferentiated.However with the magnification
of the electron microscope this smooth structure is no longer
apparent and the fibriis are seen to contain bands which have a
periodicity of 640A for native fibrils.The early collagen workers
used positive staining techniques such as chromium staining,
where the stain pénetrates and identifies the highly,charged;
regions.Using this method the 640A period consisted of a band
and an intef-band, the bands being of somewhat greater diameter
than the interband regions. This axiél repeat was also observed
in low-angle X-Ray diffraction: patterns. It wgiggested that'the
6404 band interband repeat was due to a regular alternation of
groups of amino acids, the band regions contaihing high
concentrations: of long chain polar amino acids and the inter—
bands containing mostly the smaller non—polar . residues. It was
proposed that the interbands form the portions of the fibril
that give rise to the wide~angle X~Ray diffraction pattern, the
polar amino acids located in the bands being too bulky and
highiy charged to pack properly.Thus the bands would be the

most amorphous pafts and therefore more easily penetrated by

stains°Subséqusnt work supported this interpretatioh. The 6403




aiial repeat obse?Ved in native collagen collagen was
interpreted in terms of a hypothetical collagen molecule

of 2600& length.If four main bonding zones are ascribed to. the
mo}eoule then neighbouring molecules could bind into the fibrils
by 'quarter-staggering' along their axial length.

Howevéx with the advent of neéative staining techniques
this 'quarter-staggering' process became untenable, thuslfhrowing
into question the meéning of the banded regions.VWhereas positive
staining in principle identifies the chemically charged groups
of a structure, negative staining directly relates to the
molecular gstructure.Hence with positive staining the charged
band region is penetrated by the stain and identified, whereas
with negative staining the molecular structure is penetrated and.
stained, so that details of the crystalline structure are
directly obtainéd.éontrary to positive staining, negative
staining a major light and a major dark band within each 640;
period.These are labelled the A and B bands respectively, so thét
the A band represents the region within the 640A repeat distance
where the stain cannot penetrate .Hence the A band may be loosely
equated with the more disordered charged band reglon seen with®
positive staining. |

21 .

Cox et al in two recent papers have proposed a new model
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for the tropocollagen molecule, and a new mechanism for its
assembly into native collagen fibrils.Their evidence arises
f?om the use of negative staining techniques and high resolution
electron microscopy.VWe only summarise their observations and
conclusionse.

The A band for native collagen is measﬁred to be 280 A
and the B band.360A°The individual fropooollagen molecules can °
‘be seen running through the A and B bands. By depositing
'segment long spacing! (SLS) collagen , ( corresponding to the
period of the tropocollagen) on to the recostituted native
collagen,they have shown that the tropocoliagen moleculs spans
" 5A and 4B bands of the native collagen fibrils.Fig 3.23 shows
‘the tropocollagen molecule next to a nativé collagen fibril,
and the individual macromolecules.

By dividing the tropocollagen molecule into five main bonding
:zones separated by four main non-bonding zones, they have shown
that the ﬁacromolecules na§‘be assembled into native fibrils
by allowing a méin bonding zone on a particulax macrﬁmolecule
an iniéial random choice in combining 4 in g structurally
complimentary manner, with a main bonding zone-on another
macromolecule.Thus the a or bonding zones on the’macromolecule

produce the A bands of the native fibril, and the b or non-




Fig. 3.23

Schematic diagram of the tropocollagen molecule and a
native collagen fibril,; to show that one macromolecule covers
5A and 4B bands.The individual macromolecules arce shown

running through the fibrils.
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bonding zones of the macromolecule prcduce the B bands of the
nptive fibril. They show on this basis that the number of tropo-
collagen macromolecules present in the B band to the number in
~the A band of a native collagen fibrii is 435 .

They examined electron micrographs of cross-linked
fibrils with several cross—linking agents.In eacp.Case examined
~ the light-staining region was increased at the expense of the
dark or B bands, compared with the native fibril.They conclude
that since the introduction of intermoleculaxr cross—liﬁks into
the collagen fibrils resuits in an increase in the size of the
light staining or A bands , that the light bands in native collagen
correspond to regions where the macromolecules are bonded to-
gether; and in addition that the B bands represent areas where
only a few intermolecular bonds are present and the lateral
attracion is weak.They state that in the case of native
collagen the intermolecular bonding 'consists of electrostatic,
hydrophobic, and hydrogen bonds between the amino ac¢id side
bchain%arranged specifically, so: that stractural complemen-
tariness of groups exists in those‘regions cf the macromolecule
represented by the A bands.'They go oﬂ to state that '....Hence
" we may suppocse that the A regions of the structure correspond

to a system of recevtor and determinant sites (tofuse




a U8

immunological terminology) distributed in different sides
of the macrciclecule within each A band or bonding zone!

They conclude from the results of the cross--linking
ezperiments that the cross-linking reagents dp not react uni-
formily with the collagen along the entire length of the fibril,.
but only with certain portions of the sfructure.'Subsequently
they state that ' .....These findings aré in conformity with
the observations of Grassmaguét al that the amino acid sequences
are of a non-homogeneous nature, and that regions containing a
preponderance of polar amino acids are separated by regions of
reletively non-polar character,?

Thus we may conclude from this paper that the native
collagen fibrils consist of definite repeating units of alfial
periodicity 640&, and that this periodicity occurs because of
the existence of specific bopding and non-bonding zones on the
tropocollagen macromolecules which make up the fibril.Hence the
A bénds, as seen in électron micrographs using negative staining
techniques, represents regions along the fibril WEere lateral
intermolecular bonding forces occur, and the B bands where the
individual macromolecules are largely free of these forces.

Since the A bands contain the majority of the charged amino

acids it seems reasonable to conclude that the bonding forces




between ncighbouring macromolecules are predominantly
electrostatic, although hydrogen bonds and hydrophobic bonds

are mentioned equally,.

3.3 The Structure of Wet Collagen

Many experimentél results indicate that water is intimately
involved in the structure and stabilization of collagen,
However the molecular changes which occur in the collagen fibre
have been most extensively studied using X-Ray diffraction

20

techniques.We outline here the work of Rougvie and Bear, who

carried ocut a quantitative analysis of the various features of -

of both the wide and small-angle diffraction patterns of tendon
collagen which are affected by moisture content.

They constructed a moisture sorption isotherm,(Fig 3.31)
and found that the primary sorption amounted to approximately
13gm-H20/1OO g collagen, when interpreted through the B.EB.T
equation, (see Chapter Six).By\relating the moisture content
with the X-ray changes they observed that the hydration —
sensitive equatorial spacing observed in the wide—angle X~ray
pattern moved from approximately 10.6A for dry fibres, to a
maximum of 14.6A for completely hydrated specimens; similarly

that the small-angle mericdional macro period increased from

'y




603A to near 670A with increasing water content.The changés in
the line intensities for the small-angle pattern likewise in-
dicated that increased ordering of the structure resulted from:
higher water content.We now quote Rougvie and Bear.

! Description of the tolal sorption range caﬁ be
conveniently divided into four intervals.Under rather dxry
conditions water sorption involves primarily the fibrillér
bands at which the axes oftihe kinked, roughly parallel helical
chains straighten as moisture is introduced.The event character-
istic of the ﬁext interal is a hydratfion of polaf groups at
interbands, where relatively well~ordered, parallel chains -

begin to separate laterally in orderly fashion.In the meahbtime

by the third interval the chain straightening process has
proceeded to an extent where small-angle evidence of chain
kinking continously disappears.Almost simultaneously segments of
adjacent chains at bands and interband:margins become free of
each other and swim in interposed lakeé of water.Finally, as

the samples come into equilibrium with pure water the inter-

chain separations at interbands once more increase to a spacing

of 14,6A(without tension).At bands and interbands multilayer

sorption follows upon introduction of bound water to chain

straipghtening or separation processes characteristic of each
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type of location.He later states:-—

' All the H,0 in the interval a-b(7gms) and approximately
6 gms of that in the b—-c region are assumed to be bound or
'primary layer' water.The remainder is free or multilayer water
iﬁ each interval,!

Thus_we have from this hydration picture that for every
100 gms of collagen approximately 7 gms is initially absorbed into
the polarﬁband regions and that a further 6 gms hydrates the
polar groups in the interbands.Rougvie and Bear statgh%gis.l3gm1
of water constitutes the primary layer or bound Wafer.This
leaves approximately 16 gms from the interband region which is
presumably strictly 'multilayer'vwater, in the terminology of
the B.,E.T cquation.Hence alove thé approximété figure of 30‘gm:
H20/100gm~oollagen the water would appear tq be essentially
free, and that above the 4OgmH20/100gmzéollagen completely
free,

A major coniribution to the problem of collagen hydration
has been made by BerendseJJWho carried out a Nuclear lMagnetic
Resonance study oh collagen hydration.He found that hydration
of the profein can be divided into two groups.The meésurements

on partially dried cbllagen show that a large fraction of the

water prescentzanisotropic reorientation whereas the remaining



water molecules exhibit isotropic motion.He suggests that the first
type of water molecule is associated specifically with the three~
fold helicalvsﬁructure Qf the collagen fibres, and that the second
type occurs in regions where this helical structure is not
dominant.Thus the water molecules whose motion is anisotropic

are gssociated with the more crysfalline parts of the fibril,

and. those whose motion is isotropic are placed in the more
disordered polar band reglons, as seen in electron micrographs.
with positive staining,

Berendsen concludes from the nature of the anisotropy of
the first group that the water molecules which are linked to the
collagen macromoleculeé form into chains in the fibre direction
and are located in the channels between neighbouring fibres,

A picture of a possible chain formation is.shown in Fig 3.32 .
He states that -if ‘ecach channél is filled by one continous
chain of water molecules that the chahnels will contain

15.8gn H20/100gm collagen.Ve tentatively suggest that_this
corresponds to the 16gms of water remaining in the interband
region, according to Rougvie and Bear, that is not primaryé
layer water.Berendsen states that the lifetime of a particqlan
molecule in such a chain is short due to. proton reorientation

processes similar to those which occur in ice.Using the

approximate energy of one hydrogen bond he calculates this time




Fig. 3.32 (from;Berenﬁsen). End view of fibril collagen macremolecules

with water channels in between, and proposed chain of water molecules

linking neighbouring collagen molecules,




to be of the order of 10—6 seconds, the actual figure

depending upon the state of hydration.Thus the chains are : ‘
broken and rebuilt continously, éllowing the molecules to jump

to neighbouring chains.He states that when thé water content

exéeeds the approximate value of 40gm'H20/100 gm‘co}lagen there

is more water present than form individual chains between the fibres,

the water to form three-—dimensional structures around the fibrous
macromolecules, more resembling the liquid state; and that'the
particular.reorientatio# processes which lead to the observed
N.HM.R 1resonance in two—dimensional chains do not occur any
longer.Thus coupling Berendsen's results with those of Rougvie
and Bear, a definite molecular picture of the collagen hydration
range emerges,This is important to this thesigﬁnd will be referred

and consequently lateral separation of the fibres occurs, allowing
to in later chapters,
|
|
\




Chapter Four

The Electrical Properties of et Collagen

4.1 Introduétion.

The electrical properties of wet collagen have been described
by J.C.Anderson and the présent author in a recent papef?za
copy of which is enclosed at the end of this ﬁhesié.Since both
tendon and bone are bathed in ionic fluid of high conductivity
when in vivo, it is clearly important to understgnd the

electrical activity of wet collagen.

4.2 Experimental Basis,

The specimens chosen were human Achilles tendons, typically
50mms long and Smmé in}diameter when wet,Before experimentation
they were stored in Ringer's solution in a.domestis refrigerator.
The tendon consists of almost pure collagen fibres which are
mostly parallel to the long axis.Because of this structure there
is a 1argé number of fine capillary channels throughout the length
of the specimenﬂhrough which liquid can flow.V%hen the tendon is
stretched, liquid is squeezed ocut and will stream back into the
specimen when it is relaxed.Such a movement of ionic fluid givgs
rise to a streaming potential.Hence it is necessary to design

an experiment in which a streaming potential can be separated

from any piezoelectiric: potential that might be present.



The mechanism of streaming potential at its =simplest depends

on the adsorption of one type of ion on the surface of the
molecunle, with an associated diffuse layex of ioﬁs of opposite
polavity extending out from the molecular surface,Thus there
is a potential difference between the solid phase and the
bulk of the ligquid, normally referrved to as the zeta-potential,
Wnen the liquid streams past the molecular surface therevis a
net transport of one type of ion with a resulting potential By -
gradient which may be measured by means of electrodes placed
in the liquid stream.To a first approximation thevstreaming
potential Vg is given by the relationship33
Vs ZES P /’fllli
where £ = the dielectric constant , P = the applied pressure,
-5 = zeta potential,’i = coefficient of viscosity, and
5 = specific cénduotance. |
For a complicated molecular structure such as that of collagen
8 varies with the pH of the liquid owing to the many acidic
and basicvﬁnits in the macromolecule which may be.ionized._
At a given pH termed the isg-electric poinf, there is no net
charge oh the macromolecule and the streaming potential is °

zero.This evidently depends upon the relative number of acidic

and basic units in the collagen :wzcromolecule.




The piezoelectric potential is dependent upon the applied
stress, and may be expected to be independent of the pH of

the surrounding solution,If any charges appear on the surface
of the strained fibre from the direct piezoelectric effect

they will be cancelled rapidly by ions of opposite polarity
absorbed from the solution,This would result in a change in the
isoelectric point.Thus in order to separate the two effects
experimentally, the tendon should be strained and the potential
developed between two electrodes buried into it, measured,
varying the pH of the surrounding solution through the iso- ‘
electric point.If potentials were observed at the normal
isoelectric pH for human tendon collagen they would be
attributable to piesoelectiric effects,

As3 Apparatus and Measurements,

The apparatus is shown diagrammatically in Fig 2,1 . The
tendon was anchored to a brass hook H byAmeans of a stainless
steel wire suture at the lower end,The upper end of the tendon
was similarly attached and connected to piano wire which
passed over two pulleys, and was attached to the mass M.
Freshly made AgbAgCIIeleétrodes were buried into ﬁhe'tendon

a distance three cms apart, by iﬁjfcting them through a fine

glass capillary tubesand subsequently wighdrawing the tube.




59




The leads from the electrodes were taken to a Tektronix

oscilloscope with a storage screen, having a sensitivity of
one nillivolt per cm,

| The tendon was prepared by allowing it to dry in a
dessicator at room temperature until it was stiff, britfle,
and pale brovn in éolour. It was:then placed in g solution of
known pH, prepared from standard buffor solutions (BDH and
Britton and Robinsoggi ;, for a period of several days until
it became completely flabby.Wnhen mounted in the apparatus a
slow drip of the‘same solution was directed over it between
measurements, so that the whole length of the tendon was bathed
in solution, and to prevent its drying.

To obtain quantitative readings a standard impulse was
applied to the specimen by allowing the mass M, of 2-10 kg, to
f21l through a fixed distance of ona inch.This was achieved
with a hand-operated wheel,The resulting elecirical impulse
was displayed on the oscilloscope.The value recorded was the
steady pulse amplitude obtained after repeated léadings at
approximetely one imﬁulse per second for ten to fifteen seconds,
In agreement with ideas of streaming potential, the signal
produced was proportional to the load, and at pH 4.7 no

voltage was obitained whatever the force applied, A graph of
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tﬂe peak voltage pulse against pH of the solution is shéwn
in Fig 4.2 .

We remark hefe that 1if the tendon were pulled equally
at both ends, no streaming potentials wouid be recorded
between electrodes which were placed symmetrically with respect
to the centre of the tendonjthis assumes that no weék points
exis?t in the structure and that the elastic modulus is nearly
constant along the fibres. It is clear that when the electrodes |
are positioned so as to possess the same centre of symmetry -
as the applied stress, then the resuiting streaming voltageA
will Dbe zero, This oondition’does not occur in the experiment

described here.

