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Abstract 

The el€;ct:rical signals resulting from the stressing of human 

tendon collagen have been investigated as a function of pH. Tha 

isoelectric point for this collagen was ~easured by micro-cell 

electrophorosis.It is concluded that fully wet tendon collagen 

is not piezoelectric, and that the electrical si~lals produced 

upon stressing the tendon are streaming po~entials. 
. . 

The piozoelectric properties of dry and wet, human and beef 

bone specimens have been quanti ta-cively investigated in the di::'ect 

and converse piezoclectr1.o effects at loYl audio frequencies.The 

wet measurements have been det.ermined as a function of pH. 

Quantitative evaporation measurements have been conclucted on wet 

bone pieces where the ~ass is continously measured as a function 

of water content.The clirectional resistivities of stressed end 

unstressed wet bone pieces,have been measured as the water content 

is lowered from natural evaporation. 

It is conclu.ded tha.t the electrical signals arisi:r:.g from the 
IinC" 11 R)' 

stre~sing of Vlet bone are strcar::ing potentials, although the bone 

collagen is piezoelectric. The evaporation L!easnrements identify 

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

preted as protein llater, a.nd are associated with the bone collagen 
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A and B bancls.Tlle l'0Sistivlty results show that when the c0l1agan 

fibre~ are sheared tho collagen A band water molecules re-

orientate from the bona long to a transverse direction4It io 

suggcstQd tlw.t loss of skclcdial stress mny reduce tho protein-

mineral binding force by virtue of this reorientation, and that 

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

It is tentctivcly suggested that this reorientation may be 

responsible for the occurrence of mineralization of tho protoin 

in connective tins.ues when zudden changes in direction occur. 
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.Chapt or One 

Review of Prev:touG Work 

The majorit~y of exper.ltJ1ents· carried O"L1-b in this general 

field have been post-war and conducted in two countl~iess the 

United states of America and Japano The work in Japan has 

been done by Fukada a.nd Yar:;ud.a, wherea8 :tn the United states 

many more people have contri butedo T\70 schools of thought 

have arisen from these experiments o The first supports 

Fukada's genAral obs(~rva-'GiC)ns that the st1'8ssAwgenerated 

elecirical potentials irt dried bone and collagen 1,2,3,4 

are classically piezoelectric· and therefore highly directionalo 

The other school holds tha-'\i tho potentialn in bone derive 

from the stressing of a myriad of P-N junctions, formed from' 

. collagen P-type and apatite n-type crystals, with no mention 

of directionalityo The former school has demonstrated that 

dried, tendon collagen itself is piezoelectric· 2 , its greatest 

coefficient being of the same order as the dll of quartzo 

Dainora 5 quotes that he obtained nearly 80% of the stress-

generated. potentials in bone when the aI)ati te was removed by 

formic acid, and remarks that ' it is difficult to conceive 

of P-U junctions being formed 'when the N part hfl.S been 

i 
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removed 1 • The PN junction school of thouGht has cond.uct;ecl 

many experiments to look for free elect:t"c.1u sites in bone. 

TheRe include extensive ~u3.1i tc.tive Electron Paramagnetic 

Resonance measnr0ments on bone and its main constituents 6~7,8, 

and aJ.Bo experiments designed to- investigate photoelectric 

effects 9,. and fluorescence under ul tl'a-v~olet exci tation;O 

They conclude from, the EPR measurcmBnts that the bone &-2 

resonance signal is not attributable to a simple combination 

of that obtained for collagen and apatite separately, and 

that a direct physical bond exists between the collagen and 

the apatiteo They note that there is a distinct difference 

in the results betwwen dry ancl Ylet collagen, and they 

attribute this to the ability of the collagen fibre to st~uc-

ture absorbed water to an high degree. 

Becker and Brown 9 conclude in their pape~" on the 

I Photoelectric Effects in hurDan bone t that the results 

11 
support the P-N junction theorYe Howevel' Spruell and Shalilos 

in a la.ter paper conclude that the effect, of lieht on bone 
. . . 12 

is simple heating_ Becker, Me.rino, and Bachman have 

measured the dielectric constant of human cortical bone in 

varying deb-'Tees of Vle-'tines::1, at 1, lO~ and 100 kHz, in a 

direction perpendicular to the long direction, and observed 

a t critical hydration point " which they interp:r4 e-li as the 

/ 
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bound. water of the system at 3?mg H20 +'0 48me H20/gm- hone o 

S.E. Lan~3investieatcd the pyroelectric effect in cow 

bone and tcnrl.on specimens all of Ylhich had becn driecl by 

o heating to teml)Gl"'aturos -netV!Gen 50 and 105 C.He observed that 

voltages only appe9.recl in a di2"ooiion parallel to the cOllagen 

fibres.He gives the pyroelectrlc coofficient for hoof tendon 

as approximately 401xl0-13 coulomb crn-~/Oc and that for the 

phalanx as 2.5xlO-13coulomb cm-3/oC.lt is not stated whether 

the observed effect is primary pyroeJ.ectricity, that :i.s at 

constant strain vlhen the sample is clamped, or whether the 

effect is secondary pyroelectricity at const~nt stress when 

the sample is free to strainoVfuat is observed in secondary 

pyroelectricity i2 the primary effect plus the piezoelectric 

voltage caused by the thermal strain in the material.The 

differen6e between the t~o e~fects is approximately 100% 

.and therefoJ.'9 not t)~i vial 0 It would appear from the eXl)erimentul 

details that what WaS observed was secondary pyroelectric:l.ty~ 

In crystals for which piezoelectricity is permi t'~cd but not 

pyroele~t:vicity,secondary pyroclectricity cannot occur.Hence 

we may conclude from t.his experiment that both heated coll13.gen 

and heated bone are pyroelectric~It is possible that the 

observed effect would be Ie-reel.' for unheated bone~ since the 

bone denatura:'Gion temperature is approximately 65°0 12. 

/ 
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( Protein Denaturation refers to the irr0versible breaking 

dovvn of the !"llolecull',l" strnctu::oe. Vfnen the bone protein J de-

natures, the triple helix of the col12.ger: mc.cl'omolecule 

collapses.This structure is described in Chapter Three.) 

He concludes that the existence of a pyroelaotrjc effect 

indicates that bone should possess Hymmetry of the (00) type 

texture and not (C)O: 2) as originally fOUt1d by Fukac1a.'l'hat is 

that bone should possess the same poler symmetry as collagen. 

( An account of piezoelectric textures is given in the next 

chaptero) 

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 

had been dried in an oven at 105°C for one week. The specific 

gravi ty and microharclness were determined for the same specimen~~. 

-He observed that the piezoelectric voltaee decreased with 

increasing specific gra.vity~microhardness, and modulus of 

elasticity.He states that:~ 

, When the piezoelectric specimen was loaded parallel to 

the long axis of the bone, a neg~tive charge· appeared on the 

outer surface of the compacta.Thl.S is in agreement with 'what 

was :found by Fukada •••• ' Subsequently he eives the values 

found for this piezoelectric modulus and states that these are 

,/ 
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the magni tuclr:s of the d.
14 

constgnt 0 We are not in complet e 

accord with what is implied in this remark. This is discussed 

in Chapter Fivo. 

Dainora also me2,snred. the piezoelectric voltage on the 

same bone specimens after they had been demineralized in 5% 
formic acid until flexibility was achieved.As before they were 

o dried in an oven for on(~ week at a temperature of 105 C. In the 

discussion of the results he states that the piezoelectric 

voltage generated for such specimens was 2pp~oximately 80% of 

the normal unc1emineralized specimens, and yet in the Abstract 

-8 the average value of 0.3xlO c.,g.s is givon for both types of 

specimen.He concludes that the observed potentials ce,n best be 

explained by the classical theory of piezoelectricity. 

F 1 ~ 2 d th . l..t.· t . :f ll{aaa measure e pJ.ozoe eCllr~c proper loes 0 vacuum-

dried_ cow and horse Achilles tendon specimens in the converse 

effect using his own apparatus,where the specimens are 

elec-trically dl.'iYen at a low C',udio frequency, (see Chapter 5). 

These and his bone results are d.iscussed ~n detail in the above-

mentioned chaptero 

14 
Basset and Becker could. detect no st:r'ess .... ino.uced 

potentials in Vlood and fresh cat Achilles tendOn,Ylhereas 
15 

Bazhenov has extensively studied and measured the piezoelectric 
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and. ela.st:i.c :properties of Vlood, vrhich a,I'e concord2,nt with the 
16 

symmetry grOtlll (cO ; 2)T ~ ann Fnkada confirmed th(~ equal i ty 

of the direct and oonverse effects in wood.,In referring to wood, 

Bar.henov stat ee that the piezoelactric modulus is increasecl. two 

or three t~.mes y,hen treated by II-bond breaking chemicals, such 

as liquid NH3 ~ NaOH, and ethylene diamineeHe concludes that 

this is due to the liquid being ftexturised'oConsidering the 

results of Chapter 4 this increase seems likely to be due to 

streaming potentials. 

An account of the PN junction the'ory' of Becker, Bassett, 

and Bachman iS,given in 'Bone Biodynamics,l? .They state at one 

point that 1 considerable differences from the single crysta,l 

piezoelectric effects were observed, including a tendency 

toy{ards a non-symme'trical outpu"ti and a steady-state ou.tput 

during the period of steady stress application.' In the 

previous paragl"'c.ph they dismiss piezoelectricity as a possible 

explanation of their results on the grounds that the classic 

concept of single crystal piezoelectricity requires the absence 

of either 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 ' collag8n apatite' PU junctionoOne electrode is placed 

,/ 

r["" 
J 



'111~ 

on the face perpendicular to the long direction and tho other 

is placed on ~ side face parallel to this dir~ction. The forward 

~nd reverse bias currents are then measured for these contacts, 

on the assum]yttnn that the first electrode makes contact with 

P type semiconductor and the other electrode with H type 

semiconductor.1lhey find that the 'forwaI'd current t is greater 

than the treverse current r • 

Sh d L . 18 . d' t 1 . t amos an aV1ne carrle ou severa e:xper~men s on 

the elec.trica.l properties of dry bone and othel" mineralizf;d 

tissues, and cm~ented on previous work.They measured the 

temperature variation of the resistivitiGs of various materials, 

including wood~ dry bono9 dry bons collaBen, and marble, and 

UhO~(led that it is TIlOr8 C!J::,r~~ct to reec:.rd f.;uch subst3.n~}9S as 

value of 204 eV for the energy gc~p of dry bone froIn- these 

resistivi ty-temperature measurements, and concludecl that this 

WaS much too high for appreciable semiconductor effects to 

occur at body temperatures, near to .03eV, if these dry results 

are relevant to th(~ wot case 0 In commenting upon Becker et all s 

statement on the nature an\i (lur~!.tion of the signe.:"s com;).srec1. ,\Ti th 

of qU:trtzs they showed that it was incorrect to ree;e.rd. the bone 

siena.ls 8.S non-piezoelectric becau~le the quartz sienal decayed 

rapidly wheroas the bone signals did no-'G~They pointed out that 



the measu~·ed- electrical signal depends upon the circuit 

CO!1stants 'such as the bone Jeakage resis"!;(j.l1(;G and the input 

:i.mpe(lance of the measuring apparatus,,'I'hey also observed that t.ho 

signal pro(lucetl llpon l"eleasing the applied stress WaS not a. 

piezoelectric signal s and the. t l)eca·t.ls~ this signal waS oft en less 

than that prod.uced upon the application of the s·tress, one was 

not justified in saying that rectification ,-;as taking place in 

a reverse direction o 

In an article on the electrical and piezoelectrical 

19 properties of dental hard tissues i the authors give an account 

of their wor~ on eleph~nt dentin and enamel.They measured the 

electrical potentials c,rising from- compressive stresses by 

,connecting the specimen through an electrometer ve.J.ve to an 

oscilloscope.Tho electrical resistance of 'paralle1 1 specimens 

was also measured at- 50 cis usin& an R-C bridg~.They state:-

I We were unable to discern any piezoelectric effect TIith the 

mineral apatite Ca
IO

(P0
4

)6(OH)2 as expected, or with enamel 0 , 

No information is given on the specimen orientations used so , 

that we are not in a position to know whether'all the piezo-
" 

electric coefficients for enamel and apatite were measured to 

be zero.However we assume that several orientations were used 

so that this is the case.They report that results were obtained 

/ 
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for d.entin comparable with those found for bone, but -'chat 

Ithe electrical response appears to vary non-linearly with stress, 

contrary to the findings of Fu.kac1a ano. Y8.suda.They show that 

the resistivity of dried dentin varies exponentially with the 

reciprocal of temperature in the ranee 50°C to 120°C, in a 

o 01 . t th t . d b S' ~ L . 18 d th Slonll. 8.1' \/o,y 0 .. a suggOS"t 9 y ~ llamos anU. aVlne ,an ey 

conclude that there is nothing to suggest that dried dentin 

is a semiconductor. 