4,4 TFBlectrophoretic Heasurements,

whilst isoelectric points for rat-tail and hide collagen

) 36,37,38,39

have beon reported in the literature sy no information
was available on human Achilles tendon collagen, Hence it was
decided to build an electrophoretic micro-cell apparatus
following the design of Douglas4o o A brief outline of this-
form of measurzment is given here,

A thin glass rectangular cell is filled with a suspension

of the particles in a buffer solution of known pli.These particles

_are observed under the microscope, and their valocities with
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depth determined upon the application of a known electric
field across the éell.The particle motion resulting from
the electric field derivesAfrom‘eleétroosmbtic as well as
electrophoretié forces, The closed rectangular cell is
employed in order to. separate the two effects,Electiro—
osmotic:forcis cause the liquid to move with respect to the
glass, so that since the cell is closed, the liquid returns
via the middle of the cell., Hence at two given depths in the.
cell there is no motion of the liquid with respect to the
glass.Observation of the particle velocity at these depths.
effects a measurement of the net charge on the particle,at
the given pH, with rvespect to the liquid.Thus the electro-
phoretic particle velocity may be determined against pH.
For a cell of known dimensions these depths are known
accurately. Authoritative éccounts of micpo-cell electro-~
phoresis are given by Abraham and Gori;u', and by Miller

42
and Golder .

The design of Douglas uses the rectangular cell in the
conventional horizontal pesitiong; but adds a thermestatb
which fits directly on to the microscope stage, so-facllitéting
accurate temperature control of the éolutiono It also employs
dark-field illumination which improves the microscopic

observation,However many difficulties were found with this



o

Qhome made! apparatus, the most dmportant of which was diffusion.
of the electrode solution through the porous membrane into the
cell, After repeated attempts to eliminate these difficulties

it was decided that reproducible results would not be obtained,
and the apparatus was abandoned,Decause of this we do not give

details here of these experiments.Measurements were finally

- made on a commercial Carl Zeiss apparatus at the Chester

Beatty Research Institute by Dr. Forester, This instrument
uses a rectangular cell in the lateral position contrary to('
the design of Douglas.The effects of’gravity are more easily
eliminated when the cell is in this position,

The tendon was aif»dried and ground up using fine glass
paper, Suspensions were prepared using the buffer solutions
recomaended for electrophoresis by liller and Goldar42 °
An homogeniser was then used on this solution to reduce

he meén particle size to approximately five microns;ithis

allows the particles to be in view for 1a sufficient length
of time so that their velocities may be determined. The pH

range covered was from 3.5 to 10,

The cell was celibrated by plotting the particle .
velocity against depth for red blood cells in the bare cell

and when the cell was coated with haemoglobin, The electro-

phoretic velocity of particles with a current of 5mA passing

bl




through the cell solution is plotted in Fig 4.3 for an ionic
strength of .05 molar solution,Since the applied eleotric‘field
has no motional effect on the particles at a pH value of 4;7,
we take this to bhe the isoelectric point for human Achilles

tendon.

4.5 Discussion of the results,

The coincidence of the isoelectric point with the pH
for zero electirical impulse indicates that the potentials
produced are éolely due to ionic streaming; there being no
contributioh from the piczoolectric effect,This is supported
by the general sinilarity in the shapes of the curves of
Figs A.2 and 4.3 . Vle conclude therefore that the piezo-
electric effect is absent frowm the completely wel ccllagen,
Hence it must belong to a group of higher symmetry than fhe
dry material. Harrington and von Hippel state that the
crystallinity of collagen,as revealed by X~§3y studies, is
destroyed by dehydration, and Bradbury et al | demonstrated
that systematically disposed water molecules in the collagen
mzcromolecule constitute .an important part of the diffracting
structure, Esipova et 2l also found that hydrétion increased
the crystallinity of collagen and inferred that the oxygen

atoms of water, bound to the ordered part of the collagen

. b5 .
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structure, that is the interband region, lie close to the axis
of the polypeptide chains, He suggested that the collagen
structure might be stabilized by doubly hydrogen-bonded water
bridges of the type.shown below.

C | '

n I

eee—0—H=---0-== H=0—H---- O---- H—O0— H

Fig. 3.32 in Chapter Tﬁree shows the chain structure propesed by
Berendsen as a result of proton resonsnce work on éollagen. The
experimental support for this orientating chain structure places
this water model on a firmer basis than that suggested by
Esipova et al, especially since itvinvolves the water molecuies
in reactions between‘neighbouring fibrils; and the continous
reorientation processes account for the ﬁolecular interaction
whioch would otherwise lead to a large broadening of the proton
resonance signal. We note that both these wet collagen structures
effectively possess the same symmetry, the point grouy which

is m.tm , and this point group is one in wkich piezoelectrio
effects cannot eccur.Thus, whereas dry collagen has been shown to
be piezoelectric belenging to thecppoint group(see Chapter Two),
the Wet‘coliagén is non-piezoelectric by virtue cf structured

water raising its molecular symmetry to the point group msoim .




Neutralization of the piezociectric charge by ions from the

surrounding solution does not therefore occur.

68




Chapter Fiwe

The Piezoelectric Properties of Dry Bone

5.1 Methods of Measurement of Piezoelectric Coastants
The physical properties of most large-sisze piezoelebtric
crystals are normally investigated by measﬁring the electrical
impedance of the crystal over a wide frequency rangec.
Various cuts for different crystals will suffice to measure
the piegoelectric constants, the elastic constants, and the
free dielectric constants, The mode of vibration that can
be related most satisfactorily to the dielectric and piezoc—
electric constants of a crystal is the longitudinal mode.
This is because the resonant frequency of a long thin bar is
controlled by Young's llodulus of the bar, and the capacitance
measurements can be directly related to the piezoeleciric,
elasticy and dielectric constants.For a detailled account
the reader is referred to-MasonFﬁ

However for weakly piezoélectric materials and lossy ones,
such as wet bone, the above methods are not the most

satisfactory, and it was ccnsidered that more accurate

measurements would be obtained if the hone were driven under




conditions of moderately heavy loading. Hence it was decided to
Vfoliow the example of Fukadé%An apparatus was built which
incorporated his method of measurement. FFig 5.1 shows the

practical construction.

502 Description of Apparatus.
The specimeny a piezoelectric reference crystal and
the output detector crystal are mechanically clamped together,

and.electrically insulated from each other.In Fukada's

apparatus the detecting crystal was of Rochelle Salt, and the
signal resulting on this when the input was applied to the specimen
was compared to that obtained when the input was applied across

a quartz crystal.Considering the temperature variations of
Rochelle Salt's ph&sical properties, its hygroscopic nature,

and its brittleness, it was decided that a ceramic such as lead
sirconate titanate (PZT5) would be more suitable for this
apparatus.Consequently both the Rochelle Salt and quartz crystals
were replaced by the piezoelectric ceramics,The clamping
pressure which enables the pieszoelectric vibrations to be trans-
mitted throughout is applied by a lever mechanism on to an
insulated plungervwhich presses on to the specimen.A known set

of weights is then hung from the arm of the lever so that a
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constant clamping force is applicd to the system,This provides

a uniform‘traﬁsmission oqefficientoElectrical éonnection to the
specimen is made via a coaxial plug screwed into the outside brass
cylinder, which is at earth potential.The upper PZT5 ceramic

lies between the insulator above and a thin circular brass disc
below.Tﬁe two conducting faces of the ceramic are électrically s
connected to a second coaxial plug on the opposite side of the brass
cylinder, The lower ceramic sits in a brass ﬁount which renderg

it immobile rin the horizontal direction.At the level of the loﬁer
ceramic there exists avthread on the.oﬁter brass cylinder.‘A
threaded brass amnulus, into which the upper cylinder fits,

screws down on to this, and if the thin brass disc is placed on the
lower ceramic, soréwing dowvn causes it to be firmly held against
the upper face of the ceramic,The brass cyiinder, thin disc,

and the upper face. of the lower ceramic are therefore at earth
potential.Hence the output detector crystal is electrically
shielded.Electrical connecfion to the detector crystal is made

via a screw which is embedded into the top of the brass mdunt.

A wire is taken through a hole in the mount to the coaxial

Aplug near the boftom of the cylinden.An annulus of tufnel fits.round
the brass mount, and with a sheet of polythene glued to the bottom

of the mount, the latter is completely insulated.The ancillary



apparatus consists of a signal generator, an audio amplifier
and transformer which drives the specimen, a tuned audio
amplifier, and an oscilloscope.The two ceramics are one inch

in dianeter,half one inch in thickness,

53 Experimental Procedure

In measuring the converse effect,the audio voltage from the
signal.generatér and amplifier is fed to the specimen, which if‘
plezpeleciric, will vibrate at the éame frequency.Since the two
ceramics and the specimen are clamped together, these vibrations
will be transmitted to the detecting ceramic across which an A.C
voltage will appear, owiﬁg to its own direct effect,.The upper
PZT5 is electrically shorted, so that it functions merely to
transmit the vibrations off the specimen to the detecting ceranmic,
The signal appearing across the detectof is selectively
amplified and measured, and fed to the oscilloscope for display.
The input signal is then applied across the top ceramic, by
throwing a switch, and the specimen shorted out.(In practice this
latter action is not necessary because of the large difference in
the plezoecleciric ooefficients of bone and PZTS.)The signal

appearing across the out-put ceramic is similarly measured and




displa Jod, mowving the applled voltages and bhe ouuput 31gnals,
- and the specimen dimensions, the d coefficient of the specimen
can be related to that of the upper ceramic.(This is evaluated
in detail in the section),

ihen it is desired to measure the direch offect ia by
specimen, the detector ceramic is driven at the audio frequency,
and the output sigﬁals are taken off the upper ceramic and the
specimen respectively.The output signals appearing across the-
ceramic and the specimen depend upon their effeétive impedanoes
at the operating frequency, and the loading of the amplifier and
leads, as well as the dimensions of the specimen.Knowing these
impedances the d coefficients of the specimen and the PZT5
ceramic, operated in the direct effect, may be related to each other.
This is treated in detaillin 5:5

The principles of measurement requlre that the components
which form the vibrating systea should operate well away from
their reoonant frequencies, so that all the components are
essentially in phase or dhtl*phaSPsThlS mezans that thcy should
be operated under forced V1brat301 condltlons In a 51mp1e
analysis one may imagine the multi-component system'to oscillafé
28 a single body in *he thickness mode such that A3 2d, where .

%‘is the wavelength of the oscillation and d is the effective




thickness of the single component' system ., Consideration
of the dimensions of the componentsleads to the operating

frequency being in the low audio range.

5.4 Theory of Neasurement of The Converse Effect,

This explanation is largely that of Fukada,

The above diagram is a schematic illustration of the
apparatus, and shows a specimen crystal, a reference crystal,
and the detector ceramic clamped together.The fundamental
thermodynamical equations for a crystal vibrating under conditions

of constant entropy may be written in the matrix form



This notation has been explained in Chapter Two,.

The véltage VS is applied to the electrodés of the
specimen which - are separated by the distance c1 +The strain
resulting from this voltage , in the vertical direction, is
given by th§ first relation above, and for the present case -

-

may be written,

Aal/al - 1/E1(F/A1) + ds(VS/cl)

where a, 1s the vertical length of the specimen, -

1

the X-sectional area of the specimen.

o=

1

=

= Young's liodulus of the specimen

= the oscillatory force,

A
!

il

the operative piezoelectric coefficient of the specimen.,

Hence the change in a, is given by

1

Doy = a) /B (B/8) 50 2 /e (V,A)

The upper ceranic will deform by the amountllaz ~£3al ’
relative to the upper clamp; and since it is shorted at this

stage, we have

Aaz ~Aa1 = 2,/E,(F/A,)

b




vhere E2 22 Young's Modulus of the upper ceramic.

A2 = X=sectional area of upper ceramic.

The deformation of the detector ceramic is given by,
' A = Of B
Doay Doy =(a,/B)F/8y  + dpy(az/ag)vy

where E Young's Modulus of lower ceramic.

3

A, = X-~gsectional area of lower ceramic.

3—

dPZ = Operative d coefficient of the lower ceramic.

V3 ~ Voltage appearing across the lower ceramic.
If it is assumed that the clamp prevents the total system!

from deforming the clamping frame deforms by ~l§a3 s and we

ha.ve,

~Ba; = ta,/m,)P/,

where ays E4, and A4 are the effective values, as before,

. for the frame.If the last four equations are added, we obtain
. (,, )
~ 2] o] 3
0O=F Z 2. /(BjA,) + ds(algpl) SR SN
izl ’ .

It is shown in the next section dealing with the theory of the
direct effect measurements, that the relationship between the

oscillatory force F and the output voltage V3 appearing




across the detector ceramic is

3= "P% x 1 + ;j(xl',Z/ Ry )

1« (Kp,/R0)°

The notation is explained in the next section.This equation

may be written,

where K is a constant for given circuit conditions and
operating frequency.Hence substituting for F in the last but

one equation we obtain

(’al/cl)Vsd.S = —V3C + 1/K 2 (l/E A;)a;)

If we now relabel V3’VOS to indicate that it is the output

D g
voltage when the input voltage is fed to the specimen, the last
equation reads

ds(al/c’l)vs =k Vg

where k is a constant for the apparatus.Vhen the input voltage



'

is applied across the reference ceramic and the specimen -
shorted out, a similar analysis as that followed above leads

to the result,

PZ ‘P72 = 0.P2%

Hence eliminating the constant k between these two equations

we obtain

8y apy = (g /ay) ) (Vi V) (Vg /Y4 pg)

This is therefore the required relation linking the operative
'd' coefficient of the specimen with that of the reference
ceramic, when both are operated in the converse effect.
Consideration of thé electromechanical relations of a
free oscillating crystal below its resonant frequency shows
that the electrical impedance is largely capacitive.Hence in
the above case this capacitance shunts the driving amplifier,
so requiring the source to drive more current through the
circuit than at higher frequencies.As long as the source is
capable of supplying the current néeded, the piezoelectric may be
satisfactorily operated at low frequencies in thekonversé

effect.




5¢5 Theory of Measurement of The Direct Effect

We have already remarked that4for the direct effect
measurenents the lower detector ceramic is driven at the-
audio frequency, and that the output signal is taken off the
reference ceramic and the specimen respectively.Heﬁce
comparison of the piezoelectric properties of the specimen
with those of the reference cefamic is made by relating theA
two output signals, for the same épplied voltage to the lower
ceramic, to the two piezoelectric coefficients in question;

Ve néw treat the case of a voltage appearing across a
piezoelectric cfystal resulting from an applied force F.The
impedance of the crystal is assumed to be wholly capacitive,
and much greater than the loading resistance of any measuring

instruments.The definition of the piézoelectric'd'coefficient'

of a crystal operated in the direct effect, is that it relates

the ratio of short circuilt charge per unit area of electrode ,

flowing between electrodes which are perpendicular to a

specified axis,; to the stress applied along or around a specified

axis , when all other stresses are constant.This last

qualification means that the crystal must be essentially free.

The direct effect may thus be written, neglécting subscripts,
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where P is the polarization per unit area.

T is the applied stress.

Tﬁe charge per unit area & , is given by the relation
& = Q/A = Ce/A = dF/A’ and e =(4/A*)ar/c

where Q is the total amount of charge produced.
A' is the area on which the extérnal force acts.
A is the area of the electrodes.
C is the capacity of the crystal

e is the voltage appearing across the electrodes,

1
Wle consider the situation existing in the above piezoelectric
crystal, where the force acts on the 3 faces, and the

electrcdes arc painted on the -2 .faces.




A' = cwy, and A = aw oo A/h' = a/c

where in previous notation when the crystal is clamped in

the apparatus, a is the vertical length of the crystal, and

¢ is the distance between the electrodes,Therefore-we have ,

retaining the unity of C,
e = (a/c) ar/c

If the capacitive loading C. of the amplifier and leads

L
not negligible when compared with C, the above relation
becones,

e'! : (a/c) AF/C = C]J

Se'fe = cCfesC, = C/C!

We may represent the above crystal and circuit loading

the equivalent circuit drawn below.

I 1€
|

is

by




Ve now go to the most general situation where the crystal is
lossy and has a shunt leakage resistance Rc s and the resistive

loading of the amplifier and leads is R

e The equivalent circuit

is now ,

L
c]__'i Ry 20

C
Il
2

It is clear from the last potential divider circuit that we may

represent the above circuit as

C
D

2

@. %RL ﬁ'{L

This is in fact using Thévenin's theorem.If R is the resultant

parallel combination of Rc and RL we have

ep = e of1= j(xo,/R)

14 (Xc,/R)2
\

L in parallel at the

varies as the values of

where X, is the reactance of C and C

operating frequency.Fig. 5.51 how ey
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the components change.When the capacitances in the circuit are

large relative to R, Xc/R<Z1 , and we have

e; = &' = (a/c) arF

C}

For very low frequencies or low R, Xc‘ becomes much greater than

R and so we obtain ,

e = je'R/X,, = Je'wC'R = jwRdF(a/c)

Hence for the more normal operating conditions where the voltage

is capacitance controlled

) eL = e' = 1/0' (a/c)dF

and for very low frequencies where it is resistance controlled,

-

e =jwR(a/c)dF

In these relations w is the angular frequency.The above relations

show how the voltage appearing across a plezoclectric crystal




may be expressed in terms of the sitress applied, the operative
piezoeleciric coefficient, the crystal dimensiohs, and the
circuit constants.It is thus apparent that by measuring the
output signals when the switch is thrown, ds may be compared
to- d.PZ .
5.6 Results for Quartz and Dry Bone, in the Converse Effect,
The apparatus was effectively calibrated using two X-cut
quartz discs operated in the dircct and converse effects.They
were both 2.54 cms in diameter and of thickness 3mm: and lmm:

respcectively,.

561 Results for Quarta

The d,, coefficient of the PZTSA ceramics used is

374:107+2 coulombs /newton, - 11221070 e.s,u/dyne. Cady
recommends the value of 6.9X10—8e.s.u/dyne for the d ; of

quartz, so that

dll(quartz)

= 1/162
d33(PZT5A)

The experimental values obtained for this ratio were

1/{160 % 20) for the lmm disc, and 1/(156 + 15) for the 3mm
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disc.The measurements were taken over the audio range 300 to.
6000Hz.The errors are the spread of the resulfs in this range,
as no dependence upon frequency was observed.There is therefore
satisfactory agreement with the theoretical value, since the
magnitude qﬁoted above for the d

11
approximately 10% according to Cady.

of quartz has a spread of

5.62 Determination of the Converse Piezoelectric Coefficients

in Dry Human Bone.,

These measurements were carried out on pieces of human femoral
bone which had been stored in a domestic refrigerator for two
weeks, fresh iniatially, before the present author received
them.Fig. 5.6% shows the right-handed Cariesian coordinates
which are ascribed to the femur, and a typical specimen which was
used in the experiments. |
The two specimens excised from the femur were practically
cubic in shape, with a length of one centimetre.They were cut
with a normal fine saw, and polished with glass paper.Drying of
tﬁe specimens was accomplished by placing them in a closed box
containing silica gel, fér at least 48 hours.This was considered
to be preferable to drying by continoud§:heating, which was the

drying method adopted by [ukada, since the bone protein
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aenatures when kept at 6500 or above for several hours.In our
opinion this method produces suitable specimens with the least
amount of damage done to them, thus facilitating their
description as pileces of 'dry bone'!.,They appeared very white
iﬁ colour.(This preparation technique was improved‘upon for the
later measurements on the beef specimens, and will be described
later.) |

For these human specimens the electrodes were painted on.
wifh conducting araldite to which thin coaxial leads were aﬁtached.
The araldite was partially cured by placing the pieces of Dbone
under a 60watt bench lamp for approximately ten minutes, and then
leaving the speciﬁens f@r about six hours to finally dry.It is
extremely unlikely that the heat supplied by the lamp dénatured
the protein, since it was short-lived, and indeed for some of
the measuréments, curing was achieved by drying at room
temperature for 24 hours, so reducing the total amount of heat
supplied.The quantitative results support this.It 1is apparent from
Chapter Two that with one rectsngular specimen all the nine
non-shear coefficients, relative to the bone long direotioﬁ,
may be measured.It is thess coefficients which were determined.
for 211 the bone specimens , whether human or bovine.We did not
take several obliquégfsas is normally the practice in piezoclectric

crystal measurements, as this had already becn done by Pukada.
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Ye considered that the measurement of these non-shear
coefficients, relative to the bone leng direction, warranted

the greatest attention for two reasons.Firstly, there appeared

to be considerable doubt on the magnitude of these coefficients

fér the bone specimens,(which had been dried by.heating), in

Fukada's experiments(sce 5.9).And secondly, it should be the

magnitude of these coefficients which would provide the |

greatest information on the piézbelectric role of collagen B ."
in bone.These bone coefficients were measured over the same

frequency range as for the quartz crystals, and s&milarly

the error is the spread of the reéults.The magnitudes of the

dij s (1,3= 1,2,3) are,in units of 10“8c.g.s

14

0.1 ¥ .10 2.,5% .18 1.4%.17

i+
1%

0.2%,10 0.8%.02 1.4%.18

1

08 1.6 % .04 0.5 %05

1+

0.9

\Wthen these measurements were made the signs of the coefficients

Werﬁnot determined,

5.63Determination of the Converse FPiezoeleciric Coefficients

in Dry Beef Bone,




Both the direct and converse measuréments made on fresh beef
femoral bone were carried out oh the same two specimens which
had been previously been used for the wet pilezoelectric
measurements.Theée are labelled 'large Specimen No,l' , and
'Targe Specimen No.2' , and their dimensions in mn: in the.
3,2, and 1 directions are 14,0x10,0%x6.0 , and 13.5#7.0x6.5
respectively, so that both their longest dimensions coincide
with the long direction.Pertinent to this section, the wet
history of the larger specimen is that its pH was always képt
between 6.88 and T.40, whereas the smaller piece served to
determine any possible variation of the electrical signal
with the effects of pH on bone, and was subjected to buffer
solution pHs down to 4.5 for several days at atime.

At no time vwas hecat applied to the beef specimens,
Conducting araldite was dispensed with,-and the electrodes were
painted on with !'Silver Dag'!, a suspension of predominantly
silver and graphite in amyl acetate.The leads were found to De
gatisfactorily connected by the dag to the béne; if the former
were left to dxry completely for an hour or more.The specimens
wre cut on a wet circular diamqnd saw so that they remainéd
cool throughout the cutting period.They were finally polished

on wet glass papsr and placed in salt solutions buffered to

pH 7.0 .These fresh pieces of bone were observed to be




brilliantly white in colour,; =imilar to polished ivory.We
consider this preparation procedure to be an improvement on

that used on the  human hone.The oricentation of the beef
specimens was better, and there was no possibility of
deﬁaturation of the bone protein haviné occurred in.the
preparation., After the wet piezoelectric measurements had been
completed the two specimens were complstely dried with silica gel
and P205 .

It was decided to take gll - the measurements on beef bone
at 1lkHz, since-an examination of the previous resuits on human
hone taken in the range 300 to 6000 Hz revealed no devendence
upon frequency.The error indicated for these beef results
represents thé scatter of approximately ten observations for
each coefficient taken over a period of three months, The values

are 4 in units of 16-8c.g.s
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12 coefficient and the d22

coefficent as both signs were obtained for these two coefficients

Ho sign has been allocated to the d

during the course of the measurements.

- 5,7 Determination of the Direct effect Coefficients’ in Quartz

and Dry Beef Bone.

5.7 Quartz,.

It has been remarked in 5.5 that if the voltage across
a piezoelectric crystal is to give the magnitude of the
operative piezoelectric coefficient, the value of(Xc,/R) must

be knovn.For the reference ceramic, C'z its own static

capacitance C plus that of the amplifier and leads C

L *
-
C =(€/&)éo ( A/t) farads , where
€o = dielectric constant of free space, = 8485x10-12
farads/metre.

€

/%o = relative dielectric constant, free.
A = area of the electrodes, = 5,0x10™4 w2,
t = thickness of ceramic = 1,27x16_2. ’

Inserting these values into the expression above we obtain

C == 605pF.This value was obtained when the capacitance of the

ceramic was measured on the Vayne Kerr Bridge.ilhen the reference




ceramic was pléced in the apparatus , its capacitanée and that
of the shunting leads was measured to be 796,2pF Z +1pF.Hence
C' = 796,2pF and X, = 200Kohms at 1 kiz.

Tor all dry measurements R derives fromwthé input
reéistance of the tuned amplifier, which varies from 106 ohns
to 250K as thé gain is increased to a maximum.Vhen the signal
was taken off the PZTS5 tﬁe gain was very 1ow#o that we may
effectively ignore X(},/RL compared to l.We thus obtain the

relationship,

(ep)py = dpy B/ Cy

For the guartz 3mn crystal C., was measured to be 163pl*y, so

Q!
that X, = 1o6ohms; and X /R = 1.25. Te therefore obtain

(eL)Q =1/1.60 (g F)/CQ,

Trom these two relations we obtain the result that

= (3°O) (GL)PZ /(eL)Q
Q ;

The ratio of the two output voltages taken over readings at
P g 8

. %+ .
1 kXHz is 45 = 10.(The error here represents the maximum:

qu




scatter. Ve therefore obtain ,

e

This is - not such a good result as Tfor the converse effect,

buqthis is to be expected since the errors are greater here.

572 Results for Dry Beef Bone.
As Tor the quartz crystal the capacitance is nearly all
due to the cables.For a typical bone specimen CBI vas measured

to be 188 = 2pF.Using a similar anslysis as for quartz the

result is obtained,.

B (e;)

= (c/a) (1/3) _ B

(er)py

PZ

where dB is the piezoelectric coefficient of dry bone,The resulis

Ty i . . -8
for the two specimen are | in units of 10 ~ CegeS

L.Sp. No.l +.073 £,003  .145 £,007  ~-.20 .02
"‘104 :':.07 003 + 054 2 005
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+0,3 Z,1 -.50 £ ,02 -0.4 % .1



T,+Spe H0,2 s .56 =,05 4 01 ~.20 T2
"’1068 '*"008 003 4-960 f:.OS
0,25 2,02 =55 %,06 -.42 %,05

Summary of the dry results,(excluding errors) in c.g.s units
Human Bone 0.1 2.5 1.4

2 Specimens 0.2 0,8 1.4 | x10

0.9 1.6 0.5

Beef Bone +oll 11 —-e25

Converse Effect



+t

Beef Bone +e07 .15 ~+20

Direct Lffect ~1.4 .03 054 X10-8 No.1l
"'003 "050 "004
+056 -14 "320
—107 003 *060 X10-8 No.2

'Og3 “055 “040

5.8 Interpretation of The Dry Results

It is immediately apparent from the above figures that
this piezoelectric effect is highly directlonal.Because of this,
and the fact there is no doubt that dry tendon collagen is
piezoelec?ric y it was decided that an effort should be made to
determine}ihe dry bone results could be explained as deriving
from the %one collagen,It is desirable to relate the coefficients
Tound by Fukada for tendon collagén to the bone collagen fibres,
and the structure of these fibres relative to the bone long
direction.iIn doing this, consideration should be given to the
relative permittivities of tendon collagen and bone, both in the dry

state.It is clear from the piezoelectric properties of parallel

collagen fibres(see 5.9 and Chapter Two), that if the protein




fibres in bone were all accurately parallel to the hone

long direction, and in the same sense, then relative to this direction
the piezoelectric "matrix would be identical in symmetry with

that found for Achilles tendon, that is

0 0 0 d,” d 0

14 15
0 0 0 dl5 ~dl4 0
d d d 0 0 0

Hence if this were the case for the specimens investigated
here, one would only measure d319 d32, and d33‘as non-zero
coefficients, This is not the case for these results, so that it
must be concluded that the collagen fibres are not all in the
long direction for the specimens used.Reference to Chapter
Three indicates that in a relatively small specimen that has
been excised from: a femur, the collagen fibres will statistically
speaking make an oblique angle with the long direction of the
femur.Hence as a first step in attempting to relate the
properties of tendon collagen to bone collagen it is necessary
to account for a possible non-alignment of the protein. fibres
with the bone long directicn.We use thé two right-handed

coordinate- systems shown. below.The bone long direction




coincides with the 3' axis, and thé net fibre long axis

with the 3 direction.The two coordinate systems are linked
by rotation of qﬁo about thel axis. The angle of rotation®
about the bone long direction dgnotes the orientation of the
fibre#about their own fibre axis.The transformation matrix'gz
changing the description of the piezoelectric effe;t from. the

undashed to the dashed system of coordinates is

- -
a =?¢ R 5

) . [»]
where R is the rotation through® about the 3' axis

(o]
R is the rotation through ¢ about the 1' axis.

¢
~3' . ‘

3\ 30
/“"

¢
\A

—
s
[+

$

Vv
N‘
\

N

If the piezoelectric coefficients of the irreducible
QM)T group are transformed to the above oblique set of

coordinatesy, the following non-shear terms are obtained.



_sin3q5 d33 —sinq500329§d

15 7§
arl. = -sin3¢ d31 ~sin¢ cos%f; d33 » sin#) coszgfr d15. 5

23

1 - o °
d'3l = CO».)¢(131 H

-e

d'32 = 0033¢ d3l % §in2¢ cosggd33 - cosg’)sinz(ﬁ d15 '

dl, = sin2 cosd d s cos} d % sinz/ cosQ d
P 33 P 15

-e

33

Thus-with the above values,the matrix of the non-shear

terms is ,

1 1 1
dll d12 d'13
1 1 1
d2 1 d’22 d23

da? a! d!

31 32 33
It is apparent that the angle® is absent from the above
coefficients.This is to be expected since the collagsn fibres

are symmetrical in their own 1 and 2 directions.lad we started




101

with the coefficients of the (00 «m)T group, the above matrix

would be modified so that polarization would not occur in the 1!
direction. Likewise if the coefficients of the (0 :2)T group

had been used, the only resulting polarization would be in the

1t direction, for simple stresses in the other two directions.

Hence using-a siﬁple rotation transformation about the 1! axis

the obligue coefficients are obltained, and they are the most general
coefficients for a rotation about one axis.However,they do not |
represent the most general oblique texture coefficients, since

the taking of the rotation about the 1' axis confines the fibres

to the 2!'3' plane( as seen in the last diagrém), and there is no
reason a prioriy, why for the arbitrary way in which the

specimens were cut oubt,the resultant statistical fibre

orientation should be in the plane 2'3', or any other labelled
plane.Hence the given transformed mafrix rapresents the bone
collagen piezoelecfric coefficients relative to the bone long
direction, only if the net fibre orientation is in the 2'3!
planc.Had a rotation R about the 2' axis been taken we would

have obtained the following matrix, (the values of the coefficients

are as before)

~d5 43
t 1
41 Y3

d3; 433
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and this would represent the bone collagen piezoelectric
coefficients relative to the bone loﬁg direction, only if the
net fibre orientation were in the 1!'3!' plane.Hence the most
general oblique non-sheaxr coefficiénts which represent the
piezoelectric properties of the bone collagen lies somewhére
between these two matrices, the actual values depending upon
the resultant fibre orientation in the particular bone samples
under consideration.However, since these two matrices
represent the extreme cases, we shall keep them separate‘apd
evaluate them using the figure%measured for parallel tendon
coilagen fibres by Fukada.It is not certain that the bone
collagen is identical in structure with tendon collagen.