The eXI)eriments described in this thesis Vlere undertaken 

primarily to determine the electrical properties of wet bone, 

"that is bone bathed in an ionic fluid as it is in vivo. Because 

of the confusion existing i.n the literature it was thought 

necessary first to examine the properties of pure collagen 

in the wet state. The results from these experiments were then 

used to interpret measurements made on wet boneoThe piezoelectrical 

properties of dry l)one were also investigated, and these show : 

~hat the bone collagen ~:1s responsible for the observed properties~ 

.The Y/ork on collagen shows that fully-wet ~ pure collagen is not 

ptezoelectric and that potentials obtained, from it when strained 

can be ascribed to ionic streaming effectsoThe measurements on 

wet bone demonstrate that strearninffpo·tentials are by far the 

greatest source of electrical ,signals in stressed wet bone, in the 

long· direction, but that the b6ne collagen still retains piezoelectric 

properties. 
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Chapt er Two. 

Theory of PiezoelectTicity 

2.1 Intrc,duction. 

Direc,t Pi.czoelectrici ty is the physical phenomenon which 

occurs in some insul:1ting solids, of the production of c.n 

electric moment which is proportional to, and derives from 

applied stress.The conve~se effect is the strain produced in 

the solid resulting from~an applied electric· field.The 

phenomenon is commonly associated with single crystals, 

beca.use their anisotropy is readily apparent,and a solid must 

be be anisotropic if it is tQ be piezoelectric. This condit~on 

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 s"l;ructure.A crystal that po,ssesses a contre of symmetry 

cannot be piezoelectric~ because no combination of uniform 

stresses will produce a separation of the centres of gravity 

of the positive and negative charges that is nec.essary for the 

occurrence of a dipole moment. Crystals Can be divided into 

thirty two classes on the basis of the symmetry they'possess, 

and of these thirty two classes twenty may be piezoelectric 

and twelve c,annot~ 

Piezoelectricity is distinguished from electrostriction, 

/ 



( which is another effect tha'~ causes a dielectric to defol'ID 

on the application of an electric field) in that a rev€rsal 

of the applied electric field causes the strain to be reversed. 

For electrostrictive effects the resulting deformation is 

independent of the sign of the electx'ic field.Because the 

electrostrictive coefficients do. not vanish for isotropic 

materials the phenomenon may occur in all materials, including 

liquids.However for non-ferroelectric piezoelectric crystals, 

the electrostrictive terms may be ignored as they are orders of 

magnitude le~s in valueo 

If the piezoelectric properties of any material are to 

be investigated quantitatively the phenomenon must be treated 

mathematically.Authoritative accounts of the subject are given 
Ltg q.~ 

by Cady, and by Mason, so that only the barest outline will be 

presented here as is pertinent to the Vlork of this thesis. 

2.2 A short note on the Piezoelectric Coefficients. 

There are many ways in which the piezoelectric proper'ties of 

a cryst"al may be given. Tho coefficient that will be used in 

this thesis is the I d' coefficient. Vlhen referred to Cartesian 

c_oordinates ijk, the d, 'k coefficient in the direct effect l.J 

measures the electric polarization per unit area P. produced 
l-

in the i direction, resulting from an applied stress Tjk S 



when all other stresses are constant. ,In the converse effect 

it relates the strain Sjk in a free crystal produced b~t an 

applied electric field E. in the i direction. In tensor 
~ 

notation the two effects are wri tten~. 

P. = dijk Tjk l. 
i, j ,k , 1,.2,.3 

Sjk d .. k l.J. 
E. 
~ 

The above d coefficients may be shown to be the same using 

the Thermodynamic~l Gibbs Function. d .. k is a third rank matter 
~J 

tensor( and so must conform, to the symmetry of the point group), 

and Tjk and Sjk are- both symmetrical second rank field tensors 

which do not represent therefore the group symmetrYoTjk 

represents a force in tho j direction acting on the k plane, 

so that, TIl is a tensile force in the I direction.Likewise the 

components of strain S .. are the tensile strains.They are the 
1.1. 

extensions which elements of unit length,drawn originally 

parallel to the i axis, undergo during the strain.As an 

example of a s~ear strain, S23 equals half the change in angle 

between two elements dra\m parallel to the 2 and 3 axe~lbefore 

deformation, and is considered positive if the angle decreases. 

For the derivation of these symmetrical second ralllc tensors the 

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

/ 
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stresses 'l'jk marked on the forward faces. 

As long as body torques are not present T .. g T.
i 

• 
~J J 

This makes 

the stress tensor symmetrical.The stress and strain tensors 

are written, 

fl.llI '1'" " 12 T13 S11 S12 313 

T12 T22 T23 and 
312 S22 S23 

P13 '1'23 ~33' 
S13 323 833 

The diagonal symmetry of these second rank tensors allows them~ 

to be represented by a one suffix matrix notation shorin below. 

ITt 1 T6 T 
5 

81 -kS 6 -ks5 

'1'6 T2 T and {-S6 8
2 ~S4 

4 
~85 ~S4 8

3 
T 
5 T4 T3 



/ 

When these changes are incorporated into the definition of the 

d coefficient the direct and converse effects are vrrio~ten in 

matrix notation, 

P. ::t d ij Tj l. 

i =1,2,3; j - 1,2, •• 6.--
s. = dij E. 

J ]. 

As an example of this notation d123 = d132 become~ ~14 ' 
~ 

and d
211 

becomes d
21 

.The array of dij w·ri tten out as a matrix is 

There are 18 matrix coefficients compared with 21 tensor 

coefficients, so that when possible it is more convenient to 

handle the matrix notc:.t:Lon. All the terms wio~h second suffices 

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

'41 is equivalen°(; to a shear around the I axis, 15' around the 



I 
.I 

2 axis, and'6' around the 3 axis.Hence the piezoelectric matrix 

may be split into two halves,shear and non-shear terms. 

By using the Thermodynamical Gibba Function, and treating 

the strains, electric- displacements, and entropy, as the 

fundamental v~riables, and the stresses, electric fields, and 

changes in temperature; 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 

b 3 
s. =2: s .. T. + 2: dki Ek l. ~J J 

J~1 (, R~1 3 

~m = Dm/4 =t ~ d T + 1/41T2; ~T E mn n mp p 
n:1 1'=1 

v/here D : a component of electric displacement. 
m 

8m = the surface charge at a boundary. 

IT -a free dielectric constant. 
~mp_ 

E Sij the elastic compliance at constant electrio field. 

The first equ2.tion incorporates the converse piezoelectric 

effect and the second, the direct effect.It is these equations 

which are used in analysing Fukada's apparatus in Chapter Fiv:e. 
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2.3 The Syn~etry Theory of Polycrystalline Materials or Textures. 

The theoretical footing of this subj ect is entirely due to" 
Sl 

A.V.Shubnikov, and the reader is referred to the textbook for 

further information. 

A texture is defined as any homogeneous body ~acking a 

lattice structure, which consists of a multitude of elementary 

particles of undefined physical nature that are oriented in space 

according to symmetry laws. Among the examples of textures are -

fibrous substances such as wood, pola.rized dieleotrics consisting 

of dipoles oriented in the same sense, and magnets presenting 

aligned eleotron spins. What -interests us are the textures 

containing axes of infinite order, that is those textures which 

possess one axis or more;:aj.~ound vlhich rotations of al"'.y 

magnitude leave the body in a posi tiOl1 w'hich is indistinguishablo 

from that before tHe rotation.It may be helpful tQ remark here 

that a polar vector, (which is commonly represented by the arrow 

sign --...;;)~) " belongs to. the above limiting point group textures, 

as does an axia.l voctor(nQrmally drawn --&-~)' .In Shubnikov:'s 

notation the polar _ vec-tor belongs to the point group CO oml ana:::.~-

tIio.axial vector to the, point group O'):I2l "The dot in the ~.m! •. 

representation sienifics parallelism: between the infinity axis and 

the mirror planes, and the two dots in the (!;') :lfl formula represent 



/ 

perpendicularity between the axis and the single mirror 

plane.The limiting point groups are seven in number and are 

written. 

00 , OOonl , o.o:m-· ,00:2 ,. 

The stroke in the last two; groups indicates an oblique relation 

between the two infinity axes. We shall only discuss three of these 

groups, since only these may show piezo.electric behaviour •. These 

are 

C)O , oo.m , . and~:2 . 

The first group possesses nQ) elements of symmetry other than 

the infinity axis.Textures of the type (~)T may be formed by 

submi tting a right-handed; or left--handed asymmetric particle to 

all possib~e translations of the group T, and then rotating the 

par'~icle through an arbitrary angle, buJG a.lways in the same sense, 

around an arbitra.:cy ~xis.Al~example of a texture so_· formed is 

illustrated below, 



/ 

The 00 axis is perpendicular to. the plane of the drawing. 

Such a '~exture consists of all right-handed or all left-

handed particles~It therefore has twa enantiomorphic forms. 

The 00 axis is polar-axial. 

The ~.m group contains besides the ~ axis syr.n:lletry 

element, an;. infinite number of longi-tudinal mirror planes •. 

Textures of the type ~Qm)T may be realised with any such polar 

particles of whe.tever orientation as long as the particles are. 

direc.ted with the same polarity parallel to each other. The axis 

in this Case is polaroAn example of such a texture is draun below. 

The~:2 group :possesses besides the~ order axis an 

infinite number of transverse diad axes.It may be formed'from: 

particles of symmetry 2:2 as long as all the longitudinal diad 

axes are parallel to each other.As for the group there are • 

t~o enantiomorphic. forms.An example of such a texture is 3ho~n 

at the top of the next page. The shsded areas depict regions of 
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of opposite polarity. 

A texture which belongs to the co limiting point group must 

possess the piezoelectric matrix shown below, if the axis iSl~ 

along the 3 axis .This may be seen by recalling that the form~of 

the matrix is independent of rotations about the 3 axis. 

0 0 0 d14 d15 0 

00 ('11) 0 0 0 d
l5 

-d
14 

0 ---
d

31 
d31 d33 0 0 0 

For textures of the co.m-- group the form: is similar except that 

the longitudinal mirI'or _ planes do not permit the d14 and d25 

terms.Hence the piezoelectric matrix of this group is 

o 

~.m)T = 0-

o. 
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If one operates on the (oo)T matrix with a transverse diad· 

axis ono arrives at the matrix for the (~:2)T textureso This is 

o o o o o 

(cc:2)T = o o o 

o o o o o o 

These matic.8s are the only irreducible ropresentations 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 tQ the 

co point group. 



Chapter Three 

Tho structure of Bone and its Protein Collagen 

3.1 The structure of Bone 

/ 
/ 

/ 

A bone such as a femur is approximately cylindrical in shape 

po~sessil1g 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 t -

but it would a.ppear from the literature that it is controversial 
23 

to regard it as such.]a.ssett in his article in Scientific 

Amel'ican on I El ectrical Effects in Bone I 1 depicts a piece of bone 

as consisting of perfectly cylindrical osteons in close-packed 

hexagonal arrangement lying along the long direction of the~one. 

He shows the osteon consisting of the central Haversian 

canal, which contains the blood vessels, surrounded by 

ccncentric layers of hydroxyapatite crystals, CaIO (P04)6(OH2), 

embedded in collagen fibres that are I alternatively turned to 

the left and the right t in the neighbouring lamellae. 

On this model the collag.en fibres in one layer spiral around 

the axis of the osteon in the opposite sense to that of the 

neighbouring layer, and since the axis of the osteon is 

shown as running parallel to~ the long 
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axis of the femur: the picture is of collagen fibres 

spiralling around the long axis of the femur. The osteocytes, 

which are the bone producing cells, are locateel in srnall 

cavities throughout the cross-section, a.nd are linked by 

very fine cal,)j.llaries to the central blood canal. 

Coopel." and Robinson 24 state that'., e., 0 While it is true 

that many of the Haversian canals a:t .. o orientated in a 

longitudinal manner with respect to the long axis of the bone, 

textbook diagrams showing straight Haversian canals which 

connect by transverse Volkmann canals are definitely misleading., 

The thl'ee-dimensional reconstruction of osteons by Cohen and 

Harris demonstrated the intricate branching, spiralling, and 

interconnection of osteons and their vessels.' Fig~j~~~shows 

the structure of boile as illustrated by Bansett. 