Both Glimchex et aig and Asoenzé? have found differences
betweqn pure collagen and that found in mineralized tissue,
However the tendon collagen values are expected to give a
good indication of whether the oblique coefficients are

capable of explaining the experimental results.Fukada's values

are
-8 -8
\d14 = =8,0x10 “c.g.s 3 d15 = 4.2x10 Cog.8
A, = 0.2 710 0cuges 3 d.. = 0.26610 Cceges
n = "8eB 3 O3 e "ee :

If these values are used and a value of 10° is taken forg,



the two matrices corresponding to the two extreme cases are ,

in units of 10m8c.g.s

O ‘7'19368
035  +.,740
- 0197 ?0079

and -

/ '5'0740 “240035

l\. +.079 +e197

=lo 368 .
o 662 )
+,380

o 662
-8.1 o 368
4'0380

Although there are discrepancies it is apparent that the first

matrix approaches the results for human bone, and the second

matrix those for beef bone.The conclusion from this is therefore

that for the human bone specimens the fibres are primarily in

the labelled 2'3' plane, wherecas for the beef bone specimens

orientation is largely in the labelled 1'3' plane.

If the angle of orientation 1is increased to approximately

o . s .
15~ the agreement between some of the coefficients is better,

especially for the beef bone specimens.However definite

discrepancies exist, especially for the human bone specimens,

These can be largely rectified, for human bone, if the value




of d3l is increased to .9x10~80.g.s .

It is pertinent to remark at this point that the

transformed matrices only accurately represent pieces of

obliguely--cut tendon collagen.Since the bone collagen fibres are

not all parallél to each other, and hydroxzyapatite crystals
are boﬁnd to definite regions of the fibril , it seems
reasonable that the hone coefficients might differ from those
of tendon collagen,

Considering the structure of boney,and the approximate
agreement of the relative permittivities of dry béﬁe and dry
collagen,it is concluded that the electrical signals obtained
from the stressing of dry bone derive f:om—the hone collagen,
aném%argely accountgd for by the measured plezcelectric
proverties of Achiiles tendon collagen fibres.,

59
Review of Previous Work on the Pliezoelectric Properties of

Dry Bone and Collagen,

2

Fukada megsured the piezoelectric properties of vaéuum—
dried cow and horse Achilles tendon specimens in the converse
effect, using his own apparatus where the specimens are
electrioally dviven at an audio frequency.He observed that his
results were consistent with those derived for an uni-

directionally oriented system: of collagen 'crystallites?




weth 'hexagonal"symmetry, such that the piezoelectric matrix

for tendon collagen is as shown below, |if the long fibre
. 3 <

‘ ' direction is along the 3 axis.)

0 0 0 dl4 dl5 §]
0 0 0 dlS dl4 (0]
d3; 433433 0 0 0

He measured the d., coefficient to be ~8°Ox10—80.g.s, so that

14

when the tendon is operated in this shear mode the effective

coefficient is of the same order as the dl of quartz.lde

1
reported that a gramophone pick-up can be made using the thin
sheet of tendom: as an electromechanical transducer.In the same
paper he gives the variation of the dl4 coefficient with
vater content.This shows that the value of the coefficient
decreases with increasing hydration, and that near to 38%

water content( presumably by dry weight), the magnitude cf dl4

reaches zero.We mention here that Rougvie and Bear concluded that

hydrated at approximately 3Ogm~H20 /100gm collagen , and that
Berendsen effectively gives this figure nearer to 4OgmH20 /

100zm collagen.fukeda remarks on this d,, ~H O content curve

|
i
the interband region of the collagen fibril should be fully
14 2
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that :—

t At about 40% of water content the measurement became
impracticable. The lealkage due to the water prevents the observation,!
However, in the range 0 to 30% water content (by weigh%),-
it can be stated with certainty that the water is not free.

Each water molecule in this hydration range is spéﬁifically
bound to sites on the collagen molecule, and in the fibril A
band, so that thé wet fibres are entirely different from the
dry ones., One is thus not justified in equating wet collggen
to free water plus dry collagen.Rathera this experiment tehds
to indicate , as was shown in Chapter Four, that fully wet
collagen is not piezoslectric,

in an earliep paper Fukada relates his experiments on
the plegoelectric properties of dry human and bovine femoral
bone specimens.He states that the human bone had been 'air-dried
for years', so that it is reasonable to assume that these
bone specimens were not fresh,The specimens obtained from the
femur of an ox were dried by heating up to 120°C.Considering that
the protein in bone denatures , when subjected to several hours
at temperatures greater than 65OC, it seems probable that the
bovine bone specimens used in these experiments were completely

denatured,The dynamic direct and couverse effects were measured

at 2kHz,.The static direct effect was measured by a levesr




10+

mechanism which applied the desired stress on to the specimen
producing an electrical charge that was measured by a vacuum
tube and galvanometeroHe states that his resulis are concordant
with the piézoelectric matrix shown (4), if the z axis is

inclined looto the right of the bYone long axis.

It has been shown in 5.8 that if this 10° obliqueness for
this matrix is taken into account, then the matrix of the non-

shear termsg; relative to the bone Iong direction is

. o) o . o} o)
0 -dl4s1n10 coslo ,d1491n10 cosl0
0 0 0
0. 0 0

30 that if the 3 axis is along the long directiqn, there should
be a d12 term and an approximafel& eqﬁal and opposite dl} term.
He comments that Yasuds has obsexrved has observed a piezoeléctric
effect in bone specimens which have suffered immersion in acid

for three weeks, so that the effect does not depend upon the




presence of hydroxyapatite.
In a later paper on the piegoelectric effect in fibroﬁs
proteins he reports the results of his experiments on completely
‘dried specimens of horse and cow tendon, horse and cow boney
baleen(whale bone), wool(which is the protein keratin), and bundles
of silk fibres.He gives the piezoelectric matrix for all these -

materials as that originally found for collagen, matrix B,

B 0 0 0 dl4 d15 0
0 (0] 0 dls "d14 0
dyy dyy 4y, O 0 0

. -8
For norse femur he determines d,, = 0.65x10 “c.ges ,

14 =
dy5 =013 xlo"gc.g,s s and dy) = dgq -_-_.01}:1,0_"8 C.g.S oHe states that

the specimens were completely dried, and that the effeclts were
obsexrved by the methods pre&iously used.We infer from this that
the specimens were hcated to 120°C as before, so that the figures
more than likely represent denatured specimens,This'is supported
by the fact that this value of d14 is the same as was found
before,It is not specifically stated whether the 3 axis in the
above matrix is aliong the bone long direction or notybut given

in the context of the other unidirectional materisls we conclude

that this is intended,The above matrix for bone therefore




deviates sharply fromkhat previously put forward.There is here

no mention of the d. . and & 3 terms, and he reports in addition

1
5 9 and d

12

the finding of d as non-zero,The logical

37 932 33
conclusion woul& be that for these new bone specimens the
coilagen fibres were all accuratély parallel to the bone long
direction.Qur own results do not support this, and it has
already been remsrked that one would only expect to obtalm
coefficients belonging to the matrix B for very large bone specimens
where the 'oblique! effects might cancel each other, o

In a recent paper entitled 'Piezoelectricitywin
Polymers and Biological Materials' ,(unpublished) Fukeda
describes the piezozlectric effect in wood, celluloses boney
tendon, and the polymer poly-~  -~methyl L-glubtamate.In
commenting upon the present author's work( then in the very
initial sbtage), he states that :—

'The polarigzation corresponding to the piegoelectric
moduli which are zero in the matrix B are somctimes observed and
arises a question for the applicability of the matrix.One reason
for this contradiction would be the non-uniformity of the_
structure in bone and tehdono'It is subsequently statec that
an a11§Wance made by the present author for the obliqueness of
the collagen fibres to the long direction is unable to explain

the results, and consequently he proposes a new term in the piezo-
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electric>equation, proportiongl to the spatial stress gradient.
We can only surmise that Fukada considers the agreeﬁent between:
the transAformed tendon collagen_coefficients and the experiz—‘
mental results not sufficiently good for one to conclude that
thé piezoelectric " properties of the bone collégen produce
those of bone.We have already commented on this in 5.8,
indicating that it is not definite whether the-coefficients.
for tendoﬁ oollageh apply to bone collagen.Wé consider that the
proposed stress gradient term in the normal piezoelectric
equation will be negligible at the frequency of 1kﬁz, which is
the operating frequency from which the present results derive.

yle commented in the introductory chapter,on Dainora's
work and results for boue speoimené that been heated in an
oven at 105000H9 states that -

'When the piezoelectric specimenhaé loaded parallel to
the long direction of the bone, a negative charge appeared on the
outer surface of the compacta.This is in agreement with what
vigs found by Fukada.! Subsequently he gives the values found
for this plezoelectric medulus and states that these are the

values of the d,, coefficient.Reference to 5.8 shows that

14
t0 determine such a coefficient a value must be assumed forx

X

the angle of obliqueness.This is not given,_




Chapter Six

Evaporation lMeasurements

6,1 Bxperimentation and Results, .

These measurements were -carried oﬁt on four fully wet
beef femoral specimens of different shape; and sizes.These are
labelled 'Small Specimens 1,2,3.' and Large Specimen Ho.l .

The 1attér specimen had been previously used for piezoelectric’
measurements at neutral pHs .The dimensions of the first two
small specimens were, in cms, 75%X.5%X.2 5 and 1.,0x1,0x.8
respectively.The third smali specimen was wedge—-shaped, and was
used for only one experiment when silica gel was placed in the
balance.,

The initizl experiments: consisted of weighing the wet
bone specimens és they evaporated into the laloratory atmos—
phere,Subsequently this was modified so that the bone pieces dried
by evaporation into an atmosphere of constant humidity.Three
vaiues of relative humidity were chosen.These were lO%(ZnClz),
20%(CH3COOK), and 32%(0&012).The saturated salt solutions were
placed within the balance and the doors closcd.The mirror )
balanoe-used wag capable of weighing uﬁ to 500mg to the nearest
$mg without the addition of pan weights.Hence continous

monitoring of the mass of a piece of bone waz oblained as it



dried out,The resultant 'Mass-time! curves are thus accurate

. representations of dynamic behaviour,The graphic results are

presented in Figs. 6,1 to 6.8 .Figs. 6,1 to 6.4 relate to
'Smaller Sp, No.2' in order of experimentation, Figs 6.5 and 6.6
éimilarly for Large Sp. Nol , Fig. 6.7 shows the three curves
obtained for Smaller Spe No.l , and Fig. 6.8 is the single result
for the fourth specimen.On Fig. 6.2 which is the second result
obtained for that specimen, is superimposed Fig., 6.1, (the first
vresult‘for that specimen) so that the two main points of
discontinuity coincide.All the dry weilghts were determined in
identical ways in the presence of silica gel and P205 .

It is clear from these evaporation graphs that many of
the curves show a pronounced discontinmuity.For evaporation into
the laboratory atﬁosphere this takes the form of a sudden short—..
lived increase in the evaporation rate followed by a return to
the pre-discontinuity rate.This behaviour is shown in Figs. 6.1 ,
662 5, 644 5 and 6.5 .For the controlled humidity experimenté
only evaporation into . the 32% R.H atmosphere shows a
discontinuity, and under these conditions this appears as a
slowing up of.the evaporation r;te followed by a gradual return
to that existing before the change,This is secen in Figs. 6.6 and
6.7 .Some of the curves also indicate the presence of an

earlier discontinuity, although much less pronounced than that
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following.This is seen in Figs. 6.1, 6.2, 6.4, and 6.7. We

lahel this change lst Discontinuity , and the later more

R nd.
definite one, 2

Discontinuity., It can be seen from the graphs
that hydration of the bonfspecimens was not confined to
distilled water, buf that buffer solutioﬁs of pH 5.0 and pH
6,88 were used as well as Ethyl Alcohol énd Ringer's Solution,
(The buffer solutions were of .1 ionic concentration).The
alcohol was‘employed in order to show that the second
discontinuity is specifically dependent upon the presence of
water in the wetting solution, rather than any polar liquid.
The rcsﬁlts are now given for the three quantities,

Max H,0 absorbed , 15t Disc, ,(where observable), and the

2
2nd
Fig., 6.1 (Pirst Result for Smaller Sp. No. 2)
Max. HZO absorbed = 50.5
First Disc. = 44.0
Second Disce. = 37.2

Fig, 6.2(Second Result for Smaller Sp. No.2)

Hax. HEO absorbed = 60,0

First Disce

H

48.0

or Main Disc. , in units of mgl,0 /ea bone .
Second Disce = 36.2




For these results the dry weight of Smaller Sp. No2 = 1.050 gm:

Fig. 6.4 (in order of experimentation, Sm. Sp. No.2 )

PH 5.0 acetate . . H,O0 absorbed = 117

buffer . Second Disce.

935

. . 1 3

Ringer's Solution Max. .0 absorbed m 115 ) A
2 For Fig. 6.4 -

(4 strength) - -

Second Disc., = 91.5
Dry Wt =
.985 gm
Distilled _ -
Max. H20 absorbed = 117
Water
Second Disc, = 90.5
Fige 6.5 (First result for L.Sp. No.l )
MaxXe H20 absorbed = 61
Ringer's Dry Wt = 1.666 gn
Second Disce. ~ 37.4
Sol'n
Fig. 6.6 ( Distilled Water)
lfax, H,0 absorbed = 69 ’
Dry Wt = 1,635 gm

Second Disc, = 50.5

For Fig.6.4 the mass of Sm. Sp. No.2 has fallen by 6.2% due



to the acetate buffer. For Fige. 6.6 the mass of L.Sp. No.l
has decreased by 1.87% due its ilmmersion in distilled

waber, approximately pH5.0 .

Fig. 6.7 ( Smaller 3p. Ko,l)
Yex. H,0 absorbed = 61
First Disc. (32% R.H) = =49

Second Disc. (32% R.H) = 35.5

The dry weight of this specimen = 0.734 gm

Considering that the balance was capable of measurements
to the nearest 4 mg, and that the above figures depend upon
two independent readings, the miximum possible error assocliated

with the above figures is 1 mg.ile note that Berendsen remarks
S S

that tendon dried above P,0. at room temperature still contains

275 7

a few per cent waber It is thus possible that this is so for
P

bone as well.However all the above specimens were dried by the same

proceduré so that this correcction would apply equally to all

of them,If the Ffigures of 6,1, 6.2, 6,5 and 6.7 .t are linked
together, because they represent specimens which have been
kept at neutral pEs before the mecasurements were taken, we have

the following results,



1ah

Maximum H,0 absorbed = 60,7 < .7 ng HZO/gm bone

T'irst Disce. = 47.0 KX 1,5 mg H2O/gm bone
Second Disc. = 36,5 x 0.5 mg HZO/gm bone

(The value of 50,5 mg HZO/gn bone of Fig. 6.1 has been
discarded because this measurement was the first to be carried-
out, when the surface of the bone piece was dried with
absorbing paper; rather than with a non-absorbing cloth as for
later results,) The above figures therefore relate to fresh .
bone,

Figs. 6.4 and 6.6 are for pieces of bone which have
decreased in mass from their initial values at excision owing
to the chemical action of the solutions in which they have been
placed.For Fig. 6.4 the effect derives from'a pH 5.0 acetate
buffer solution, whereas the mass decrease of Pig. 6.6 is due
to distilled water.As expected the % mass decrease resulting
from the once-used acetate solution is much greater than that
from the distilled vater.If the results 6f Mig.6.4 are

averaged and linked with those of Fig. 6.6, we may present all

4. . ’ - > =
the results as "3n the same units as before.