Cooper and Robinson latel." remark, I •• .,.". The lamellar 

pattern was evident in both mineralized and unmineralized 

sections.Individual lanlellae averaged about three micra in 

width. Adjacent lamellae had their collagen oriented in 

different directions. In many osteons, lamellae with their 

collagen fibres circnmferentia.lly oriented alternated with 

lamellae in v,hich the collagen was parallel or ol)lique to, 

the long axis of <~he Haversian canal. no cellular layer or 
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Structure of the Osteon 

/ 

/ 

<~ <--

In the middle is the c~nal that contains the blood vessels. 

It is connected by much. finer canals to cavities "lihat ?ontain osteocyte::;. 

TIle concentric layers are composed mainly of of hydroxyapati to embedded 

in variously oriented layers of collagen fibres(depicted above). 

30 
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amorphous zone separated the various lamellae,· and in fa0t 

the collagen fibrils of adjacent layers were seen to inte:r-

mine1 e ." $ • 0 • t 

25 J.W.Smith classifies the bone fibre pattern into three 

types of different maturity, the third. group repre~enting the 

most mature bone. 

rl'ype 1 consists of an alternation of lamellae which 

contain approximately longitudinal and approximately transverse 

circumferential fibres respectively, and in which the 

-
concentration of fibres in adjacent lamellae is nearly 

equal. 

Type two consists of distinct lamellae, concentrically 

arranged about a vascular canal, and as for the first type 

alternate lamellae contain approximately longitudinal and 

approximately circumferential fibres respectively. However, 

contrary to the first type adjacent lamellae concentrations 

cl,l"'O markedly unequal. The longi"tudinal fibres 8.re densely 

packed together so that in the transverse directions they 

form darker layers than the circumferential fibres which are 

loosely dispersed. 

The feature if the third group is the non-abundance of 

the lamellae. This is due to the small number of circumfer-

enti.al fibres.Ul1der low magnification e.. transverse section 
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does not shovl concentric layers. At higher magnifications the 

cut ends of longitudinal oriented fibres are visible. 

Thus in going from type one to -type thrt39 the number 

of longi tudj.l1ally oriented fi bras increases and fcwel" f1 bres 

are arranged in lamel1ae~ J.W.Smith states that the first two 

types are characteristic of immature bone, and that as the 

osteons become older the longitudinal fibres increase in 

number until they are no longer confined in l~Hi1ellae. 

Hence for a large specimen in y{hich all orientations 

are included, the most general d~scription of the ~tructure 

of bone collagen is that th~ protein fibres may be said to 

exibit, statistically speaking, conical symmetry with respect 

to the long· direction of the bone"The apical angle will 

depend upon how mal~ fibres lie parallel to the axis of the 

osteon, how many lie c:i.rcumferent:ially, and whether the 

osteons themselves spiral along the direction of the long 

axisoHowever, fol.- specimens of size comparable with or less 

than the pitch of the spiral, the fibres will in general 

strike an oblique angle with the long dire(~tion. 

The positioning and si"ze of the hydroxyapatite crystals 

ill bone seems less controversial than that of the pl.'otein 

26 
fibres. EngstrOm: Cl.ud Fineall ,using X-ray techniques, 
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found thc;i; the apatite crystals of bone were rod-shaped, 

and uniform in their dimensions of 210 A and 50 1. Fernande~-
2'1-

moran and Engstrom confirmed this using the electron micl"o-

scopeQ~~hey give the aV l3rage dimensions as 200 A and 30 ..... 60 !o 

The c- axis of the crysj(jats Vias o_bserved to be in the fibre 

direction.It is pertinent to remark here that the point group 

symmetry of the apatite structure is 6/m, that is a mirror 

p12.ne perpendicular to an hexad axis • This is a centro~ -

symmetrical group so th9-t apatite is not piezoelectric. 

28 Glimcher has shown that not only arc the crystals 

attaohed to the surfaoe of the fi1);"cils but that the bulk of 

the apatite is within the fibri1so Fitton-Jackson 29 showed 

that e1ectron-del1s~ paJ.,ticles are arranged in a regular 

periodic pattern along the fibril, and electron diffraction 

identified these particles as apatite crystals of diameter 

less·than 100 A. The observation that tho length of the 

crystals is a sub-period of the collagen 640 it band - inter 

band unit forms the basis of the t collagen oeeding theory'. 

Cooper and Robinson 24 state that it is .generally 

accepted that the inorganic component of bone is hydroxy~ 

apatite and the,t the c-=axis of the crystallites is parallel 

to the fibril ~Xi3. They state that the crystals vary in 

33 



• thicknesd from about 25 to 40 A and length from 200 to 

• • 
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400 A, with o~casional cry:3tals up to 1000 A in length.They 

give the surface area of the crystals as varying from 100 to 

300 sq m/gm, a.nd they state 'that the crystals are deposited 

over a bouot 400 1 of every 640 A of the fibril lengthG 

Thus in conclusion, there seems to be genoral 

ag-reement tha.t -the inorganic crystals of bone are hydroxy-

apatite, thp .. t they are needle or rod-sbaped with average 

• • dimensions of ~pproximately 210 A in length and 30 to 60 A 

in thickness., 

An 8.ccount of the structure of bone Vlould not be 

complete without reference to the nature and size of -the 

~:ate:r which forms an integral part of the living m2.tol"ialo 

° 12 
The wo~('k of Berendsen indicates a possil)le inte:!'protation, 

but without experimental evidence it cannot be assumed that 

the s·~ruc·ture of the collagen. \vater is relevant to bone vrhich 

is a rigid body, largely consisting of apa·tite which iohself 

takes up wate1". (.rhe problenr OI bone ilydrat:ton secms to; have 

received relatively little attention. The main work on this 

12 
subject appears to be that of Marino, Beclcer 1 a.nd Bachman" 

Vlho measured the dielectric constant and dielcctric' loss of 

bone a·t varion.8 fI'equencies and hu.midi ties 0 All their measure-

ments were car2"ied (lut on human cortical bone in a direction 
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perpendicular to-the long axis, so that to a first approx-

imation "le might say that the dielectric constant transverse 
... .., 

to the collagen fibres WaS measured~ These measurements were 

made c.t 100,50 1 10, and. Ike/soc, employing a cupacitance 

t 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 H20 / 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 mg H20/bone, the actual 

figure for a specimen depending upon the density. The authoJ.'~ 

interpret this as the amount of water neceSS1.,.ry to occupy the 

t primary absorption sites ' in bone, that is the bound water 

of boneo They note that absorption isotherms for synthetic 

hydroxyapatite 30. and hide collagen 31 have been determfued, 

and when fitted to the BIIE.T eq,uation, values of l7~6 mg H20 

I / gm. and 95.2 mg H20 / gm" are obtained for the 

amount of wateJ.' neces8ary to complete the t monolayer' in 

apatite and collagen respectively.( The B.E.T 0Cluation and 

its general applicability are discussod in Chapter 6 in 

connection with the in"terpretation of the evaporation cur~:cs~) 

35 
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Using the fact that bone by weight consists of 65% apatite 

and 35% col:e.g811, they ob~ain a figure of app~oximately 45 mg 

H20 / grn bone for the water l10cessary to. occupy "Gha 1 pl'irna~~y 

ab~orption sites I in bono4This compares with their experi-

mental value of 37 to 48 mg H20 / gut' l)one. 

They co~~ent that even though absorption on collagen 

and apatite has been interpreted ( and. presumably they imply 

Can be ) using the BClE.T equati()n , and that 'hheir own results 

can be interpreted using this equation1 this does ~ot necessarily 

mean that absorption on bone follows a B.E.T equation. The 

absorption isotherm which they determined for bone,(see Fig ~ei3) 

is in their own opinion not s'I.J.fficiently accurate to the point. 

They remark that that a system' of two B.E.T absorbers will 

not in general follow a B.E.T e<luation? except in the case 

where the heats of absorption are the same. They conclude 

that if the absorption on bone is found to obey a B.E.T 

equation then the I monolayer capacity , should be expected 

to agree with -their tl/alue of 37 to 48 mg H20 / gml bone for 

the critical hydration~It should be remarked that R()ugV.1e 

and constructed 3 moisture sorption isotherm for collagen 

and found that the primary sorption amounted to about 13 gr!l: 

H20 / 100 gm of ccllagen, 'when analysed by the B.E.T equation. 
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Clearly this is not consistent with the figure of 9.52~gm H20 

/gm of collagen used by these auJGhors in the interpretatioi1 

of -their data. 

Vlhen the later figure of 13.0 gms,·'H20/lOO gm:: collagen is 

u~ed for the primary sorption in collagen one obtains a value 

of approximately 58 mg H20/@rr- bone for the ' bound water of 

bone'. This figure is not consistent with the value of their 

, critical hydration point' as determined by bone's dielectrio 

behaviouroHowever, this observed I critical hydration point' 

is consist.ent theol. ... etically and numerically with 'vhat is 

termed in Chapter Six, the first discontinuitYoThis marks the 

end of free wa.ter 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~3 

3021 The collagen molecular st:ruc·ture 

The collagen macromolecule is a triple helix built from 

three polypeptide chains that are minor heliceo themselves._ 

It is approximately 2800A in length and 15A in diameter.The 

three con~titucnt chains are hydrogen-bonded to: each other by 

bonds -tha·t are essentially perpondicular 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 groupo Fig 3&21 depicts a polypeptide chain and three of 

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

basic structu~ .. t3 of the collagen macromol ecule as proposed 
l\-::' 

by Rich and Cl"ick.Only the amino acids are shown on each chain 

as the backbone is COlTh'110n throughout3This model is known as 

the I Collagen 2i.' model, and is bV.il t on the assumption that 

every third residue is the aminQ, ~cid glycine, and that the 

sequence glycine, proline, hydr.oxyproline can be incorporated 
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into the structure.The basic structural unit is therefore a 

three residue sequenceoThe diagram shows this sequential 

positioning as 1= glycine , 2~ proline, und 3::- hydroxyproline. 

It should be remembered though that positions 2 and 3 may be 

occupied by other amin~acids9 such as lysine, arefnine etc. 

The SPatial operation that brings coincidence for one chain 

is a rotation of 36° and a translation of 8.58! along the 

helical axis. The e~uivalent operation from chain to the next 

is a rotation of - 108° and a translation of 2 0 861. The axial . ~ 

period of the major helix is 28.6A. The intramolGcular hydrogen 

bonds a1"'e formed bet\7een the 1m of posi tion_l (glycine) and the 

carbonyl oxygen of position 2 of the neighbouring chain in an 

anticlockvrise position.The carbonyl oxygens of positions 1 and 

3, and the 1m of 2 and 3 that are not occupied by proline and 

hydroxyproline are therefore available for water bind.ing. 

3022 The Collagen Fibrillar structure 

~~ereas the collagen molecular structure outlined above is 

determined from the wide-angle X-ray diffraction, the collagen 

fibrilla.r structure is shown by low-angle X-ray diffraction 

patterns and electron microscopy.'I'he latter methods have shown 

that the tropocollagen macromolecules link up laterally tQ: 

form fibrils. Viewed microscopically collagen appears to, be 
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laid down in bundles that are formed from parallel fibrous 

elements.Under the resolution of the light microscope the fibres 

appear smooth and undifferentiated.However with the magnification. 

of.the electron microscope this smooth structure is no longer 

apparent and the fibrils are seen to contain bands '7hich have a, 

periodicity of 6401 for native fibrils.The early collagen workers 

used positive staining techniques such as chromium! staining, 

where the stain penetrates and identifies the highly ,charged 

• regions.Using this method the 640A period consisted of a band 

and an inter-band, the bands being of somewhat ~grea·tel~ diameter 

than the interband regions. This axial repeat was also observed 
It \4o.s 

in Im7-angle X-Ray diffraction -" patterns. suggested that the 

640A band interband repeat was due to a regular alternation of 

groups of amino, acids, the band regions containing 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, 

highly charged to pack properlyo Thus the bands ·would be the 

most amorphous parts and therefore more easily penetrated by 

• 
staj.nsoSubsequ€nt v/orl:t sUi.pported this interpre·tation. The 640A 
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axial repea-t observed in na-i;ive collagen cOllagen was 

interpreted in terms of a hypothetical collagen molecule 

• of 2600A length.If four main bonding zones are ascribed to the 

molecule then neighbouring molecules could bind into tho fibrils 

by 'quarter-staggering' along their axial length. 