A) TFresh Bone

Bk

Maxo. H.O absorbed = 60,7 o T

2

(B

It}
S~
-3
®
(@]

T'irst Disc. 1.5,

Second Disc.

i
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B) "Treated Bone' (1.87% mass loss)

ltax. H,0 absorbed = 69.0 %1.0

Second Disc. = 50.5'% 1.0
C) tPreated Bone! (6.2% mass loss)

MaXe H20 absorbed = 116,3 = o

Second Disc., = 91.8 = .8

34
Hydroxyapatite has been reported to have a primary

sorﬁtion of 17.6 mg Hzo/gm apatite.If we assume thét bone is

65% apatite and 35% coilagen by weight, and that the evaporation
occurring in the observed dehydration range 1is a protein
regction, then the above figures may be converted to nmg H20

per gm collagen.For'fresh bone these are

0 absorbed = 14,0 = .2 gm H,0/100gm
collagen,

lax,. H2

H

First Disc. = 10.2 = .4 gn H,0/100gm collagen
Second Disc. = T.2 & .1 gn H20/ 100gm collagen
It has been remarked in Chapter Three that Rougvie and
Bear concluded that ﬁ&dration of collagen first of all
occurs in the band oxr A band region.He quotes the figure of

approximately Ten HéO /lOOgm collagen as the amount necessary

to hydrate this Tibril region.ie therefore conclude that




the main or second discontinuity observed in the evaporation
experiments corresponds to the simultaneous cmptying of all B
vands of water, and the initiation of bulk eveporation from

the A bgnds. This is consistent with the A band water being the
more strongly bound.Since bone is slightly porous, and a amall
amount of surface water is inevitable at the.start of the
evaporation, we consider that the first discontinuity marks the
end of free water evaporation and the commencement of evaporation
from the B bands,Therefore the maximum hydration of the bone
collagen fibres amounts to approximately ngm H20/100gm collagen.
Thus, if as Rougvie and,Beaf suggest,the initial,polar,
hydration of the B bands of the bone collagen fibrils amounts

to near 6gm H,0 /100gm collagen, (this figure being necessafy

to complete the 'primary layer! Water,) the bone collagen B
bands contain hélf.their normal 'primary layer! water(using

the B.E,T eqﬁation terminology).Therefore, since the water
chains proposed by Berendsen can only begin £o exist after

the hydration point of near 13gn_H20 /100gm collagen has been
passed, there is no questionrof their occurence in hydrated
bone.This is %o be expected sincé their existence demands
consideragble swelling of the collagen fibres, which-the
resultant highér elasticity of the bone tends to préﬁent.

If the results for pure collagen accurately apply for the



bone collagen, then 1t would appear from the maximum bone

cbllagen hydration figure that even sorption of the last 3gm H20
per 100gm collagen of the bound B band water is accompanied by
some lateral sweliing.

It is evident from the results of the 'treated! bone

specimens that compared to fresh bone more water per gm bone is -

absorbed.If the results of Fig. 6.4, representing a 6.2% mass
loss, are compared to the equivalent figures for fresh hone,

it is observed %that the total amount of water abéorbed per

gram of bone has iancreased by 55.6 X .5 mgns, (an increase of
nearly 100%), an& that the mass of absorbed wateﬂper gram of

bone corresponding to the second or magin discontinuity has
similarly increased.; by the amount 55,3 = ¢ 3 mgms,These figures are
identical within the experimental error, so that for the acetate-
treated specimens increased water absorption per gram of bone

is exactly accounted for by increased absorption into the A
bands, the amount of free and B band Wateﬁper gram of bone
remaining constant.Similar examination of the results of Fig.6.6,
representing a 1.87% mass loss due to immersion iun distilled
water, showsthat whéreas the second discontinuity has increased
by 14 mgm Hgo/gm bone , the total amount of absorbediwater/gm

boue huas only increased by 8.3 mgms.These figures indicate




that increased absorption into the A band is partially at

the expense of B band and free water.It would therefore appear
that the chemical actions of the acetate buffer and the distilled
water on bone are differents unless the above results are
obtained for an acetate-produced 1.87% mass losa,

These results for the treated bone specimens cannot be
explained by‘simply varying the relative amounts of protein and

mineral in the bone, and considering the remaining bone

constituents to possess the same absorbing properties as those
of fresh bone, since this leads to the treated boéé containing
more’ than 100% collagen by weight! There was visual gvidehce
of protein fibres being dissolved out in solution, so that the
protein cgntent is likely to be 1o§ered relative to the apafite
bontent, especially as hydroxyapatite is generally insoluble
in mild acids.It therefore seems likely.that the greater parit
of the mass loss derives from the loss of protéin.

It is difficult theoretically to decide exactly where
the acetic acid attacks the collagen.However, since thelincreased
bone hydration per gram of bone equals the increased A band
hydration ﬁer gram of bone and the welghts of the wet treated
specimens are about 1.1% less than the original weights, it

would appear that the net effect is to increase the relative




amount of collagen in therA bands.Vhether this is achieved

by directly dissolving out A or B bands appears as yet to be
unknown,Vith positive staining liquids the observed intgrband
‘region was referred to as the crystalline region where the stain
could not penetfate; so that one might expeotvthe acetic acid

to penetrate the polar band region first.However, with the
advent of negative staining techniques, the A band is inter-—
preted as the region where the macromolecules bind together

with strong, primarily electrostatic, lateral forcesj; and the B
band is the area in which the macromolecules are essentially
laterally free.On this basis it secems reasonable to conclude
that the B band molecules would be chemically attacked first,

so that in the 6404 period of native fibrils the A band would

be increased at thé expense of the B band,We therefore
tentatively conclude that the acetic acid and the distilled water
primarily dissolve out the B band protein fibrils, and those
remaining in these regions consequently adjust themselves in
position,with the effect that considerable laterél bonding

occurs.

6,2 A Mathematical Approach to Bone Evaporation

The flow of fluid under pressure from a given enclosure

depends upon the orifice sizc r sand the mean free path length A

of the perticles inside.,The term !rarefied! refers to conditions




where;\ 2N r , and is explained by kinetic theory.For r}}}l ’
the fluld flow is described by hydrodynamical equations. ihen
the orifice size 1s of the same order as the mean free path
length both kinetic and hydrodynamical thecories are needed
to‘explain the dependence of the flow rate updn the pressure
difference across the orifice.Ab S.T.I&iﬁzlorsqms, = .%}L.

The nature and size of the pores in bone that are able to act

as effective evaporation sites are diversepﬂowever the majo?ity
of the water channels are parallel to the bone long direction,
so that evaporatioﬁprimarily proceeds in this direétion.The
dianmeter of the approximately cylindrical pores is estimated to be
in the region of %}L, whereas the lengths of many pores may
extend to mms or more.lence both kinetic and hydrodynsmical
equations are needed to account for the escape of water vapour
fronn the hydrated boné.In order to simﬁlify the problem we will
assume that the kinetic does not deviate too sharply from: the

true representation.We will define the following quantities,

J = the rate of arrival of water molecules per unit per sec,

fromthe vapour above the bone surface.

n == no. of water molecules per unit area of hone surface in
excess of those which would %be present in a vapour at pressure

De

P




T = Mean residence time of a molecule on the bone substrate,
: i >1Ve - g Ther 3 e relats
and is given bnys ﬁ'tgvexp(Ea/kl) 9 whc1e't; is the correlation

time( 10712

secs) for motions that lead to the breaking of the
particulax protein—Hzo bond,; and Ea is the binding energy , or
aétivaﬁion energy that is nescessary to break the bond,

The evaporation process is described by the following equation,

dn L
= mo-nfy, * J

dt
' , E
For a perfect gas J = (1 /(2MmkT))® , where m is the mass of a
water molecule,If p' average instantaneous water vapour pressure
ingide the hone, and p'!' is that outside; and T' is the temper—

ature of the vapour above the bone surface, we have

i
2

= - n/%s + p' / (2TmkT')

P ]

at

For evaporabtion through a simple orifice of grea A

—— = (H® | ;(p' - p't) A

m o (am)®

whereé -~ vapour density at 1 dyne/cm2




' i
W= (aMy®/ A is termed the resistance to flowjso that for any

opening we have

I (E (-t

at

mW

For cylindrical pores of average length L and radius R

W =

re
ol

(2/ﬂ) "'3

L)

. ol w

Hence if the orifice is the rate limiting factor

dn

— o - nﬁcs * .......PI - - (Q'){ST (p* - p'!)

dt (2Nl ) T
Eliminating p!' , we obiain d

a (am®

B Y
W (2‘17)% & (zrrm;-T-'*)%

; N |
Since W is much greater than (2M)% , this becomes
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dn (2m* ‘v P11
— 7T e ~ n/k +
dt i} Ts s 4

(2Mmk T )

The decrease of n with time is therefore given by

A
- )
n = N exp ( *SZH) K )

rom e

W s

Bxamination of the rate of éVaporation‘of B band water in
Figse 6.2 and 6.5 , with the above equation leads to the average
radius of the cylindrical pores being 3 microns.ive heve taken
T, to be about ].O"5 seconds, in accordance with Berendsen's
remarks.Clearly this can - only be anspproximate value since
its calculation is based on one perfectly cylindrical pore of
length lem oHowever this value for the average pore radius is.
acceptable.Although a statistical examination of the bone pore
sizes has not been carried out , examination of ‘several bone
pieces with the light microscope showed many; pores of this oxder.
We therefore conclude that the above exponential relationship

5 . wat fon i =5
accounts for the bound water Qvaporatlon if 2 value of 10 “secs
is given toﬁfs .

Néturally the squations derived above are not capable of

interpreting the observed main discontinuity, since they describe




equilibrium processes. This equally applies if one assumes

that the resultant evaporstion derives from two reglons of
different activation energies. The nature of the discontinuity

in Migs. 6.1, 6.2, 6.4, and 6.5 indicabtes that a definite

amount of heat is suddenly givén up by the bone specimen in order
to overcome the increased binding force of the water molecules,
whereas fof evaporation into the 32% R.H atmosphere, the process

of transferring the evaporation into the A bands appears moré slow.
It may be possible to associate these with adiabatic and isothermal
reactions.fhat the main discontinuity does not occur when the
paftial vapour pressure is very low, whether due to silica gel

or the 10% R.H atmosphere, indicates that A band evaporation

starts before the losing of all the B band water.
6,3 A Short Account of the Brunaesr,Bamett,and Teller Equation

Only a brief summary of the applications and theoretical
limitations of thi%equation will be presented here.For a detallled
account the reader is referred to the recent book by S.J. Gregg

3y
and XK.S.W Sing.
If a highly disperse solid is exposed to a ges or a vapour

in a closed space at a given pressure the solid begins to



'adsorb the gase.This results from the agttractive forces that

exist at the surface of the adsorbent.The nature of the forces
gives rise tovtwo types of sorption, namely physicasl and Van dexr
Waals sorptiony; and chemisorption.Physical adsorption is used to
evaluate the total surface area of a solid, which for a particular
adsorbate is the ftotal area accessible to its molecules,

including accessible internal pore areas; whereas chemisofption;

o

is often used to assess that part of a surface which possesses .
some particular property.It is often stated that in chemisofption
a transfer of electrons betwecen the édsorbed molecule and the solid
occursy s0 that in effect a chemical compound is formed, although
this is confined té a single layer of molecules on the surface
of the solid.Thus valency forces are involved in this type of
adsorptiony; as opposed to physical adsorpti&n in vhich they are
not.

The amount adsorbed per gram of solid depends upon the
equilibrium pressure p, the temperature T, and on the particular
gas and solid.If the gas is a vapour, that,is if it is Dbelow its

critical tempsrature, then the adsorption in grams of adsorbate

per gram of adsorbent x , may be written .

x = f( P/Po) T,ga8,801id

where P, is the saturation vapour pressure of the adsorbate,
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This relation describes an 'adsorption isotherm', since it relates
the amount adsorbed to the pressure.For physical adsorption
there are five types of adsorption isotherms according to

53

Brunaer, Denning, Deming, and Teller.We are interested in Type 2

isotherms, the general shape of which is shown below,.

7

This is because the adsorption isotherm of collagen possesses

this general shape which the B.E.T equation is capable of
explaining.Point B is interpreted as representing as

representiﬁg the completion of the monolayexr of adsorbed molecules,
s0 fhat subsequent adsorption is the stacking of more gas
molecules on top of this primary layer.The diagram below

shows the solid adsorbing surface and the various layers of
adsorbed gas or vepour molecules, for a particular gas pressure,

a2 -

according to the B,E.T assumptions.




Fourth layer .
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It is donsidered that dynamic equilibrium exists iﬁ each layer

so that the number of molecules evaporating from a given layer
equals the number condensing per second on the 1ayér immediately
below it.Point B in the isotherm shown exists because molecules

in the first or monolayer have a much longer lifetime in %his

layer then those in higher layers.In other words the binding force
is much Sreater for the monolayer molecules so that the probability
of evaporation due to thermal forces is considerably lower

than for higher layer molecules,

The éssumptions on which the equation is derived are two-
fold,Firstly, that the adsorbing surface is energetically’
homogeneous, co that all adsorption sites are ecquivalent.,

Secondly that 'horizontal interactions! between neighbouring
molecules are negligible.It is well recognised thal the second

assumption must be false considering how close the adsorbed

molecules will be in the higher layers.However, despite these
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discrepancies, the B.E.T equation has had remarkable suécess.

in explaining various isotherms of gases adsorbed on to solids,
So much so that Gregg and Sing remarki~ 'It is perhaps the very
breadth of its scope which has led to avsomewhat uncritieal .-
zpplication of the metho%as a kind of infallible yardstick, and.
to a lack of appreciation of the nature of its basic assumpbions
or of the circumstances under which it may,or may not, beAexpected
to yield a reliable result.' This seems to have occurred, in our .
opinion, vwhen describing the adsorpiion isotherm of cqllagén.

To talk of adsorbed water that is primary layeredyon collagen,

in terms of the B.R.T assumptions, secems misleading since this
iuplies that the water which is absorbed above the 13 gm HZO /
100gn collagen level is physicallj stacked above the 'monolayex!
molecules, and this does not occur , in any real sense, until

the 40gm HZO/ 100gn collagen hydration boint is reached.lthereas
the knee in the Type 2 isotherm is interpreted by the B.E.T
equation as due to a greatly increased binding force for the
monolayér molecules in the 'vertical direction, the knee ih the
collagen isotherm indicates that the water molecules bound in the
A band axre more.strongly bound than those which form into water
chains.This concurs with the water chains being formed by the

weaker hydrogen bonds, as suggested by Berendsen.