However with the advent of negative staining techniques 

this 'quarter-stagge~"ingt process became un-'Gehable, thus throwing 

into question the meaning of the banded regions.Vfuereas positive 

staining in principle identifies the chemically charged groups 

of a structure, negative staining directly relates to the 

molecular structure.Hence with positive staining the charged 

band region is penetrated by the stain and identified, whereas 

with negative staining the molecular struct:ure is penetrated and. 

stained, so that details of the crystalline structure are 

directly obtained. Contrary to positive staining, negative 
• 

staining a major light and a major dark band within each 640A 

period.These are labelled the A and B bands respectively, so that 

• 
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 region seen withO 

positive staining. 
21 

Cox et al in two recent papera have l)rOposed a new model 



for the tropocollagen molecule, and a new mechanis~ for its 

assembly into native cOllagen fibri]soTheir evidence arises 

from the use of negative staining techniq"'..ten and high resolution 

electron microscopyc We only surnnlarise their observations and 

conclusions. 

• The A band for native collagen is measured to be 280-A 

• and the E band 360AoThe individual tropocollagen molecules can 

be seen running through the A and B bands. By depositing 

'segment long spacing' (SLS) collagen, ( corresponding to the 

period of the ~rQPocollagen) on to therecostituted native 

collagen,they have shown that the tropocollagen molecule spans 

5A and 4B bands of the native collagen fibrils.Fig 3.23 shows 

-the tropocollagen molecule next tQ a native 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 macromolecules nay be assembled into native fibrils 

by allowing a main bonding zone on a particular macromolecule 

an initial random choice in combining, in a 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 fibrit, and the b or-non-

/ 
i 

I 
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Schematic diag-.!'am of the tropocollagen molecule and a 

native collagen fibril, to show that one macJ."omol_~cule covers 

5A and 4B bands.The individual macromolecules are shown 

running through the fibrils. 
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bonding zones of the macromolecule produce the B bands of the 

native 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 nativo collagen fibril is 4:5 • 

They examined electron microt;iTaphs of cross-linked 

fibrils with"several cross-linking agents.In eacb Case examined 

the light-staining region "las increased at the expense of the 

dark or B bands, compared with the native fibril.They conclude 

that since the introduction of intermolecular cross-links into 

the collagen fibrils results in an increase in the size of the 

light staining or A bands , that -lihe light bands in na-'liive 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 acid side 

chain~arranged specifically, so" that structural complemen-

tariness of gTOUpS exists in those regions of the macromolecule 

represented by the A bands. 'They go on to state that 1 •••• Hence 

we may suppoee that the A regions of the structure ?orrespond 

to a system of receptor and determinant sites (to use 
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i~nunological terminology) distributed in different sides 

of the me.crcmolecule within each A band or bonding zone I 

They conclude f=~om the results of the cross-linking 

experiments that the cross-lin.lcing reagents do not react uni-

formily with ~he collagen along'.the enJliire length of the fibril,. 

but only with certain portions of the s·tructure. I Subsequently 

they state that I ••••• These findings are in conformity with 
lI-b 

the observations of Grassmah et 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 

relativeJ.y non-polar character.' 

Thus we may conclude from this paper that the native 

collagen fibrils consist of definite repeating units of ~2ial 

periodicity 6401, and that this periodicity occurs because of 

the existence of specific bonding and non-bonding zones on the 

tropocollagen macromolecules which make up the fibril.Hence the 

A bands, as seen in elec'~ron micrographs using negative stain~ng 

techniques~ represent~ regions along the fibril where lateral 

intermolecular bonding forces occur, and theB bands where the 

individual macro:.noleculcs are largely free of these forces. 

Since the A bands contain the majority of the charged aminQ 

aeids it seems reasonable to conclude that the bonding forces 
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betneen noighbouring macromolecules are predominantly 

electrostatic, although hydrogen bonds and hydrophobic bonds 

are mentioned equally. 

3.3 The Stru6ture of Wet Collagen 

Many experimental results indicate that ~ater is intimately 

involved in the structure and stabilization of collagen. 

However the molecular changes which o.ccur in the collagen: fibre 

have been most extensively stud.ied using X-Ray diffraction 
20 

techniques. VIe outline here the wor¥: of Rougvie and Beal", who 

carried out a quantitative analysis of tho various features of 

of both the wide and small-angle diffraction patterns of tendon 

collagen which are ·affected by moisture conten-t. 

They constructed a moisture sorption isotherm, (Fig 3.31) 

and found that the primary soxption amounted to approximately 

13gm' H20/ICO gra" collagen, when interpreted through tho B.E.'I' 
\ 

equation~(see Chapter Six).By relating the moisture content 

v:i th the X-ray changes they observed that the hydration ,-

sensitive equatorial spacing observed in the wide-angle X-ray 
• 

pattern moved from approximately lO.6A for dry fibres, to a 

• maximum of 14.6A for completely hydrated specimens; similarly 

that the small-an:.sle meriodional macro period increased from 
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603A to near 670A with increasing water content.The changes in 

the line intensities for the small-angle pattern likewise in-

dicated that increased ordering o~ the structure resulted from~ 

higher water content.We now quote Rougvie and Bear. 

, Description of the total sorption range can be 

conveniently divided into four intervals. Under rather dry 

conditions water sorption involves primarily the fibrillar 

bands at ",hich the axes oftlhe kinlcod, roughly parallelheiical 

chains s·~raighten as moisture is introducedoThe event character-

istic of the next interval is a hydration of polar groups at 

interbands, where relatively well-ordered, parallel chains 

begin to separate laterally in orderly fashion.In the meantime 

by the third interval the chain straightening process has 

proceeded to all extent Vlhere small-angl~ 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 lakes of water. Finally, as 

tha samples co:nc'into equilibrium-_with pure water the inter-

chain separations at interbands once more increase to a spacing 

of l4.6A(without tension).At bands and interbands multilayer 

sorption follows upon introduction of bound water to chain 

straightening or separa-'Gion processes characteristic of each 
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Fig. 3.31 
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type of locationoHe later states:-

, All the H20 in the interval a-b(7gms) and approximately 

6 gms of that in the b-c region are assumed to be bound or 

'primary layert water.The remainder is free or multilayer water 

in each interval.' 

Thus we have from this hydration picture that for every 

100 grus of collagen approximately 7 @ns is initially absorbed intQ 

the polar band regions and that a further 6 gms hydrates t~e 
th4t 

polar groups in the interbandsoRougvj.e and Bear state this lJgrru 

of water constitutes the- primary layer or bound water.This 

leaves approximately 16 gms from the interband region which is 

presumably strictly 'multilayer' vlater, in the terminology of 

the B.E.T equation.Hence above the approximate figure of 30 gml 

H20/1 OOgm, collagen the water would appear to be essentially 

free, and that above the 40gmH20/100gml~ollagen completely 

free. 

A major conJGribution to the problem of collagen hydration 
2'1 

has been made by Berendsen who carried out a rTucleal" Magnetic 

Resonance study on collagen hydration.He found that hydration 

of the protein can be divided into tY10 group.3.The measurements 

on parJGially dried collagen show that a large fraction of the 

water presents'anisotropic reorientation whereas the remaining 
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water ~olccules exhibit isotropic motion.He suggests that the first 

type of water molecule is associated specifically with the three­

fold helical structure of the collagen fibres, and that the second 

type occurs in regions where this helical structure is not 

dominant.Thus the water molecules whose mo-tion is anisotropic 

are associated with the more crystalline parts of the fibril, 

and. those whose motion is isotropic are placed in the more 

disordered polar band regions, as seen in electron micrographs 

with positive staining. 

Berends en concludes from the nature of the anisotropy of 

the first group that the water molecules Vlhich are linked to the 

collagen macromolecules form into chains in the fibre direction 

and are located in the channels between neighbouring fibres. 

A picture of a possible chain fhrmation is sho~~ in Fig 3.32 • 

He states that-if 'each channel is filled by.one continous 

chain of water molecules that the channels will contain 

l5.8grn H
2

0/l00grn collagen. Vie tentativel' suggest that. i.ihis 

corresponds to tho l6gms of water" remaining in the interband 

region, according to Rougvie and Bear, that is n01 primary-

layer water.Barendsen states that the lifetime of a particula~ 

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 

53 



o 

,/ 

/ 
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Fig. 3.32 (from Berel1dson). End. view of fibril collagen macromolecules 

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

linking neighbouring collagen molecules. 
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-6 to be of the order of 10 seconds, the actual figure 

depending upon the state of hydration. Thus the chains are 

broken and rebuilt continously, allowing the molecules to jump 

to neighbouring chains.He states that when the water content 

exceeds the approximate value of 40gm-H20/100 gm. co~lagen there 

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

and consequently la"/ieral separation of the fibres occurs, allowing 

the water to form- three-dimensional structures around the fibrous 

macromolecules, more resembling the liquid state; and that the 

particular.reorientation processes which lead to the observed 

N.M.R resonanco 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 thesi~~nd will be referred 

to in later chapters. 
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Chapter Four 

The Electrical Properties of Wet Collagen 

4.1 Introduction. 

The electrical properties of wet collagen have been described 

32 
by J.C.Anderson and the present author in a recent paper, a 

copy of which is enclosed at the end of this thesis. Since both 

tendon and bone are bathed in ionic fluid of high conductiv,ity 

when in vivo, it is clearly important to understAnd the 

electrical activity of wet collagen. 

402 Experimental Basis. 

The specimens chosen were human Achilles tendons, typically 

50mms long and 5mms in diameter when wetoBefore experimentation 

they TIere 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 large number of fine capillary channels throughout the leng-th:. 

of the specimen~rough which liquid can flo~.Vfuen the tendon is 

si;retched, liquid is squeezed cut cnd will stream back in"to" the 

specimen when it is relaxed. Such a movement of ionic fluid giv~s 

rise to a strea.ming potential.Hence it is necessary to; design 

an experiment in which a streaming :pQtential can be separated 

from any piezoelcc.tric: potential that might be present. 

56 
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The mechanism of stl~eaming potential at its simplest depends 

on the adsOrlyt;ion of one type of ion on the Gurface of the 

molecule, with an aS8ocia.ted diffuso layer of ions of opposite 

polarity extending out from· tho molecular surfRce,Thus there 

is a potential difference between the solid pbase and the 

bulk of the liquid., normally J:.'eferred to 8,S the zet.:1-potential. 

'cT.aen the liquid streams past the molecular· surface thero is a 

net transport of one type of ion with a resulting potential 

gradient vihich may be measured 'by means of electrodes placed 

in the li~lid stream.To a first approximation the streaming 

t t · 1 V' . b t" 1 t· ,. 33 po enJ~a s ~s g~ven y ne re a ~onsn~p 

where E = the dielectric' constan-'G , P = the' appliecl pressure, 

S = zeta potentia~, 1 = coefficient of viscosity, and 

~ specific conductance. 

For a complicated molecular structure such as that of collagen 

'j varies with the pH of the liquid owing to the many acidic 

and basic· units in the macromolecule which may be ionized.". 

At a given pH termed the is:r.v-electric point, t':lere is no net 

charge on the macromolecule and the streamine potential is 

zerooThis evidently depends upon the relative nU.mber of acidic 

and basic units in the collagen :macromoleculc. 

51 
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The piezoelectric potential is dependent upon the applied 

stress, and may be expected to be independent of the pH of 

the surrounding solution o If any charges appeal.' on the surface 

of the strained fibre fro~ 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, 

varyine the' pH of the surround:i.ng solution through the iso-

electric point&If potentials were observed at the normal 

isoelectric pH for human tendon collagen they wduld be 

attributable to pie30electric effects. 

4~3 Apparatus and Measurements. 

The a,pparatus is shown diagrammatically in Fig 4~1 • The 

tendon was a.nchored to a brass hook H by means of a stainless 

steel wire su·ture at the lower end, The upper end of the tendon 

was similarly at-tached 2 .. l1d c'onnected to piano wire which 

passed over two pulleys, and was c .. tte.ched to the mass H. 

FrAshly made Ag-AgCl electrodes were buried into -the 'tendon 

a distance three ems apart, by ir:l~jecting them· through a fine 

glass captllary tu.be ~ and subsequently withdl~e,Vling the tube o 
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The leads from the electrodes were taken to a Tektronix 

oscilloscope with a storage scrGGn, having a sensitivity of 

one millivolt per cm. 

The tend?n waS prepe.red by allowing it to dry in a 

dessicator at room temperature until it Vias stiff, brittle, 

and pale brovm in colour. It TI'as·.'·then placed in a solution of 

knoym pH, prepared from standard buff 01" solutions (BDR and 
35 

Britton and Robinsons) , for a period of several days until 

it became completely flabby.Vfaen mounted in the apparatus a 

slow dl~ip of the Same solution \vaS directed over it bet'ween 

measurements, so that the whole leneth of the tendon WaS 1)athed 

in solution, and to prevent its drying. 