Chapter Seven

Part One : The Electrical Properties of Wet Bone,

7,11 Deternination of the Piegoelectrical Properties of Wet

Beef Bone.,

The experiments on the elecirical broperties of wet
Achilles tendon collagen led us to investigate the effect of pH
on the electrical signal rooultlng from the stre°s1ng of wet
bone. This was done by measuring the piezoelectric coefficients
in the direct effect at lkHz , as the Specinens slowly dried out
in the apparatus, for values of PH in the range 4.0 to 9.15,
The same buffer solutions were used as for the electrophoretic
measurenments , except that dilute brine served as the basis of
the pH 5,0 solution.It has alreadj been remarked in 5¢3 that .
these measurements were carried out on the two large specimens
labelled No.l and No,2 .The preparation of these specimeﬁs has
been described in 5.63 . Since the original femur was obtained
from a butcher on arrival from the abattoir, the measurements
ray be said to have been carried out on fresh untreated bone.
In the early experiments, the larger bene specimen, No.1l was

used only for PH values close to neutrality,.This was in order




that the solutions should have the least chemical effect on
this piece, so that a comparison could be made with the secend
specinen, which by this time had suffered miidly acidic and
basic solutions for short intermittent periods of time (usually
of.the order of five days).In the early experiments the |
piezoelectric output voltage eL and the wet bone D.C resistance
wavwere concurrently measured and plotted against time as the
specimens dried out in the apparatus.For the later neasure—
ments the dehydration time was ignored, and ey plotted against
R .. This was done because as may be seen fron 7.12, e, is

wb L

expected to be proportional to Rw for the wet specimens, and

b
the latter quantity could be more accurately determined as a
function of water content in a sinéle experiment using the

valve voltmeter.In the initial experimonts the bene specimens
were dried with silica gel befere irmersion into the buffer
solution, wheress ih the later measureménts they wére completely
dehydrated under vacuun, so that the bone pores should not
retain liquid at the pH of the previous measurement,This drying
procedure was avoided initially as it was thought that it might
damage,unnccessarily,the.bone speciﬁens.ln all experinents
surface water was removed by wiping,Thus any dependence upon

pHof the wet bone 'piezoelectric' signal should be best

exhibited for the later mecasurements. In the initial

140




experimentation all the coofficients were measured, whersas for
1}
33

coefficient.Bach coefficient value at a given pH,for both sets

the lator measurenecnts attention was concentrated on the d

of mesurcments,is typical of approximately five results.The main
orror in these figures derives from the measured rgsistance.lt is
renarked in the noxt section that the resistance values are
acburate to approximately 5% , 80 that this is the order of the
error in the valuos of'd.Iﬁ order 10 avoid duplication of graphic
and tabular information we have selected 13 graphs which are
representative of the first get of measurements.These are shewn

in Figs.T.1 to 7.13 . Tables 7.1 and 7.2 show hcw the d, . vary

J

with wa a8 the specimens dry out, for the two seis of measure-

nents,

T.12 Expression of the Wet Bone Output Signals in torms of the

Piezoelectric Coefficients.

For the majority of the measurements the lowest D.C
resistance, representinrg the measurement made immediately upon
inertion of the bone into the apparatus, was in the range 10 ~30K
ohns, so that the capacitative 1oading of the amplifier and
leads(which is of the order of 1O6ohms 2t 1lkHz) is much greater

than .. this, that is XC'wb:$>R1.( seo 5.5). Henco wo have from




5.5 that if ,

d

the piezoclectric cosfficient of wet boune, in a

wb
glven state of hydration,
wa = The D.C rcsistance of the wet specimen.
a .
(GL) b = ( . d_ F ) jw R4 Bq. 7.1

If this is compared to the PZTH output signal

d,, F
(o)py = 2z ¥
1
Cpz
we obtain

dwb - (0/ ) (-1 /R ) ( eL)’s'rb :
- = a XPZ Wb —— R B Eqoe Te?2
dpy | (o)pg

If the value of X! at 1lkHz is inserted in the above equation

PZ

we obtain the relationship

d - &, 200K (e)en . a
vib e PZ
a B (e,)
L'PZ .

This is the expression used to determine the value of dwb for

the wet bone specimens.The validity of this equution depends

on R, 4 Rprgp » 204 R, &L §T§ ( the input resistance of the




tuned anplifier).Sinse both XC'wb and RTA are of the order of 106
ohns at 1lkHz, it is evident that the above relation holds for the
larger part of ﬁhé observed dehydration range.Assﬁéing that the
water behaves like a pure resistance which shunts the bone signai
generator, we expect the bone output signal (eL)Wb to be properitional
to wa’ thus keeping dwb constant.If the ratio of the output

signals for wet bone and PZT5 is termed the Voltage Ratio (V.R),

then we expect dwb to be constant if V.R is constant.Hence wa ;

V.Ry and d are tabulated in Tables 1 and 2.1t proved difficult %o
determnine the signs of the wet coefficients since they appeared

to charge with loss of water.Consequently only the modulus

appears in tabulated form,

Tel3 Observationa’on the Vob Piezoelectric Resulfs

Comparing thﬁvalues for wet bone with the’d‘ooefficienté
for dry bone it is immediately apparent that the wel values are
all larger than their dry eqﬁivalents.The greatést diffefence
botweon tho wot and dry a;jk occurs for tha a.;jk soofficicnts,
and especially for déll JWhereas for the dry hone specimens déli
is near to 0.3x10ﬂ80,g.s s for wet bone it takes the value mf:g'
3Ox10~8 CegeBy the actual value depending upon the state of
hydration of'the bone.Hénce, since for the dry bone pieces the-

largest coefficient is déll s, and the wet pioces 4! 1 the
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tho group symmetry of wet bone would  appear to be different

from that of the dehydrated specimens.
Considering the figures presented in Table 1 , it is
cvident that the observed dehydration noticeably reduces the

values of the 4! coefficients,while to a first approximation

33k
the other coefficients appear largely independent of the observed
change in water content;However for these latter coefficients it

is difficult to be precise, since contrary to the ‘3jk coefficients
the numerical changes are small compared to the quqntities
involved; and are of the same order as the goneral spread of
the results.Thus, of the three results given in.Table 1 for d'122
that at pH 5.0 appears independent of water confent, that at

pH 6.88 would seen to rise slightly with initial dehydration,
~and that at pH 4.00 appears independent of the dehyération‘if
one ignores the first tabulated result.Likewise, of the two
results for di33 presented in Table 1, oneo appears to be
independent of the water contenﬂwhile the other shows an initial
decrcase.Thus in conclusion, it is impossible to‘say whether the

d and & cooffizients show a definite dependence upon the

1jk 23k

observed change in water content.However, what may be stated

is that the d3*k coefficients show a definite; and by far the greatest,
J

dependence upon the initial observed dehydration from the fully



Pable One
IJOol DHA,88 : ) No.1l PH6.88
" Rup V.R d'91 R, V.R d')op
35K .84x10"4 ,54x10‘8 25K 8,3x10"4 5,4x10'8
50K .84 .37 35K 11.4 . 5.3
57K 1.0 «39 40K 1647 6,7
75K 1.1 .33 55K 22,2 6,52
102K 1.5 «34 66K 26.6 6.52_
150K 1.8 27 0K 32.2 T.42
| 110K 57.0  7.30
150K 71.5 7.50
No.2 pH5.0 , No.,1 pH6.88
wa V.R d'l‘?_ﬂ wa v.R d'133
. 12K 1.0x10™4 1.87x10“8 23K 6,2x10™4 2.68x10“8
- ) 15K 103 2,00 3OK 8.0 . 2o66
17K 1.6 2,20 A3K 5.7 1,33
| 21K 2,0 2,14 50K 6.7 1.32
| 25K 2.3 2,10 6OK 8.3 1,37
i 27K 2.7 2.25 86K 12.5 1.43
32K 2. 9 2006 122K ' 1691 1'. 31

150K 20.8 1,37




Table One (cont)
No.l 1)II6088
wa V.R d'133
27K 4.6x10~% 1.,81x1078
50K 8.3 1,80
90K 15.0 1,80
117K 20,0 1,84
152K 28.6 2,00
190K 35,0 2,00
240K 43.5 1.95
Ko.l pHE9.15
R, V.R LA
48K 162104 16.8x1078
54K 19.0 17.2
66K 23,2 17.7
83K 26.4 16.1
100K 30.6 15.5
127 35,8 14,3
162K 43.0 13.4
178K 47.0 13.2

No.l pH6,88
R V.R a5y
35K 10.0x10~4 B8.857107
5% 13.3 9,15
52K 15.0 8.90
80K 16,6 6.45
88K 19.2 6.76
98K 21.8 6.88 |
105K 22,7 7.60
118K 26.6 ‘7.00
125K 29.¢ 7.30
136K 30.8 7.00
146K 34.4 7.30
154K 36,0 T1.21
170K 39.0 7.10
180K 41.0 7.10
200K 45.8 | 7.10
230K 51.2 6.90
270K 57,0 655

8
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Table
No,1l pH4.00
R, V.R 'y 00
21K 5.0x10" 3,84x10"8
28K | 5¢7 3.28
40K 8.6 3,50
48K 10.0 3,50
58K 12.0 3.38
65K 13,2 3.28
78K 15,7 3.25
88K 17.5 3.21
108K 20.0 3.20
120K 23,0 3.20
132K 24.8 3.18
141K 26.0 "3.00
155K 27.6 2.88

One (cont)

No,1 pH5.0 (NaCl)

R VeR d'3»11
10,5k 7.8x10™% 37.7x1078
12,5 8.8 35.4
14,7K 9,8 33.8
18.0K  11.4 32,1
25,0k  14.3 29,0
31,0 16.6 27.2
42,0k  20.6 24.8
54.,0K 24.4 23,1
68.0K 28,6 21,2
87.0K 32,0 18.5
No.l pHG.88

R, V.R a'31q
28K 16.6x10"%  30.,0x10”
60K 33,2 28.0
90K 50.0 28.0
110K 5640 25,8
135K 5945 22,3
155K 66,5 21.8
170K 1.5 21.2
210X 80.0 19.3

8
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Table One (cont)

No.l pHG6.88
R_. V.R 419
26 20007 24m078
60K 26,7 22,5
65K 35.1 27.3
95K 50,0 26,6
120K 59.0 24.8
150K 66,6 22.4
176K T1.4 20,5
215K 80.0 18.8
250K  89.3 18.1
No.l pH6.88
R . V.R a0
40K 2,1x1074  1.,20x1078
50K 2,24 1.11
75K 3.62 1.12
100K 5.00 1,12
150K 7.50 1,13
200K 10.2 1.12

No.l pH6.88

R, V.R a0
25K 8.32x10™4  11.2x1078
32K 12.5 13.1
55K 18.9 11.5
T2K 21.8 10.3

112K 31.2 9.4

140K 41.6 10.0

170K 50.0 9.9

225K 60.6 9.3

290K 66.6 1T

No.1 pH6.88

R V.R 333
30K 2x10~4 1%1078
BE 250 .98
47K 3,00 .96
50K 3032 1.00
65K 4.32 1.01
74K 5.00 1.02



wet state,This is consistent with the result that these wet
coefficients show the largest devialtions in magnitude from the
dry values and are therefore expccted to be more dependent

on water content.It may bLe seen that for some of the Table 1

results there is an initial rise in the value of the coefficient

d'ijk befor it assumes a definite variation with evaporations
whereas others indicate that the very initial values- of 4!

ijk
are discontinously larger than these immediately following.

If we examins this in detail in order of tabulation, we observe:-
The first result of dill is greater than the rest which are

largely constant.

The first two figures for cne of the 4! readings are

133

approximately twice those following.

The first three values of d}

517 2re about 1.28 times greater

than the reat.

The figures of déll at pH9.15 show there is an initial rise
in its value before it commences to fall, so that the greatést

value for these readings does not occur under the wettest state.

The next two results for pH 5.0 and pH 6.88 shew d'3il~

continecusly falling, so that for these ftwo seis the greatest

4



value of déll does coincide withk the wettest conditions.

A second set of readings of déll at pH 6,88 shows the coefficient
s

falling for theltwo results, rising to its highest value at the
third result, and subsequently falling for further evaporation,

Hence for these readings the greatest value of d'31i does not

occur for the wettest conditions recorded.

Similarly the dézzresults show the second recading to be the greatest

in magnitude.

Hence in conclusion, it is apparent from these

Table 1 observations that for the déjk coafficients the wettest

values recorded are often not the largest, and that in these cases

d3jk tends to change its variation with dehydration hefore

continously falling with further evapcration.

2 1 [} 303 . . 3 3
The dljk and dQJk coefficients do not show this dynamic

behaviour, and contrary to the 4 coefficients, in many of the

3%
sets of readings, the initial values are statically larger than
the restivhich are predominantly staﬁionafy duriné evaporation.
Ve ma& term these two effects transients , since they only
represent initial phenomena. |

Fxaomination of the results of Table 2 shows that the value
|

of 4! which corresponds to the most hydrated recorded

333



Table Two
Ho.l pl4,0
R V.R d' 333
kY 24x10"4 18100
37.5K 25,0 18,0
38.5¢ 24,0 16.9
40,0K 25.4 17.6

After short re--immersion

19K
21K
25K
26K
31K
35K
40X

50K

8.7
8.3
9.1
10.1
11.3

14.0

17.0 |

20.0

10,2
8.9
8.1
8.5
8.1
8.9
9.3
8.9

16k

No.2 pH5,0(WaCl)

wh V.R d'333

85K 27x10“4 7°lx10m8

90K 31.0 Te3

95K 33.0 7.7
105K 37.0 7.8
110K 40.8 8.3 )
123K 47.0 8.6

No.l pH6.88

R, V.R dr333

28K 6.7:107%  5.3%10°°

32K 8.0 566

35K 9.3 6.0

37K 10.8 6.6

41K 13.0 7.1

50K 15.3 6.9

53K 17.0 7.3

60k 18.8 7.1 ‘“
71K 22,0 7.0



Table Two (cont)

NOoi pHG.15 No.l pH9.1l5;after 3hours
wa V.R d'333 re-—-immersion following»
previous results at pHY.15

Ssx 20x10™~% 8c2x10“8
61K 20,5 1.6 B TR T3
65K -~ 207 1.2 42K 201074 10.8x1070
67K 18.17 6.4 43K 20.7 10.8
10X 18,2 5+9 43K 22,2 11.7
80K : 20.0 5.7 clamping re-checked
90K 22,0 546 44K 20.0 10,2
100K 24.1 56 43K 20.7 10.6
115K 28.0 D¢ 55K 20.8 10,3
129K 31.0 5.4 15K 21,7 10.8
No.2 pH5.0 Q'322 Surfaces re-wiped dry
32K 6,70x10~4 4.7x1070 60K 21.3 8,00
35K 8,30 5037 68K 23,0 7455

° 40K 10,0 5.72 (B 26,0 7.76
50K 13.7 6.15 82K 28.3 7.80
65K 19,7 6.78 95K 33.3 7.80
T1K £3.0 - 17.25
80K 247 6,94
88K 277 7.12

95K 297 T.08

&
(rx‘



conditions appears to go through a minimum in the pH range 5.0
to 8.0 . In order to determine this more accurately it would

be necessary o use many more pH solutions sevéral times,It has
already been mentioned that the sign of the coeffifient was not
determined, so that the above refers to the modulus of the
coeffiéient.Obéervation of Table 2 results also shows that at the
pH values of 5.0 and 6.88 d§33 increases with the observed |
dehydration, whereas at pH 9.15 it decreases.At pH 4.0 it also
decreases, but the fall is less pronounced than at pH 9.15.

It is possible to observe pH effects from the figures in Table 1,
but as has been mentioned before, the specimens were not vacuum-

driedpetween different pH mecasurements, so that it is considered

that the results of Table 2 are more reliable on this subject.

T.14 Interpretation of The Wet Bone Results

We remarked in T.12 that 4 is expectcd to be constant only

wb
if the buffer soclution behaves’like a pure resistanc%and shunts
the bone signal.We have seen in T.13 that the d'35k coefficients
vary considerably with water content, and that for the Table 1
results, which rcpresent measurements carried out on pieces

immediately after their excision from the fresh femur, they all

decrease considerably as the specimens dry out.Thus the very
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high value of the wet dgjk coefficients over the dry equivalents
depends upon the bulk presence of freé water i the bonefsce
Chaptgr 6).Considering the nature of the bone, the majority of
the poreé in which free water may reside will be roughly
cylindrical in shape, with a net stabistical orientation in

the bone long direction.Coupling this with the observed variation
of the déjk coefficients with pH, we conclude that considerable

1 kHz streaming is occurring in the bone long direction so
producing :’sﬁroaming potentials:

The interpretation of the other coefficients of Table l
is not so immediately evideht.Whaf we observe is that these
coefficients are all larger than the dry equivaleuts( as for the
déjk coefficients), but show‘liﬁﬁle; if any, depéndénce upon the
change in water content that occurs in the observed evaporation
rangeaHowever,sincé the net orientation of the water channels
is in the bone long direction, evaporation. ~will largely
procesd in this direction, and this will be aided by the liquid
streaning.Thus the water which is streaming in the bone long
dircction will evaporate at-a much faster rate then that which
is streaming in the transverse channels.Hence wec conclude that’
streaming also occurs in the transverse directions , but that

the bulk of the evaporation process takes place in the bene

long direction.Thus the picture emerging from the Table 1

164



results is that sireaming occurs in all directions, but that
because of its structure,the greatest potentials occur in the
bone long direction. |

| (We note at this stage from the Table 1 graphs of 4!
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that a sudden change appears to itake place in (e and wa .

L)ﬁb
The tabulated form of these results shows that the signal to
resistance ratio is still the same after this change of slope.
Wo&will not treat this in detail here since the separate
resistance neasurements on stressed and unstressed bone
specinens woere carried out, and these give more accurate
informaticn on this phenemenon.This is treated in the next
section Te15).

The later resulté of Table 2 appear only partially
consistent with the presence of streaming potentials.The rise
at pHs 5.0 and 6.88 of d§33 with the initial dehydration
seems in conftradiction with ideas of streaming, although with
further evaporation this rise would reverse itself as the dry
conditions are approached. It is interesting at this point
to recall that for the earlier results of Table 1 d3jk often

rises in value before settling down to a continous decrease.

Hence the effect of the intermittent solutions may be regarded,

for these two pHs, as extending this initial region further




into the dehydration range,The results for d333 at pH 9.15

show d§33 decreasing with evaporation, as do the results for
pH 4.0.Thus it appears that the chemical effects of these
solutions f3 is largest in affecting the middle pH range
results.Consideriﬂg that these ostensibly anémalous results

refer to somewhat treated bone it is difficult to kgow

what importance to attach to therr .However we think that the
occurrence of 'transients' in some éf the fresh bone results
indicates a connection between the two phenomena.lt was observed
during the leter neasurcments of Table 2 that complete dehydration
changed the appearance of the bone.Slight cracks became visible,
primarily along the bone long direction, and the pieces were
slightly narrower in the transverse directions thgnﬁhe original
dry values.It is our opinion that the rises of d'333 at pls 5.0
and 6.88 are caused by substantial transverse contraction, so

that the roughly cylindrical pores or long channels which contain
the frse water, decrease in diameter while streaning is occurring.
The effect is only apparent at these middle pHs beéause of the
smallness of the streaming potcntial in this region.Ilt will be

recalled that whilst the decrease of d333 at pH 9.15 was

pronounced, that at pH 4.0 wae less so, so that -although the

nagnitudes of this coefficient at the various pHs indicate a

O
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a possible isoelectric point(if one exists for bone)'for bone .
in the general pH range 5.0 to 8.0 , the figure is likely to
be nearer 5 than 8,This is consistent with the streaming being
largely ageinst collagen surfaces(see Chapter 4), although it
coﬁld indicate a small streamiﬁg potential contribution

from the bone mineral,

The occurrence of what we have termed transients for the
d3jk coefficients in the Table 1 results indicates that a sgall
amount of contraction occurs in the very initial evaporation
process even for fresh bone.This seems reasonable éince a little
swellinglwill occur as the freéh bone hydrates, so that one would
expect soue tfansverse contraction wheﬁdrying,The larger initial
values of the dljk and dek coefficients indicaten that a séall
amount of water is initially expelled from the transverse
channels when the bone is loaded in the épparatus and streaming
comﬁences.

Thus we conclude that the effective 'piezoelectric!
voltages generated in wet bone are predominantly streaming
potentials.Howevcr‘we shall show in the next section that the
wet bone collagen is stiil classically plezoelecizic itself,

so that even though streaning potentials are by far the greatest

in magnitude, both phenonena contribute to‘the ochserved volitages

in wet bone,




1H

‘Chapter‘Seven y Part Two

Blectrical Resistance Measurenents on Wet Bone

T.15 Introduction.

All the resistance measurements of wet bone were carried out
on the two large specimens levand 2, using a valve volmeter
operating in its highest resistance measuring range(l to 500
Meg'ohms).CalibratienAof the instrument in this range was
achieved with standard high stability resistors, and from theso
neasurenents all the wet bone readings are considered to be
accurate to approximately 5% of their value.The electrical
resistances of stressed and unstressed wet bone specimens were
pericdically méasured as they dried out in the laboratory
atmosphere,The curreat driven through‘the specimens by the
valve voltmeter was approximately 10-'8 amps.This measuring
instrument was chosen as opposed to the more accurate potentiometer
since a fast reading time was required owing to the continual
change of the electrical resistance of the bone specimehs as
they dried out.It was noticed that for all the wet bone specimens
and for small pileces of tendon =  that,irrespective of the direction
.in which measurements were taken, a rise time of approximately
ten to fifteen seconds occurred before the meter needle reached

its maxipun value, and that tho measured resistance was different
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when the current was reversed.This effect represents the occurrence

of icnic electrical polarization, which the measuring instrument

gsees as a large parallel capacitance.The effeet is equivalent

to a static dielectric constant of approximately 106 in the wet

bone pieces used.Initially in the experiments,two values were

taken for every resistance meésurement.Besides the sﬁeady,maximum

value,corresponding to the completed polarization, an estimate was

made‘of the initial :esistanOe upon connection to the voltmeter,

These lower values are not shovm on the resistance curves

presented here since they produce an identical resistance-time

curve but slightly displaced in value from the maximun valué.

It also proved difficult to estimate these initial values

accurately, since the neter needle always swvung past the desired

Qaluo.Thié charging time of approximately ten to fifteen seconds

persisted even for the comparatively dry bone pieces.It is there-

fore concluded that the polarization is either due +to induced -
° ionic diffusion of collagen A band H + and poss;biy OH ions as ;

well, or to induced diffusion of the sane 'bound‘ions in the apatite

crystals.The resmlts are shown in Figs. T.1l4 to T.2l. Figs. T.14

t0 7,19 show in order of experimentation the results for unstressed

ﬁet bone.Figs. T.20and T7.21 skow the results when the specimens

wore loaded in the epparatus with a 2Kg. weight in the three bone

directions, corresponding to simple tensile stresses Tll s T22 ’
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T33 s where the latter stress represents a simple stress in the
bone long dircection, and the axes sre the same as for the dry
fiezoelectric results.The corr§Spoﬁding resistivities are

.denoted by'Ql., Q2 9 and.€3 resPectively,Inclgded with the
stressed bone results should also be Figs. 7.3 to 7:6 , since thoy
?epresent the earliest measurenents of Rl( the resistance in the
labelled 1 diredtién) fofnstfesses T,, and T33 «The résults for

unstressed bone will be considered first,.

T.16 Results for Unstressed Bone

It is apparent from the unstressed bone results that the
electrical resistance in the bone long direction R3 suddenly
rises rapidly after a fixed period of evapcraticn.Fig. l4a
which represents the earliest measurcmen?s of R3 upon Sp. No. 1
(two nonths after excision at roughly neutral pHs) shows this
ﬁime period to be approximately one hour,The later results of Figs.
7.17 and T7.18 upon Sp. No..2bhic had lost at least 6.2% of its
weight by the time of this measurement, indicates this time to
be approximately 45 minutes.Fig. T.19 which represents the last
neagurements made on Sp. No. 1 ( roughly 5 months after excision)
shows that this time has decreased to near twenty minutes,
Reference to Chapter Six indicates that as the bone specimens

start to lose masg through dissolving of collagen,the main or
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nd .. c . . ‘
2 discontinuity in the evaporation curve occurs earlier than

~for fresh bone.This is to be expected, since there is less

total water to evaporate, and lafger evaporation sites.It is
therefore concluded that the sidden rise in the value of R3
céincides with the main discontinuity in the evaporation

curves, and therefore with the empiying of all 'collagen B band
water sites.Fig. T.14b shows the resistivity'e3 for Sp. No. 1

in distilled wator,as a Tunction of the loss of water in mgus.- _’_
(This is obtained by combining Fig.T.lda with Fig.6.5 .) If

is seen that Qé rises drametically when a sudden étate of de-
hydration is reached.. Qn the same axes is plotted R for the samo
specinen, but irmersed in Ringer's solution (one quarter strength).
Ho sudden large change is observed.In Figsf Tel7a and 7.i8a the
ratio of Q3/?2 has been plotted as a function of dehydration

time in order to give an indication of the variation of these

two resistivities with water content.The same information is
presented in a different way in Figs. T7.17b and 7.18b , which
show a plot of‘e3 agginst Q2 « The distilled water resu1t§ of
Fig. T.17 identify three regions in the resistivity -~ tinme
curve.The results of Chapﬁef Six indicate that these are
associated with loss of free water, loss of collagen B band

water, and loss cf collagen A band water, in order of occurrence.

A
For fully hydrated specimens it is seen that(ifﬂmeans a variation
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in the following variable) AQ, .35 AQ,., whereas for A band
evaporation A_Q_:,:v?a‘éll&. In the initial region, although 63/Q2

~is increasing the rate of increase with time is decreasing, as it
is noted is the evaporation rate.With the evaporation from:the
Blband 63/€2 starts to increase faster, and it is here that in
absolute terms Q3 increases by approximately the same amount as
QZ’ although Qz is still greater than.Q3 oVhen the main discon-=
tinuity is reached, corresponding to the commencement of A band
evaporation, Q} increases in absolute terns by roughly 3.7 tines
as much as-Q2 9y 8o that Q3 rapidly surpasses Q2 .The interpretation'
of these results falls into parts, an explanation of the variation
of 1jmaQ1 ”92 ,Q3 with time 4 and the accounting for the
relative variations of the three fesistivities.We.treat the
former first.

Since the protein fibres and the mineral crystals are
aligned largely alcng the bone long direction, that is our labelled
3 directieny, it is perhaps not surprising that the resistivity
results for this direction are different from those perpendic-=
ular to it.Interprsting the R3 discontinuity as corresponding
to the commencenent of écllagen A Band evaporation and using
Fig. T.14b , it is apparent that the A band bound water molecules
contribute far more to electrical conductivity in the bone long

‘direction and therefore the protein fibre direction, than de




those in the B band , or the free water molecules.It is
therefore suggested that the A band .- water molecﬁles are
primerily aligned in the fibre direction, unlike those in the
B bands. The resistivity mecasured transverse to the bone long
direction measures to a good approximation, the transverse fiﬁre
and miﬁeral resistivity.The result that the discontinuity does
not similarly appear in Q2 indicates that in this direction
perpendicular to the bone axis,the collagen A band water
nolecules contribute roughly the same amount to eleétrical
conductivity as do those in the band.(The apparentwkink in the
R1 curves are however interpreted as indicative of this
discontinuity, but we will leave the comment on this to the
discussion of_the comparative results).

The comparative results of Ql ,Q2 ,Q3 a2re more dependent
upon the resultant fibre orientation in the particular specimens
than are the sepérate resistivities variations with water content.
Although the decreasing rise rate of Q3/Qé with free water
linked with the decrecasing evaporation rate indicates that the
ratio QB/Qz rises at an approximately constant rate, in 5bsolute
terms the loss of free water affecté Q2 by more than twice that
of£23. It is thefore cencluded that for Sp. No.2 the free water
molecules contribute nore to electrical conduc tivity in the

labelled 2 dirsction than they do to the bone long or 3 direction.
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The piezoelectric results on the two dry beef bone specimens ,
given in Chapter Five, indicated that for both Sp. No. 1 and
Spe. No.2 the protein fibres are predominantly contzined in the

labelled 1-3 plane. This is shown in the diagram below.

N
v
w

2

Specifically it was‘found that net result of all the individual
specinen fibres orientations was as though they were inclined at an
~angle of about ;Oo.to the bone long direction, and in the 1-3
plane, Hence for these two bone épeoimens 2ll transverse directions
are not equivalent.The pores which contain the free water molecules,
although prinmarily oriented in the 3 direction, have a pet |
conponent in the bone 1 direction but not in the 2 direction.

If the pores are imagined to be cylindrical in shape then it.

nay be seen from the above diagram that the free water would t;nd
to recduce g, more than Q3 «This is what the resu1t§ indicate.

We now return te the comment on the R, - tire curves.Pig. T.15

1

shows what appears to be a small kink in the Rl resgults correspon-




ding to the discontinuity for R_,. A similar, although less

3
pronounced effect is showvm in Fig. T.19 .which represents the
last measurements that were carried out on Rl « The evidence
just gaven that the protein fibres have a net component of their
long axes in the specimen 1 direction indicates thgt fhis kink
is probébly real and coincident with the main discontinuity in
R3 o
Figs.T.18 a and b show similar plots to those of FPigs.7.17 ,
>but for the specimen immersed in Ringer's solution,(B,D.H , pH
roughly 7.3 ).It is seen that one expected effect éf the ionic
concentration is to lower the resistivity values compared +to those
for distilled water.lore inmportant though are the observed changes
induced in the Q3/Q2 - tine curve and the graph of’g3 ageinst'Q, .
This ratio now has # maximum value that is not coincident with
the maximum state of hydration recorded.This maximum coincides
with a point at which suddenly, the loss of water begins to affect
Q3 much less.Contrary to the results for the bone hydrated in
distilled water, very little evaporation time elapses before in
absolute terms, Q& increases nmuch faster than Qz.’ and even in
this contracted initial region the absolute increase cﬁ'Qz is only
just greater than that of Q3 «It would therefore appear that to
a Tirst approximation the effect of the ionic concentration is to

mirror the Q3 "?2 points in the line of sldpe unity. This is
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disregarding the first peak in the value of Q3/Q2 since it is
probably not real.What prinarily needs explaining is the point

in the collagen A band evaporation where the effect onQ3

against Q2 is suddenly reduced.Comparing the results for bone
hydrated in distilled water with those for Ringef' Solution

it would appear that the loss of free water, and therefore
associated increased ionic concentration, increases the resistivity
in the bone long direction more than the transverse direction.v
This occurs right through the dehydration range until a certain
roint is reached in the evaporation when the reverse starts to
happen.It seems vary probable that this point corresponds to

" saturation being reached in the solution and therefore the de-
position of ions on the pore surfaces,This would account for the
increased conduct;vity in the bone long direction relative to that
in the 2 direcgion, since the ions would have less effect on the
conductivity in the transverse diregtions due to the difficulty
of the charge carriers crossing the pores.One would irnagine

tﬁat the effective ions would be atfracted to remeining pelar
sites on the protein fibrils and the mineral crystals.It is us?ful
to remark here that the results of Chapter Six led us te conclude
that the mineral retainé its sorped water while theiprotein is

lesing its own, so explaining why variations in physical properties

in the observed evaporatien range are attributed to protein




reactions.Although a noticeable amount of work on the electronic

properties of apatites haz been done , it is considered that these
are not dominant in the observed propertices of bene.This isAconsistent
- with the bone natrix being the protein and not the apatite,

The quantitative resisfivity results on fresh and 'treated!
bone indicate that although the treated bone pieces have a higher
general resistivity, the offect of treatment is much larger in the
labelled 1 direction@han it is in the 3 direction,.This is consistent
with what we have already concludeod, nanely that the increocsed pores,
produced by the dissolving out of collagen are primarily oriented in

the 3 direction.