To obtain (lUanti tativo readings a. stllndard impulse w.?s 

applied to the specimen by allowing the maSS M, of 2-10 kg, to 

fall throueh a fixed distance of ana inch o Thin vias achieved 

with a hand-operated wheel.The resul tine elec-~rical impulse 

was displayed on the oscilloscope.The value recorded waS the 

steady pulse o.mplitude obtained after repeated loadings at 

approximately one impulse per second for ten to fifteen seconds. 

In agTeement ,?i th ideas of streaming potential, the signal 

produced was proportional to -'Ghe load, and at pH 4.7 no 

vol tage was obl:ia.ined whatever "che force applied. A graph of 

60 
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the peak voltage pulse against pH of the solution is shown 

in Fie 402 • 

We remark here that if the tend.on were pullecl equally 

at both ends, n.:)' streaming potentials would be recorded. 

betv/een eleotrodes which Vlel"e placed symmetrica,lly VIi th respect 

to tho centre of the tendon;this assumes that no weak points 

exist in the structure and tha·t the: elastic modulus is nearly 

constant along the fil)res., It is clear that when the electrodes 

are pooitionecl so-as to POSS8BS the Same centre of symmetry 

as the applied stress, then tho resulting streaming voltage 

will 1)0 zoro. This condition does not occur in the experiment 

described hero. 

4.4 Electrophoretic Measurements. 

Whilst is~el~ctric points for rat-tail and hide collagen 
36,31,38,39-

have been reported in the literature , no information 

was C'~vailable on human Achilles tendon collagen. Hence it was 

decided to build an electrophoretic micro~cell apparatus 

follov!ing the design of Douglas 40 • A brief outline of thiB . 

form of measur8ment is given here. 

A thin glass rectangule.r cell is filled. with a suspension 

of the particles in a buffer solution of knovm pIi,Tbese particles 

. are observed under the microscope, and their v,~locities with 
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depi;h determined upon the application of 8. known electric 

field across the cell.The particle motion resulting fro~ 

tho olectric field derives from electroosmotic as well as 

electrophoretic fo~ces. The closed rectangular cell is 

employed in order to sepaJ.'>ate the tV/O effects~Electro-

osmotic forces 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 tho 

c.e11 there is no motion of the liquid: vii th respect to the 

glassoObse~vation of the particle velo.oity at these dep.ltihs 

effects a measurement of the net charge on the particle,.at 

the given pH, \,/i th respect to the liqu.id .. Thus the elec·~ro-

phoretic particle velocity ffi8.Y be d.e"tormined against pH .. 

For a cell of knov/ll dimensions those depths are kno\'J11 

accurately. Authol"i t.iti vo accounts of micro-colI electl."o-
41 . 

phore8is are given by Abrahanr and Gorin ,and by Miller 
42 

and Golder • 

The design of Douglas uses the rectangulR2" cell in the 

COD.v'nntional horizontal position~ but adds 8. ·t.hO):ln10stat 

which fits directly on to' the microscope stage, so' fac:tlitating 

accurate temperature con·trol of the solutiono It also employs 

dark.-field illuminCl,tion which improves the microscopic 

observationoHowever many difficulties were found with this 
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'homo made l apparatus, the most dmportant of ~lich WaS diffusion 

of -'Ghe eleGtrode solution through -the porous membrane into the 

cellg After repeated attempts to· eliminate those difficulties 

it waS decided that reproducible results would not be obtained, 

and the apI>a1"a tus Vlas aba,ncloned.. Because of this we do not gi va 

details here of these experiments.Measu:t'ements w'ere finally 

made on a commercial CCl.rl Zeiss apparatus at tho Cheste~" 

Beatty Research Institute by Dr. Forester. This instrument 

-uses a rec:tangulal.' cell in the lateral position contrary to' 
-

the desib~ of Doue1asoThe effects of gravity are more easily 

eliminated when the cell is in this position. 

The tenclon was air-dried Cl.nd ground up using fine glass 

paper. Suspensions were prepared using the buffer solutions 

recommended for electrophoresis by Miller and Golder 42 • 

An homogeniser was 'then used on this solution to reduce 

tho me~n particle size to approximately five microns; this 

allows the particles to· be in viow for 1 a sufficient leng~h 

of time so that their velocities may be determined. The pH 

range covered was from 3.5 to lO~ 

The cell was calibratoi by plotting the particle 

veloci·iiy against depth for red blood cells in the bare cell 

and when the cell 'was conted with haemoglobin. The elec"tro-

phoretic velocity of particlos with a current of 5mA passing 
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tbrough the cell solution is plotted in Fig Lt.~ 3 for a.n ionic 

strength of .05 molar solutionoSince the applied electric field 

has no motional effect on the particles at a pH value of 4.1, 

we take this to be the isoelectric point for human Achilles 

tenclon. 

4.5 Discussion of the results o 

The coincidence of the isoelectric point with the pH 

for zero electrical impulse indicates i;hat the potentials 

produced a.ro solely due to ionic streaming;; there being no 

contribution from the piezoelectric effectGThis is supported 

l)y tho general similul'\i ty in the shapes of the curves of 

Figs 4.2 and 4a3 0 VIe conolude the~efore that the piezo-

electric effect is absent frow the completely wet collagen. 

Hence it must belong to a group of highe~ sYIDrt'\,etry tha.n the 
43 

dry materialo Harrington and von Hippel state that the 

crystallinity of: collagen,as revealed by X-ray studies, is 
44· 

destroyed. by dehydration, and Bradbury at al d.emonstrated 

that systematically disposed water molecules in the collagen 

macromolecule constitute ·an important part of the d:i.ffrac·ting 
45 

structureo Esipova et a.1 e.lso found that hydrat:ton increased 

the crystallini-t:;y of colla.gen and inferred that the oxygen 

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

bS . 
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structure, that is the interband region, lie close to the axis 

of the polypeptide chains. He suggeste~ that the collagen 

structure might be stabilized by doubly hydrogen-bonded water 

bridgos of the type~shown below. 

I 
C c 
11 II 

----H-o-H----O·--- H-O-I-\---- 0---- H-O- H 

Fig. 3.32 in Chapter Three shows the chain structure prop~sed by 

Berdndsen as a result of proton resonsnce work.on collagen. The 

experimental support for this orientating chain stru0ture places 

this water model on a firmer basis than that suggested by 

Esipova ct aI, especially since it involves the water molecules 

in reactions between neighbouring fibrils; and the continous 

reorientation processes account for the molecular interaction 

whioh would otherwise lead to a. large broud.ening of the proton 

resonance signal. We note that both these wet collagen structures· 

effectively possess the same symmetry, the point grool1 which 

is mo~:m , and this point gToup is one in which piezoolectrio 

effects cannot occur.Thus, whereas dry collagen has been sho\vu to 

be piozoelectric belonging to thea1point g.roup(see Chapter Two), 

t~e wet collagen is non-piezoelectric by virtue of structured 

water raising its molecular symmetry to the point group m.~:m • 
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Neutralization of the piezoelectrtic chargo by ions from the 

surrounding solution does not therefore occur. 

b8 
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Chapter Fiv:e 

The Piezoelectric Properties of Dry Eone 

5~1 Methods of Measurement of Piezoelectric Constants 

The physical properties of most large-size piezoelectric 

crystals are normally investigated by measuring the electrical 

impedance of the crystal a_vel'" a v/ide frequency range. 

Various cuts for different crystals will suffice to measure 

the piezoelectric constants, the elastic constants, and the 

free dielectric constants. The mode of v.ibration that can 

be related most satisfactorily to~ the dielectric and pieza-

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 I.1odulus of the bar, and the capacitance 

measurements can be directly related tQ the piezoelectric,. 

elastic, and dielectric consta~ts.For a detailled account 

'+~ 
the rc~der is referred tQMason. 

However for ~1eakly piezoelectric materi~ls and lossy ones, 

such as wet bone1 the above methods arc not the most 

satisfactory, a.nd. it was considered that more accurate 

measurements vroulll. be obtained if the bone 'were driven under 
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concli tions of moderately heavy loading. Hence it VIas decided to, 

1 follow the example of lilukada.An appara'tus \'laS built which 

incOrl)Orated his method of measurement. Fig 5.1 shows the 

practical construction. 

502 Description of Apparatus. 

The specimen, a piezoelectric reference crystal and 

the output detector crystal are, mechanically clamped togo'ther, 

and electrically iU/Sulated from' each other.In Fl~ada's 

apparatus the detecting crystal was of Rochelle Salt, and the 

signal resulting on this when 'lihe input waS applied to the specimen 

was compared to that obtained ~hen the input uas applied across 

a quartz crystal~Considering the temperature variations of 

Rochelle Salt's physical properties, its hygroscopic nature, 

and its brittleness, it was decided that a ceramic such as lead 

zirconate titanate (PZT5) would be more suitable for this 

apparatus.Consequently both tIle Rochelle'Salt and quartz crystals 

were replaced by the piezoelectric ceramics9The clamping 

pressure which enab10s the piezoelectric vibrations 'GO be trans-

mitted throughout is applied by a lever mechanism~ on to, an 

insula.ted plunger which presses on to the specimen.A known set 

of \~Teights is then hung from the arm- of the lever so that a 
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constant clamping fOJ.:'ce is applied to the system'~This provides 

a uniform' transmission coefficient~Electrical conneotion to the 

specimen is made via a coaxial plug sorewed 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; 

beloYl.The two conducting faces of the ceramic are electrically 

connected to a second coaxial plug on the opposite side of the brass 

cylinder. The lower ceramic sits in a brass mount which ren.ders 

it immobile in the horizontal direction.At the level of the lower 

ceramic there exists a thread on the outer brass cylinder. A 

threaded brass annulus, intQ which the upper cylinder fits, 

screws down on to this, and if the thin brass disc is placed on the 

lower ceramic, screw'ing dorm causes it to be firmly held agdinst 

the upper face of the ceramic.The brass cylinder, thin disc, 

and the upper f.ace. of the lower ceramic are therefore at earth 

potential.Hence the output detector crystal is electrically 

shielded. Electrical connection tQ the detector crystal is made 

via a screw which is emhedded into the top of the brass mount,. 

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

plug near the bot'~om of thA 'cylindelhAn annulus of tufnel fits round 

the brass mount, and vlith a sheet of polytheno glued ·to the bottom 

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



/ 

apparatus consists of a signal generato£, an audio amplifier 

and transformer which drives the specimen, a tunGd audio 

amplifier, and an oscilloscope 0 rrhe two ceramics are one inch 

in dianeter, half one inch in thickness. 

5.3 Experimental Procedure 

In measuring the converse effect,the audio voltage from t~e 

signal. generator and amplifier is fed to the specimen, which if 

piezbelect~ic, will vibrate at the same frequency. Since the two 

ceramics and the specimen ar.e clamped together, these vibrations 

will be transmitted to the detecting ceramic across "fuhich an A.C 

voltage will appear, owing to its own direct effectoThe upper 

PZT5 is electrically shorted, so that it functions nercly to 

transmit the vi1;lrations 01' the specimen to the detecting ceramic. 

The signal appea~"ing across the dotector 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.(rn practic~ this 

latter action is not neces~nry because of the large difference ~n 

the piezoelectric coefficients of bone and P~T5.)The signal 

appearing across tho out./put ceramic is similarly measured and 
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d1s1)12.yedoKnorFing the applied voltages and the output signals, 

and tho specimen dimensions, the d coefficiertt of the specimen 

can be related to that of the upper ceramico(This is evaluated 

in detail in the section). 

Yfuehit is desired to measure the direct effect in the 

specimen,. the detector ceramic is driven at the audio frequency, 

and the output signals are taken off the upper ceramic and the 

specimen respectively. The output signals appoaring across the 

ceramic and the specimen depend upon their effec-ti va impedances 

at the operating frequency, and the loading of the amplifier and 

leads, as well as the dimensions of the specimenoKnoITing these 

impedances the d coefficients of the specimen and the PZT5 

ceramic, operated ~n tho' direct effect, may be related to each other. 

This is treated in detai~in 5~5 • 

The principles of measurement require that the components 

y!hich form the vibrating systcin should operate weli away from 

their resonant frequencies,_ so that all the components are 

essentially in phase or anti-phase~This means that they should 

be operated under forced vibration condit.ions.ln a simple 

analysis one may imagine the multi-component system· to oscillate 

as a single body in -the thickness mode such that ~~'> 2d, where 

A is the tlavele:ngth of the oscillation and d is the effective 
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thickness of the single component system 0 Consideration 

of the dimensions of the componentsleads to the operating 

frequency being in the low audio rangeo 

504 Theory of Measurement of The Converse Effect. 
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This ey-plan~tion is largely that of ~~kada. 