T.17 Resistivity Results for Stressed Bone

These are shown in Figs. 7.3 to 7.8 -and 7.20 and 7.21 . The
first six curves represent the nmeasurcments made on fresh bone and the
others nearly five months after excision.The maximum and ninimum
values for Ql and.Q3 stressed and 1 unstressed (trecated bons)
are given below in ohm cms .Except when stated to the contrary
the results are bone hydrated in distilled water.All readings

should be nultiplied by 106.

°

Frosh Bone No.2 (Ringer's gol'n) e, .1 to 1.57 (125 mins)

Treated Bone No.1l UnstressedQ, .67 to 207 (&0 nins)

Treated Bone No.1 T., Q, .16 to 4.6 (60 mins) to 10.8(120 mins)
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T s ‘ . ,
Troated Bone Nel T, @, -4 to 12.8(62 mins) to 22(82 mins)

Treated Bone No.2 T33 Ql AT to 22 (67 nmins) to 37( 87 mins)

Treated Bone No.,1 T .05 to 17 (100 mins)

33 83

Treated Bone No,2 T .2 to 7.5 (90 mins)

33 %3

It is apparent from the figures on Ql that the application of
stress to the wet specimens lowors the resistivity, and in
particular the values corfesponding to partial dehydration._'
This is 1ikely due to a change in the pore siges.

The early resistivity results (Figs. 7.3 to %.8) carried
out simultanecously with the wet piezocelectric measurements, 6n
fresh bone showed that the application of stress in the 3
direction (T33) caused a sudden riéc in the rate of increasé of
Q 17 unlike applied stress in the two direction T22 +These

early vesults indicate the possible occurrence of this sudden

change for T 10 but it'appears that the effect is most definite

1
for stress applied in the bone long direction.This view is
substantiated by the graphicai results of Figs. 7.20 on 'treated!'
bene.From the nature and the timing of this sudden change in %te 1 |
it is equivalent to the main discontinuity which occurs in

the unstressed Q3 results.Figs.2la and b indicate that nothing

approaching the main discontinuity occurs i11g3 when stross is

applied in the bone long direction, although the earlier results
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L.3p. Ho.l H20 T22

R1 x106ohms

6.0

4,0—

0 , 50 Dehydration 100 Time (Mins)




119

Figo 70200
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are not accurate to confirm this.They do however show that the

main discontinuity does not occur in the labelled 2 direction
for the stressed specimens.lt thus appears that whereas the
discontinuity for the unstressed specimens shows itself in the
bone long direction or 3 iirection, the application of certain
stresses changes this so that it appears in the labelled l
direction.Since the discontinuity in unstressed bone has been
interpreted as showing that the coilagen A band bound water

is aligned in the fibre long direction unlike that in the B band ,
it is concluded that the appliCationvof stresses Tll and T33 on
the two speciriens causes thé water in the Collagen A band to
re-align itself from the 3 to the 1 direction.The stress and
sffain analysis carried out for theltwo bone specimens in which
the fibres run obliquely 1o thiz bone long direction and are in
the 13 plane shsws; as expected, that only stresses T11 and ‘I‘33
cause the protein fibres to shear against each other.(The
analysis ié given in the next section 7.18).This therefore
indicates as a possible explanation, that the bound water
molecules in the collagen A band only realign themselves when
sheared.Since only the A bands of the collagen fibril are the )
regions where the individual collagen macromolecules are

strongly bound together by lateral forces, it seems very plausible

that it should be in these regions where z shearing strain has
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tﬁe maximum effect of changing the water's contribution to

the conductivity, and the result that the discontinuity appears
in the labelled 1 direction and not the two direction is
Acqnsistent with the existence of a shearing force in the 13
plane causing re-alignment of the water molecules.

If the results for these individual bone specimens are
applied to living boneﬁuch as a human femur, then under normal
everyday skelotal stresses the net orientation of the collagen
A band water molecules will be perpendicular to the bone long
direction.However for conditions of low bone stress such as exist
for bed-ridden persons or astronauts, the resultant orientation
will be aleng the bone long direction and therefore in the same

direction as the blood flow through the bone,If some of the

mineral crystals are bound to the protein in the collagen A
band regions, it appears a possibility that the binding force
between the mineral and protein would be decreased when the A
band Watef‘molecules changes their orientation so as to be along
the fibre direction instead of perpendicular to it.This would
account Tor the reported loss of bone calcium in bed-ridden
patients and astronauts.If this process is correct, then it
indicates that the A band water molecules play an important'
part in binding some of the mineral crystals to theiprotein.

However, it is to be expected that the majority of the mineral



orystalé will be bound to the more accessible B band regions
where there is less lateral attraction between the collagen
macromnolecules,It is therefore likely that these crystals hold
the neighbouring collagen molecules fogether in the transverse
fibre~direction, and are less affected by the reduction in
bone stress.This might indicate that only a certain amount

of mineral crystals can be lost through loss of stress.,

It is reported that when the collagen fibres of connective
tissue 'turn a cornexr' in the body, calcification starts to
occur.If, as has been suggested,'the protein - mineral binding
force is increased when the protein fibres are sheared( due to
reorientation of the A band water molecules),this binding force
would be increased when the parallel collagen fibres suffered
a large change in direction .This indicates that the initial
seeding of the mincral may be in the vicinities of the collagen
A bands.

We commented at the end of T.1l4 that the bone collagen
remains classicaily‘piezoelec£$ic even for fully hydrated bone.
This is because the B band regilon of the collagen fibril is
expected to bhe rcsponéible for its piezoelectric properties.
The results of the first part of this chapter showed thét the
evaluated 4! of wet bone(which partially arises from the bone
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collagen's piezoelectric properties) remains constant during
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evaporation . ‘of the B band water.Hence the B band bone collagen
must still be piezoelectric when the bone is fully wet.As expected,
this indicates fhat the existence of water chains , with consider-
able resultant swelling of the fibres, is necessary to destroy

collagen's piegzoelectric properties,

7.18 Stress and Strain Analysis of the Bone Specimens.

Tu
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The nomenclature of Chapter 2 is used.The analysis is

carried out for the bone specimen depicted above where the protein
fibres are predominantiy in the labelled 13 plane and make an
angle of ¢awith the 3 axis.We assume for the sake of simplicity
that Young's Mcdulus is the same for the two transverse directions
Et y and that E3 is the modglus in. the bone long direction.

Poisson's coefficients are dencted by/w m The normal tensor
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relations are used.The states of stress suffered by the fibres
for the three simple compressive stresses T22 9 ’1‘11 ’ T33 are

shovn below.for the same applied stress .

0 0 0
P..- - T o 0 1 0
i - 22 0 0 0
Ti’ = Tll . cos2¢ 0 sin2¢
J 0 0 0
%31n2¢ 0 cosP
- T 0 0 sin2
+d 33 0 sin2 0 ¢
—§51n2¢ 0 cos ¢

The application of stress T22 therefore produces no shearing
stress on the collagen fibres.The equivalent strain tensors
are shown below
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We therefore see that the shear strain of the collagen fibres
produced by the application of Tll or T33 is much greater than

than that due to T22.
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(Reprinted from Nature, Vol. 218, No. 5137, pp. 166-168,
April 13, 1968)

Electrical Properties of Wet Collagen

THE electrical properties of dried collagen and bone have
been studied by Fukada and Yasuda'-2, Both were shown
to be piezoelectric, producing a measurable potential
between opposite faces when stressed and also deforming
on application of a voltage. The piezoelectric coefficients
d,4 belonging to the polycrystalline point group oo were
found for collagen, and the values reported for d,, were
about the same as d,; in quartz. Because both tendon
and bone are bathed in ionic fluid of high conductivity
when 4n vivo, it was decided that the electrical activity
of wet eollagen should be examined.

The spécimens chosen were human Achilles tendons
which were stored in Ringer solution in a domestic
refrigerator. This tendon consists of collagen fibres,
largely parallel to the long axis of the tendon, which
typically was 5 cm long and 8 mm in diameter. Because
of this structure there is a large number of fine capillary
channels throughout the length of the specimen, through
- which liquid can flow. When the tendon is stretched,
liquid is squeezed out and will stream back into the
specimen when it is relaxed. Such movement of ionic
fluid gives rise to a streaming potential and it is necessary
to design an experiment in which streaming potential can
be separated from any piezoelectric potential that might
be present.

The mechanism of streaming potential at its simplest
depends on the absorption of one type of ion on the
surface of the molecule, with an associated diffuse layer
of ions of the opposite type extending out from the
molecular surface. When the liquid streams past the
molecule there is a net transport of one type of ion with
a resulting potential gradient, which may be measured by
means of electrodes placed in the stream. The magnitude
of the streaming potential is dependent on the type of
molecule and the pH of the solution. At a given pH,
the isoelectric point, the concentration of ions is such
that as many positive as negative ions are absorbed on
the molecule and the streaming potential is then zero.

The piezoelectric potential is dependent only on the
strain applied to the -molecule and may be expected to
be independent of the pH of the surrounding solution. If
any charges appear on the surface of the strained fibre,
caused by the piezoelectric effect, they will rapidly be
cancelled by ions of opposite polarity absorbed from the
solution. This would result in a change in the isoelectric

oint. ‘
P Thus, in order to separate the two effects experimentally,
the tendon should be strained and the potential developed
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Fig. 1. Diagram of the apparatus.

between two electrodes buried into it measured, with the
pH of the surrounding solution varied through the iso-
electric point. If potentials were observed at the normal
isoelectric pH for collagen they would be attributable to
piezoelectric effects.

The apparatus is shown diagrammatically in Fig. 1.
The tendon was anchored to a brass hook H by means
of a stainless steel wire suture at the lower end. The
upper end was attached to piano wire, also by stainless
steel wire, which passed over two pulleys and was attached
to the mass M. Freshly made Ag-AgCl electrodes were
buried into the tendon, 3 cm apart, by injecting them
through a fine glass capillary tube and subsequently
withdrawing the tube. The leads from the electrodes were
taken to an oscilloscope with a storage screen, having a
sensitivity of 1 mV/em-1,

The tendon was prepared by allowing it to dry in a
desiccator at room temperature until it was stiff, brittle
and pale yellow in colour. It was then immersed in a
solution of known pH, prepared from standard buffer
solution (BDH), for a period of 24-48 h until it became
completely flabby. When mounted in the apparatus a
slow drip of the same solution was directed over it so
that the whole length of the tendon was bathed in
solution, to prevent it drying.

To obtain readings a standard impulse was applied to
the specimen by allowing the mass M, 2-10 kg, to fall
through a fixed distance of 1 in. The resulting electrical
pulse was displayed on the oscilloscope. The value
recorded was the steady pulse amplitude obtained after
repeated loading at approximately 1 impulse s-! for
10-15 s.
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Tig. 2. The peak value of the voltage pulse as a function of the pH of
the solution.

In agreement with ideas of a streaming potential the
signal obtained was proportional to the load and at
pH 4-7 no signal was obtained whatever the force applied.
A graph of the peak value of voltage pulse against pH
.of the solution is shown in Fig. 2.

While isoclectric points for rat-tail and hide collagen
have been reported in the literature®-®, no information
was available on human Achilles tendon collagen.
Accordingly, measurements were carried out on the
tendons used in the foregoing measurements by micro-
cell electrophoresis using a commercial apparatus.

The tendon was dried and ground up, using fine glass-
paper and a homogenizer. The mean particle size was
estimated to be approximately 20u, and specimen solu-
tions were made up by adding powder to the recommended
buffer solutions for electrophoresis?, covering the range of
pH values 3-5 to 10,

The cell was calibrated by plotting the particle velocity
against depth using red blood cells in the bare cell and
when the cell was coated with haemoglobin. The electro-
phoretic velocity of particles with a current of 5 mA
passing through the solution cell is plotted against pH in
Fig. 3 for an ionic strength of 0-05 M. Because an applied
electric field has no effect on the particles at a pH value
of 4.7, this is taken to be the isoelectric point for human
Achilles tendon.

The coincidence of the isoelectric point with the pH for
zero electrical impulse potential indicates that the impulse
potentials involved are caused by streaming potentials
only, there being no contribution from the piezoelectric
effect. This is further supported by the general similarity

3
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Fig. 3. 'The electrophoretic velocity of tendon particles, with a current
of 5 mA passing through the cell, as a function of pH.

in the shapes of the curves of Figs. 2 and 3. It is therefore
concluded that the piezoelectric effect is absent from the
completely wet collagen.

The ability of a material to exhibit piezoelectricity is a
function of its crystal symmetry.

Fukada! measured the piezoelectric coefficients d,, and
dys (= —dy,) for dried bone, defined by the equation

0sj
iy = 0E;
where s is strain and ¥ electric field ; the subscripts denote
the axes along which d is measured with respect to field
and strain. The d coefficients found corresponded to the
non-polar, polyerystalline point group oo : 2 (0/2). For
dry Achilles tendon, Fukada found -coefficients corre-
sponding to the point group co. Of the seven possible
point groups for polycrystalline materials, Sh’ubnikov?®
has shown that only the groups oo, c0:2 and c.m can
exhibit piezoelectricity.  (These correspond to point
groups 6, 6mm and 622 and 4, 4mm and 422, respectively,
in matrix notation.)

We thought it curious that bone should belong to a
point group having a higher symmetry than that of its
main constituent collagen, especially as its other con-
stituent, hydroxyapatite, is centro-symmetrical and
therefore is not piezoelectric. Accordingly, work was
carried out to check the results on dry human bone using
Fukada’s method. Unlike Fukada’s work, however, no .
heat was applied in drying the specimens; silica gel was
used instead. It was found that the results could be
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explained purely in terms of those coefficients found for
tendon collagen if one took into account the orientation
of the collagen fibres relative to the long axis of the human
femur, which was used in the study. The result is that,
statistically speaking, the collagen fibres may be said to
exhibit conical symmetry with respect to the long direc-
tion of the bone femur. The apical angle depends on how
many fibres lie parallel to the axis of the osteon and how
many lie circumferentially, and whether the osteons
themselves spiral along the direction of the long axis.
Hence the coefficients found by Fukada for parallel
tendon fibres were transferred to the new system of
co-ordinates where the new 3’ axis spiralled around the
old 3 axis.. It was found that an apical angle of 13° gave
the best agreement with the practical results. Thus both
dry bone and dry collagen are allocated to the point
group oo.

These results with wet collagen imply that, because it
exhibits no piezoelectric effect, it belongs to a group of
higher symmetry than does the dry material. The struec-
ture of collagen has been described by Ramachandran®.
The difference between dry and wet states is brought
about by the incorporation of bound water in the wet
material. Harrington and von Hippel'® state that the
crystallinity of collagen, as revealed by X-ray studies, is
destroyed by dehydration, and Bradbury et al.l! demon-
strated that systematically disposed water molecules, in
the collagen, constitute an important part of the diffracting
structure. Esipova et al.}? also found that hydration in-
creased the crystallinity of collagen and inferred that the
oxygen atoms of water, bound to the ordered portion of the
collagen structure, lie close to the axis of the polypeptide
chains and are arranged in a semi-regular fashion along
the chains. It is thus reasonable to expect that the
incorporation of water increases the symmetry of the
collagen molecule. Until the precise arrangement of the
water molecules within the collagen framework is known,
however, it is not possible to allocate it to a particular
symmetry group. The absence of piezoelectricity, how-
ever, ‘indicates that it should belong to one of the groups
©:m, m.oo:m, ©fw, wf/wo.m, the first two groups
being the most likely.
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