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 forIll' 

I> 3 
s. = L: Sij T. t I t\i E. 
~ J ~ 

j=1 R=l 
(, 3 

S = Dm/4 ~. d T lll: (ET /4)E mn n mp p 
~"1 

1\-:1 p=' 
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This notation has bHen explained in Chcpter Two. 

The voltage V is applied to the electrodes of the s 

/' 

specimen which' are separated by the distance 0'1 .'l'he strain 

resulting from this voltage, in the vertical direction, is 

given by the first relation above, and for the present case 

may be written, 

-:- d (V /0'1) s s 

where a ll_ is the vertical length of the specimen. -

Al = the X-sectional area of the specimen. 

El - Young's liodulus of the specimen 

F the oscillatory force. 

d the operative piezoelectric coefficierit of the specimen. s 

Hence th~ ch~nge in a l is given by 

The upper ceramic will deform- by the amount ~a2 - Llal ' 

relative to the upper clamp, and since it is shorted at this 

stage j VIe have 
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vThere E2 ~ Young' s MO,dulus of the upper ceramic. 

A2 ~ X-sectional ar~a of upper ceramic. 

The deformation of the detector ceramic is given by, 

where E3 = Young's Modulus of lower ceramic. 

A3 =- X-sectional area of lower ceramic. 

/ 
/ 

dpZ = Operative d coefficient of the lower ceramic. 

V3 = Voltage appearing across the louer ceramic. 

If it is assumed that the clamp prevents the total system-

from deforming the clamping frame deforms by -/1a3 ' and we 

have, 

where a
4

, E
4

, and A4 are the effective values, as before, 

. for the frame.If the last four equations are added, we obtain 

's. 
o F L ai/(EiAi) + ds(al!ol)Vs ~ dpZV3 

t..::l 

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 
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across the detector ceramic is 

x 

I 
/ 
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The notation is explained in the next section. This equation 

may be written, 

vnlere K is a constant for given circuit conditions and 

operating frequency.Hence substituting for F in the last but 

one equation we obtain 

If we now relabel V
3

,VOS , to indicate that it is the output 

voltage when the input voltage is fed to the specimen, the last 

equation reads 

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

'1-8 
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is applied across the reference ceramic and the specimen 

shorted out, a similar analysis as that followed above leads 

to the result,. 

Hence eliminating the constant k between these two equations 

we obtain 

This is therefore the required relation linking the operative 

'd'coefficient of the specimen with that of the reference 

ceramic, 'whon both are operated in the converse effect. 

Consideration of the 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 needed, the piezoelectric may be 

satisfactorily operated at lorr frequencies in therOllverse 

effect. 
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5.5 rrheory of Measurement of The Direct Effect 

We have already remarked that for the direct effect 

measurements 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.Hence 

comparison of the piezoelectric properties of the specimen 

with those of the reference ceramic is made b~ relating the 

two output signals, for the same applied voltage to the lower 

ceramic, to the two piezoelectric coefficients in question. 

We now treat the case of a voltage appearing across a 

piezoelectric crystal 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 piezo£?lectric d coefficient 

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

the ratio of short circuit 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, neglecting subscripts" 

80 
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P dT 

whore P is the polarization per unit area. 

T is the applied stress. 

The charge per unit area 0, is g~ven by the relation 

Q/A = CelA = dF/A' 

'Nhere Q is the total amount of charge procluced. 
~ 

At is the area on which the external force acts. 

A is the area of the electrodes. 

C is the capacity of the crystal 

e is the voltage appearing across the electrodes. 

3 

l------42 

1 

We consider the situation existing in the above piezoelectric 

crystal, where the force acts on the 3 faces, and the 

electrodes are painted on the -2.faceso 
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At 0\7, and A = aW /0 A/At = a/e 

where in previous notation ~hen the crystal is clamped in 

t~e apparatus, a is the vertical length of the crystal, and 

c is the distance between the electrodes.Therefore"we have, 

retaining the unity of 0, 

e = (a/c) dF/O 

If the capacitive loading CL of the amplifier and leads is 

not negligible vrhen compared vlith C, the above relation 

becomes, 

e' (a/c) dF/C + 01 

· 1/ •• e e :: C/C t 

We may represent the above crystal and circuit loading by 

the equivalent circuit dravlIl below. 

r-J r--JC -"--1-0 

.e.6 -c .e,' 
~ I L 
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\1e nOYI go to the most general situation vrhere the crystal is 

lossy and has a shunt leakage resistance R ,and the resistiva 
c 

loading of the amplifier and leads is R1 • The equivalent circuit 

is now , 

c 
I 
cI 

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

represent the above circuit as 

c:~JU--.Ii. 'c.t. R ~ R 
__ ~ L • 

"-e. L 

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

parallel combination of Rc and R1 we have 

eL =- e' 

. ( : -:-
o{. 

\ 

where XCi is the reactance of 0 and 0
1 

in parallel at the 

operating frequency.Fig. 5.51 how G
L 

varies as the values of 

83 
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the components change. When the capacitances in the circuit are 

large rela t i ve toR, Xc yR «l , and we have 

0L e t = (a/c) dF 

For very low frequencies or low R, X 1 becomes much greater than c 

R and so we obtain , 

jet wO' R =- jWRdF{a/c) 

Hence for the more normal operating conditions where the voltage 

is capacitance controlled 

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

and for very low frequencies where it is resistance controlled, 

In these relations VI is '~he angular frequencYol1he above relations 

show how the voltage appearing across a piezoeleotric crystal 
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may be Gxprvssed in terms of the stress applied, tho operativ'o 

piezoelectric coefficient, the crystal dimensions, and the 

circuit constants.It is thus apparent that by measuring the 

output signals when the switch is thrown, d may be compared 
s 

5.6 Results for Quartz and Dry Bone, in the Converse Effect. 

The apparatus Vlas effectively calibrated using two X-cut 

quartz discs operated in the direct and converse effects.They 

were both 2.54 cms in diameter and of thickness 3rnm: and lmm-; 

respectively. 

5.61 Results for Quartz 

The d
33 

coefficient of the PZT5A ceramics used is 

374xlO-12 COUlombs/newton, =- 1122xlO-8 eosou/dyne.Cady 

-8 I reconrnends the value of 6.9xlO e.s.u/dyne for the d11 of 

quartz, so tha.t 

d1l(quartz) 

1/162 

d33(PZT5A) 

The experimental values obtain8d for this ratio were 

1/(160 :!: 20) for the 1mm- disc, and 1/(156 ± 15) for the 3rmm 

8b 
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disc.The measurements were taken over the audio range 300 to 

6000Hz.The errors are the spread of the results in this range, 

as no dependence upon frequency was observed. There is therefore 

satisfactorY·;.i.greement with the theoretical value, since the 

magnitude quoted above for the d
ll 

of quartz has a spread of 

approximately 10% according to Cady. 

5.62 Determination of ·the Converse Piezoelectric Coefficients 

in Dry Human Bone. 

These measurements were carried out on pieces of human femoral 

bone ii/hich had been stored in a domestic refrigerator for two 

veeks, fresh ini~tially~ before the present author received 

them.Fig. 5.6'1. ... shows the right-hancled Cartesian coordinates 

which are ascribed to the femur, and a typical specimen 'llhich was 

used in the experiments. 

The two specimens excised froID'the femur were practically 

cubic in shape, with a length of one centimotre.They were cut 

with a normal fine saw, and polished with glass paper. Drying of 

the specimens was accomplished by placing them in a closed box 

containing silica gel, for at leas"c 48 hours"This was considered 

to be preferable to drying by continous'~heating, which waS the 

drying method adopted by Fillcada, since the bone protein 
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Diagram of Bone Femur and Typical Specimen 

" 

Side View 

View in Cross-section 
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o denatures when kept at 65 C or above for several hoursoIn our 

01)inion this method produces suitable specimens \vi th the least 

amount of damage done to; them, thus facilitating their 

description as pieces of idry bonet~They appeared very white 

in colour. (This preparation techni'lue 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_ 

with conducting 8.1'aldi te to which thin coaxial leads were attached. 

The araldite waS partially cured by placing the pieces of bone 

under a 60watt bench lamp for approximately ten minutes, and then 

leaving the specimens for about six hours to finally dry.It is 

extremely unlikely that the heat supplied by the lamp denatured 

the protein, since it was short-lived, and indeed for some of 

the measurements, 'curing waS achieved by drying at room 

temperature for 24 hours, so reducing the total amount of heat 

supplied.The 'luantitative results support this.It is apparent from) 

Chapter Two that Hith one rectsngular specimen all the nine 

non-shear coefficients, relative to the bone long direction, 

may be measured. It is thes3 coefficients \vhich were dotermin'edo 

for all the bone specimens, whether human or bowinc.We did not 

cuts 
te,ke several 01)liqu8rs, as is normally the practice in piezoelectric 

crystal measurements" as this had already been done by li'u,kada. 
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VIe considered that the measurement of these non-shear 

coefficients, relative to the bone long direction, warranted 

the greatest attention for two reasons.Firstly, there appeared 

to be considerable doubt on the magnitude of these coefficients 

for the bone specimens, (which had been dried by hp.ating), in 

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

magnitude of these coefficients which would provide the 

greatest information on the piezoelectric role of collagen 

in bone. r.J:1hese bone coefficients ,\vere measured over the same ", ... 

frequency range as for the quartz crystals, and similarly 

the error is the spread of '-I;ho results. The magnitudes of the 

-8 d .. ,(i,j: 1,2,.3) are,in units of 10 c.g.s 
~J 

l' 0.1 - .10 

... 
0.2 .10 

+ .08 

0.8 + .02 

1.6 "'- .04 

+ 1.4 --.18 

~nen these measurements were made the signs of the coefficients 

Ylorel!.!ot determined. 

5~63Dctermination of the Converse Piezoelectric Coefficients 

in Dry Beef Bone. 
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Both the direct and converse measurements made on fresh beef 

femoral bone were carried out on the same tYIO specimens which 

had been previously been used for t4e wet piezoelectric 

measurementsoThese are labelled 'Large Specimen No~l' , and 

'Large Specimen No.2' , and their dimensions in mm: in the-

3,2, and 1 directions are 14~OxlO-oO:x6.0 , and l3.5x700x6.5 

respectively, so that both their longest dimensions coincide 

with the long direction. Pertinent to this section, the wet 

history of the lRrger specimen is that its pH was always kept 

between 6.?8 and 7.40, 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 405 for several days at atime. 

At no time waS heat applied to the beef specimens. 

Conducting araldi te was dispensed \7i th, -and the electrodes were 

painted on with 'Silver Dag', a suspension of predominantly 

silver and graphite in amyl acetate.The leads r:ere found to be 

satisfactorily connected by the dag to the bone, if the former 

were left to dry completely for an hour or more.The specimens 

wre cut on a v;et circular diamond saW so -that they remained 

cool throughout the cutting period. They were finally polished 

on wet glass paper and placed in salt solutions buffered to 

pH 7.0 .These fresh pieces of bone were observed to- be 
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brilliantly white in colour, similal'> to polished ivory., We 

consider this preparation procedure to be an improvement on 

that used on the human bone. The orientation of the beef 

specimens was better, and there was no possibility of 

denaturation of the bone protein having occurred in. the 

preparation. After the wet piezoelectric measurements had been 

completed the two s12ecimens were completely dried with silica gel 

and P205 • 

It was decided to take ~11:· the measurements on beef bone 

at 1kHz, since an examination of the previous results on human 

bone taken in the range 300 to 600rrHz rev~aled no dependence 

upon fre~uencYoThe error indicated for these bBCf results 

reprosents the scatter of approximately ten .observations for 

each coefficient takGn over a period of three months. The values 

. ·-8 
are , in units of 10 c.g.s 

L. Sp. ]>To.l 

L.Sp. lro.2 +.55 
"1-
-.1 
~ -1.60 -.2 

+ -.20 -.1 

1"-11 -.04 

.04 

+ .11 -el 

~O4 

+' -.32 -.1 

-.25 ±.l 
1-+-.65 -015 
-1--040 - .1 

+ -.25 -.1 

+ .. 70 of- .1 

-.45 -to 
.1 



/ 

No sign has boen allocated to the d12 coefficient and the d
22 

coefficent as both signs were obtained for these two coefficients 

during the course of the measurements. 

5 1 Determination of the Direct effect Coefficients' in Quartz 
6 

and Dry Beef Bone. 

It has been remarked in 5.5 that if the voltage across 

a piezoelectric crystal is to give the magnitude of the 

operative piezoelect.ric coefficient, the value of (X 1/R) must . c 

be knonn.For the reference ceramic, Ct : its own static 

capacitance C plus that of the amplifier an~ leads C
1 

• 

T 

c =(C:/~o)fo ( Aft) fa:t"ads , where 

E 0 _ dielectric oonstant of free spaoe, 

farads/metre. 

ET/fo = relative dielectric constant, free. 

A = area of the electrodes, = 500xlO-4 m
2

$ 

t - thickness of ceramic = 1.27xl~-2. 
Inserting these values into the expression above we obtain 

c = 605pF.This value was obtained when the cap~citance of the 

ceramic YlaS measured on the Wayne Kerr Bridge ~ Vn.len the reference 

'13 
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ceramic waS placed in the apparatus , its capacitance and that 

6 
.. t-

of the shunting leads was measured to be 79 o2pF - 01pF.Hence 

C' _ 79602pF and XCi = 200Kohms at 1 kHz. 
i 

For all dry measurements R derives fromithe input 

resistance of the tuned amplifier, which varies from 10
6 

ohms 

to 250K as the gain is increased to a maximum.,Vlhen the signal 

,vaS taken off the PZT5 the gain waS very lov1so that vIe may 

effectively ignore X ,/R
L 

compared to 10 Y/e thus obtain the 
c 

relationship, 

For the (J.uartz 3rrun crystal CQ1 waS measured to be l63pF, so 

that XCI :: l060hms ,' and Xcr/R = 1.25. We therefore obtain 

From these two relations we obtain the result that 

The ratio of the two output voltages taken over readings at 

1- . 1 kHz is 45 - 10. (The error here represents the maximum: 
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sca.tter. We thorefore obtain , 

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

but/this is to be expec·ced since the errors arc greater here. 

5.72 Results for Dry Beef Bone. 

As for the quartz crystal the capacitance is nearly all 

due to the cables. For a typical bone specimen CB, was measured 

to be 188 :!: 2:pF.Using a sim~lar analysis as for quartz the 

resu1 t is obtained,. 

(c/a) (1/3) 

where dB is the piezoelectric coefficient of dry bono. The results 

for the two specimen are , in units of 10-8 c.g.s 

-:·.073 t.003 '1- -t-
L.Sp. No.1 .145 -.007 -.20 -.02 

JI. <--1.4 -.01 .03 ... .54 - .05 
~ 

-.50 ~ .02 -004 
.,. 

.1 +0.3 -.1 -
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JJ. Sp. No.2 <i- 056 -to 
-.05 

-:-. 
.14 -.01 +. -.20 -.02 

-1.68 :!:.08 003 JJ-.60 of· 
-.05 

J.. -0.25-.02 -0 55-"'!o06 -.42 
-; ... 
-.05 

Summary of the dry results, (exo1uding errors) in o.g.s units 

Human Bono 0.1 

2 Speoimens 0.2 

Beef Bone 
( ~.11 .11 -.25 

Converse Effeo.t -1.38 .04 -1".65 xl 0-8 
No.1 

-.2.1 -.48 -.40 

0 

r
055 .11 

-.25 ) 
xl 0-8 -1.60 .04 +.70 No.2 

-.20 -.32 -.45 



Beef Bone ( ~.O7 .15 -.20 

Direct Effect -1.4 .03 cT- 0 54 x1O-8 No.1 

.. ·0.3 -.50 -.04 

.14 

.03 +. 60 xlO-8 No.2 

-0 •. 3 -.55 -.40 

5.8 Interpretation of The Dry Results 

It is ~mmediately apparent from the above figures that 

this piezoelectric effect is highly directional.Becau.so of this, 

and the fact there is no doubt that dry tendon collagen is 

piezoelectric , it waS decided that an effort should be made to 
if 

determine' the dry bone results could be explained as deriving 

from the bone collagenolt is desirable to relate the coefficients 

found by Ful(ada, for tendon collagen to the bone collagen fibres, 

and the structur~ of these fibres relative to the bone long 

directionoIn doing this, consideration should be given to the 

relative permittivities of tendon collagen and bone, both in the dry 

stateoIt is clear from the piezoelectric properties of parallel 

collagen fibres(see'509 and Cha~ter Two), that if the protein 
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fibres in bone were all accurately parallel to the bone 

qg 

long direction, and in the same sense, then relative to this direction 

the piezoelectric 'rnatrlx would be identical in syrrillletry with 

,that found for Achilles tendon, that is 

o o o o 

o o 

o 

Hence if -this vlere the case for the specimens investigated 

here, one would only mca,sure d
31

, d
32

, and d
3

3. as non-zero 

coefficients. This is not the case for these results, so that it 

must be concludefr that the collagen fibres are not all in the 

long direction for the specimens used. Reference to Chapter 

Three indicates that in a relati~ely small specimen that has 

been excised fro~a femur, the collagen fibres will statistically 

speaking make an oblique angle VIi th the long direction of the 

femur.Hence a8'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 direction.We use the two right-handed 

coordinate-systems shown:below.The bone long direction 
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coincides with the 3' axis, and the net fibre long axis 

with tho 3 direction.The tYro coordinate systems are linked 

by ro-tation of f 0 about the 1 axis. The angle of rota"tion e 
about the bone lone direction denotes the orientation of the 

fil)resJabout their own fibre axis.The transformation matrix 7, 

ohanging the description of the piezoelectrio effect from. the 

undashed to the dashed system of coordinates is 

o 
where Rois the rotation through e about the 3 1 axis 

R is the rotation through~O about the I' axis. 
~ 

F-----~:z' 

If the piezoelectric coefficients of the irreducible 

(~)T group are transformed to_ the above oblique set of 

coordinates, the following non-shear terms are obtained. 



100 

.' . . 3~ d d23 = -s~n r 31 
'2 2 

-sin ~ cos f d
33 

+ sin 1> cos ~ dl~ ; 

d
3l = cos ~ d3l 

; 

d 32 :: cos3~ d
3l 

.~ sin2~ cos p d
33 

- cos ~ sin
2p d

15 

d33 . 2¢ I d -t- cos3~ d 
. 2 I 

cos ¢ d
15 - s~n I cosp 31 . 33 1- s~n p 

rrhus: wi th the above values, the ma-trix of t.he non-shear 

terms is , 

dil di2 di3 

d21 d-22 d23 
d31 d 32 d33 

It is apparent that the angleS is absent fronT, the above 

coefficien-tsoThis is to be expec-ted since the collagell fibres 

are symmetrical in -their orin 1 and. 2 direction3 eHad we started 
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with the coefficients of the (co~m)T group, the above matrix 

would be modified so that polarization would not occur in the It 

direction~ Likewise if the coefficien"ts of the (co :2)T group 

had been used 1 the only resulting polarization would be in the 

I' direction, for simple stresses in tho other two directions. 

Hence usine a simple rotation transformation about the l' axis 

the oblique coefficients arc obtained, 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 I' axis confines the fibres 

to the 2 1 3' plane( as seen in the last diagram), and there is no 

reason a priori, ''ihy for the arbitrary way in which the 

specimens were cut out,the resultant statistical fibre 

orientation should' be in the plane 2'3', or any other l3.bellcd 

plane.Hence the given transformed matrix represents the bone 

collagen piezoelectric coefficients relative to the bone long 

direction, only if the net fibre orientation is in the 2 1 3' 

planooHad a rotation R about the 2' axis been taken ViC Vlould 

have o'btained the following matl'ix? (the values of the coefficients 

are as before) 

d22 _d t 
21 

-dt 23 

dJ.2 dil di3 
d32 d3l d33 
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and this would represent the bone collagen piezoelectrio 

coefficients relative to the bone long direction, only if the 

net fibre orientation were in the 1'3 1 plane.Henoe the most 

general oblique non-shear coefficients which represent the 

piezoelectric properties of the bone collagen lies somewhere 

between these tvro matrices, the actual values depending upon 

the resultant fibre orientation in the particular bone Saml)les 

under consideration.However,_ since these two matrices 

represent the extreme cases, we shall keep them separate and 

evaluate them using the figures/measured for parallel tendon 

collagen fibres by FukadaoIt is not certain that the bone 

collagen is identical in structure with tendon collagen. 
50 51 

Both Glimcher at aI, and Asccl1zi, have found differences 

betYreen pure collagen and that found in mineralized tissueo 

However the tendon collagen values are expected to give a 

good indication of whether the oblique coefficients are 

capable of explaj.ning the experimental rosnl ts .:BUkada I s values 

are -8 -8 
.d14 = -8.0xlO co g. s d15 4.2x10 c.g.a 

-8 -8 d
31 - O~2 zlO c.gos d

33 = O.26xlO c.g.s -

If these values are used and a value of 100 is taken for 1 ' 

iO~ 
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the two matrices corresponding to th~ two extreEe cases are , 

in units of 10-8coe• s 

0 ·~l 0 368 -10368 

--.035 .:-.740 ·0-.662 

.,. G191 ..,..079 +.380 

and· 

I 
.e.. 740 -:-.035 -,,662 

-1.368 0 -l·I" 368 

I ~o191 "'·.380 \ - ·1..079 

Al though there are cliscrepancies it is apparent that the first 

matrix approaches the results for human bone, and the second 

matrix those for boef bone.Thc conclusion from this is therefore 

that for the human bone specimens the fibres are primarily in 

the la bellod 2' 3 t plane, vlhereas for the beef bone specimens 

o):,ianta tion is In.rgely in the la haIled 113 1 plane. 

If the anglo of orientation is increased to approximately 

15°; the ag.ceement -between some of the coefficients is better, 

especially for the beef bone specimens.Howevor definite 

discrepancies exist, especially for the human bone specimens. 

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

;03 
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-8 0:: d
31 

is increased to .. 9x10 . c.g.a •. 

It is pertinent to remark at this point that tho 

transformed matrices only accurately represent pieces of 

obli<iuely~cut tendon collagen"Since the bone colle.gan fibres are 

not all parallel to each other, and hydroxyapati·~e .crystals 

are bound to dcfinite regions of the fibril , it seems 

reasonable that the bone coefficients might differ from those 

of tendon collagen. 

Considering the structure .of bone,and the approximate 

agreement of the relative permittivities of dry bone ~nd dry 

collagen,.i t is concluded that the electrica~ signals obtained 

from the stressin~ of dry bone derive from' the bone collagen, 
o.t.e. 

and largely accounted for by the measured piezoelectric 

properties of Achilles tendon collagen fibres. 

Review of Previous Vlork on. the Piezoelectric Properties of 

Dry Bone and Collagen. 

2 
Fu..."kada 11l8aSUreu. tho piezoelect~cic properties of vacuum-

dried cow and horse Achilles tendon specimens in the converse 

effect, using his own apparatus v/here the specimens are 

electrically dl'iven at an audio frequency.He observed that his 

results were consistent with those derived for an uni-

directionally oriented 8ystem' of collagen 'crystal;I.ites ' 



-w~~ th I hexagonal t symmetry 1 such that the piezoelectric matrix 

for tendon collagen is as shown below, (if the long fibre 

diroction- is along the 3 aXis.) 

0 0 ° d
14 

dl5 0 

0 0 0 d
l5 -d14 0 

d
3l 

d
31 

d
33 

0 0 0 

-8 -
He measured the d14 coefficient to be -8 0 0xlO c.g.s, so that 

\7hen tho tendon is operated in this shear mode the ei'fective 

coefficient is of the same order as the dll of quartz.ITe 

reported that a gramophone pick-up can be made using the thin 

sheet of tendol1~as.an electromechanical transclucer.ln the same 

pgper he gives the ve.riatioll of -the d
l4 

coefficient with 

water content.This shows that the value of the coefficient 

decreases with increasing hydration, and that near to 38% 

watel~ content( prestUOably by dry weight), the magnitude cf d14 
reaches zero.We mention here that Rougvie and Bear concluded that 

the intorband region of the collagen fibril should be fully 

hydrated at app~oximately 30gm- H20 /lOOgm colla.gen , and that 

Bcrendsen effe0tively i:S'ives this Ligure nearer to 40gmII20 / 

lOOzm col1ageno~~kada remarks on this d
l4 

-H20 content curve 

ioS 



I 
iO(, 

that :-

t At abDut 40% of water content the measurement became 

impracticable. The leakage due to the water prevents the observation.' 

Howevor, in the range 0 to 30% \vater content (by y[eight). 1 

it" can be stated with certainty that the water is not free. 

Each water molecule in this hydration range is specifically 

bound to sites on the collagen molecule, and in the fibril A 

band, so that the wet fibres: are entirely different from the 

dry ones. One is thus not justified in eq,uating wet col~agen 

to free wc~ter plus dry collagen.Rather, this experiment tenels 

to illelicate , as was shown ~n Chapter Four, that fully wet 

collagen is not piezoel~ctric. 

1 
In an earlier paper }ukada relates his experiments on 

the piezoelectric In'op'erties of dry human and bovine f~moral 

bone spec:tmens oUe states that the human bone had been t air--dried 

for years t, so that it is reasonable to c.ssume that these 

bone specimens were not fresh~Thc specimens obtained from the 

femur of an ox "lere dried by heating up to l20
o

Co Considering that 

the protein in bone denatures , when subjected to several hburs 

a~li tOi1lpcl"atures greater tha.n 65°C, it seems probable that the 

bovine 1)011e spec.i!l1ensuscd in these experiments W'ere cOf1111otely 

dena:tured.'rhe dynamic direct and converse effects ",rere measured 

at 2kHz.The static direct effect was measured. by a lever 
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mechanism which applied the desired stress 011 to the specirlen 

pT'oduc.ing an electrical charge tl:at was L1GaSured by a vacuum 

tube and galvanom.o"teroHe states that his results are c_ollcordant 

with the piezoelectric matrix shor~ (A), if the z axis is 

inclined lOOto the right of the bone long axis. 

A 
o 

o 

o 

o 

o 

o 

o 

o 0 

Q' 0 

o o 

-d14 0 

o 0 

It has been shown in 5.8 that if this 10° obliqueness for 

this matrix is taken into account, then ·~he matrix of the 11on-

shear terms, relative to the bone long direction is 

o 

o 

o 

-d14sinloOcoslOO 

o 

o 

d1
4

sinloOcOSlOO 

o 

o 

so that if the 3 axis is along the long direction, there should 

be a d12 term .:lnd an approximately eClual and opposite d:l
3 

term. 

He cow_~ents that Yasuda has observed has observed a piezoelectric 

effect in bone specimens which have suffered immersion in acid 

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

· : 



presence of hydroxyapaiii teo 
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In a later paper on the piezoelectric effect in fibrous 

proteins he reports the results of his experiments on completely 

dried spocimens of horse and cow tendon, horse and cow bone, 

baleen(vthale bone}, Ylool(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 d

14 
d
l5 

0 

0 0 0 d
15 --~4 ° 

d
31 

d
3l 

d
33 

0 0 0 

-8 :Por horse fomur he cletermines d
14 

:::: 0.65x10 c.g.s, 

-8 . -8 
d

15 
=0.13 xlO c.g.s, and d31 = d

33 
=.OlxlQ c.g.s .He states that 

the specimens TIere completely dried, and that the effects were 

observed by the methods previously used.We infer from thie that 

the specimens Viere heated to 1200 C as before, so that the figures 

more than likely represent denatured specimens9This is supported 

by the fact that this value of d
l4 

is the sam~ as WaS found 

befoi:.'c.lt is not specifically stated whe'~her the 3 axis in the 

above matrix is along the bone long direction or not 1 but given 

in the context of the other unidirectional matcrials we conclude 

that this is intended 9 The above matrix for bone therefore 
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deviates sharply fro~that previously put forward.There is.here 

no mention of the d12and c1~13 terms 1 and he reports in addition 

the finding of d3l ' d32 ' and d33 as non-zero.The logical 

conclusion woul! be that for these new bone specimens the 

collagen fibres were all accurately parallel to the bone long 

directionoOur own results do not support this, and it has 

already been remarked that one would only expect to obtaim 

coefficients belonging to the matrix B for wery large bone specimens 

whe1'8 the 'oblique' effects might cancel each other. 

In a.recent paper entitled 'Piezoelectricity in 
q. 

Polymers and Biological 11a t erials 1 ,( unpul)lished) Fukada 

describes the piezQzloctric effect in wood, ccllulose~ bone, 

tendon, and the polymer poly- -methyl L-glutamate.ln 

comruol1JGing upon the present author IS work( then in the very 

initial stage), he states that :-

'The polarization corresponding to the piezoelectric 

moduli which are zero in the matrix Bare somo-'Gimes observed and 

arises a question for the applicability of the matrix.On~ reason 

for this contradiction vfould be the non-·uniformity of the 

structure in bone and tendon~IIt is subsequently statet that 

an a110\'/ance 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, proportional to the spatial stress gradJ~nto 

rIc can only surmise that Ful<ada considers the agreement between 

tho tl"E'.n::vi'ormcd tendon collagen coefficients ane1 the experi· .. -

mental results not sufficiently good for one to conclude that 

the piezoe1eotric -properties of the bone collagen produce 

those of boneo~7e have already commented on this in 5.8, 

indicating that it is not definite whether the ·coefficients 

for tendon collagen apply to bone collagen.We consider that the 

proposed stress gradient term in the normal piezoelectric 

equation will be negligible at the frequency of 1kHz, which is 

the operating frequency from, which the present results deriv:e. 

We commented in the introeluctory chapJGer, on Dainora IS 

work and results for bone specimens that been heated in an 

o oven at 105 GoHe states that:-

1 Vrnen the piezoelectric specimenlwa~ loaded parallel to 

the long direction of the bone, a negative charge appeared on the 

ou·ter surface o:f the compactC?.This is in agreement with what 

vIas found by Fukada. I Subsequently he gives tho values found 

for thi·s piezoelectric modulus and states that these are the 

values of the d
l4 

coefficientoReference to 5.8 shows that 

to determine such a coefficient a value must be assumed for 

the angle of obliqueness.This is not given, 

1'10 



Chapter Six 

Evaporation Measurements 

60 1 Experimentation and Results. 

I 
I 
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These mcasurememts vrere -carried out on four fully Viet 

beef femoral specimens of different shapes and sizes.These are 

labelled 'Small Specimens 1,2,3.' and Large Specimen Ho.l • 

The latter specimen had been previously used for piezoelectric 

measurements at neutral pHs .The dimensions of the first two 

small specimens were, in cms, .75x.5xo2 , and 1.Oxl.Ox.8 

respect i vely. The third small specimen viaS viedge-shaped, and waS 

used for only one experiment \7hen silica gel waS placed in the 

balance. 

The initial experiments~ consist ed of \veighing the wet 

bone specimens as they evapora-G;-ed into the laboratory atmos-

phere.Subsequently this was modified so that the bone pieces dried 

by evaporation into an atmosphere of constant humidity.Three 

values of relative htunidity were chosen.These were lO%(ZnC12), 

20~(CH3COOK), and 32%(CaCI2).The satu~ated salt solutions were 

placod within the balance and the doors closod.Tho mirror 

balance used V/llS capable of weighing up to 500mg to the nearest 

{mg without the addition of pan w,~ights.Ht1nce continous 

moni tOl"ing of the mass of a piece of bone wa!? obtained as it 

111 
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dried ouJ(j & The resultant ':Mass-time I curves are thus accurate 

reprosentations of dynamic behaviour.'rhe gl"aphic results are 

presented in Figs. 6 0 1 to 6~8 .Figs. 6.1 to 6.4 relate to 

'Smaller SPCJ No.2' in order of" experimentc.tion, Figs 6.5 and 6.6 

similarly for Large Sp. Nol , Fig. 6.1 shows the three curves 

obtained for Smaller Sp. NOol , and Fig. 6.8 is the single result 

for the fourth specimen. On Fig. 6.2 \;rhich is the second result 

obtained for that specimen, is superimposed Fig. 6.l,,(the first 

result for that specimen) so that the two main points of 

discontinuity coincide.All the dry weights were determined in 

j.dentical ways in the presence of silica gel and P2 05 • 

It is clear from these evapo~catiol1 g-raphs that many of 

the curves show a pronounced discorrtilruity.For evaporation into. 

the laboratory e.tmosphere this takes the form of a sudden short-._ 

lived increase in the evaporation rate followed by a return to 

the pre-dis6ontinuity rate.This behaviour is shown in Figs. 6.1 , 

6.2 ,- 6.4 , and 6.5 oFor tho controlled humidity experiments 

only evaporation into· the 32% R.ll atmosphere shows a 

discontinuity, and under these conditions this appears as a. 

slovd.ng up of the evapor<?tion rate followod by a gradual return 

to that existing before the changeoThis is seen in Figs. 606 and 

6.1 oSome of the curves also indicate thc prescnce of an 

earlier discontinuity, although much less pronounced than that 

11 
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following~This is seen in Figso 60 1, 60 2, 6.4, and 6 0 70 We 

1 1 1 J h'} 1 s t D' J" t d th 1 t a)C Ii lS clange lsconlilnUl Y ,an e a e1' more 

defini te one, 2
nd Discon-tinui ty. It can be seen from the graphs 

that hydl"'ation of the bom specimens YlaS not confined to 

distilled vlater, but that buffer solutions of pH 5.0 and pH 

6.88 were used as veIl as Ethyl Alcohol and Ringer's Solution. 

(The buffer solutions were of 01 ionic concentration).The 

alcohol vias employed in order to show that the second 

discontinuity is specifically dependent upon the presence of 

\7ater in the vletting solution, rather than any polar liquid. 

The results are now given for the three quantities, 

Max H20 absorbed, 1st Disc. ,(where observable), and the 

2nd or Main Disc. , in units of mgH20 /gm bone • 

Fig. 6.1 (First Result for Smaller Sp. No.2) 

Max. H
2

0 absorbed = 50.5 

First Disc. 44.0 

Sacond Disc. = 37.2 

Fig~ 6.2(Second Result for Smaller Sp. N002) 

Max. H20 absorbed ~ 60.0 

First Disc. = 48~0 
Second Disc. = 36.2 
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For these results the dry weight of Smaller Sp. No2 :: 1.050 gm: 

Fig. 6.4 (in order of experimentation, Sm. Sp. N002 ) 

Max. H20 absorbed = 117 

buffer • Second Disc. :: 93.5 

Ringer's Solution Maxo H~O absorbed ~ 115 

G; strength) Second Disc. = 9105 

Distilled 

VlO:Gcr 
Max. H20 absorbed = 117 

Second Disc. - 90.5 

Fig. 6.5 (First re~ult for L.Sp. No.1 ) 

Ringer's 
Max. H20 absorbed = 61 

Second Disc. 
SolIn 

Fig. 6.6 ( Distilled water) 

For Fig. 6.4-

Dry wt ;: 
.985 gm 

Maxo H
2

0 absorbed = 69 
Dry wt - 1" 635 g1n-

Second Disc. = 50.5 

For Fig~604 the mass of Sm. Sp. No.2 has fc.1J.en by 602% due 
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to the acetate buffer. For Fig. 6.6 the mass of L.Sp. No.1 

has decreased by 1.87~~ due its immorsion in distilled 

t12J; er" al)proxima tely pH5. 0 • 

Fig. 6.7 ( Smaller Spo NOol) 

Max. H20 absorbed = 61 

First Disc. (32% R.R) =49 

Second Disc. (32% R.R) ~ 35.5 

The dry '.'~-eieht of this specimen =: 00134 gIll 

Considering that the balance was capable of measurements 

to the nearGst -'~ mg, and that the above figures depend upon 

two iu().epoi1dent readings, the maximum possible error associated 

vfith the above :fits"ures is 1 mgoYle note that Berondsen remarks 

that tendon dried above P205 at room temperature still contains 

a few per cent water.It is thus possible that this is so for 

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

praced.ure so that this carr'cotion Vlould apply equally to all 

0:[ them.If the figures of 6.1, 6.2, 605 and 6.7 ,:; are linked 

together, because they represent specimens which have been 

kept at neutral pHs before the measurements were taken, we have 

the following r0sults. 
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L1aximum H2 O absorbed 60.7 
.,. 

.7 H2O/gm bone - rag 

Fit'st Disc. 4700 ';-
- 1~5 mg H2O/gm bone 

Second Disco 36,,5 + Oe5 li2O/e11 bone :: mg 

(The valut; of 50.5 mg H
2

0/gm bone of Illig. 6.1 has beon 

discarded because this measurement was the first to be carried' 

out, 'when the surface of the bone piece was dried Vii th 

absorbing paper, rather than with a non-absorbing cloth as for 

later results 0) l.'he above figu.res therefore x'elate to fresh . 

bone o 

1lligs. 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. 604 the effect derives from'a pH 5.0 acetate 

buffer solution, wl~ereas the mass decrease of Fig. 60 6 is due 

to distilled \7ater.AS expected the % masS decrease resulting 

from the once.used acetate solution is much greater than that 

from the distilled water.If the results of Fig.6.4 are 

averaged and linked with those of Fig. 6.6, we m3.Y present all 

the results as, 'in the same tinits as before. 

A) Fresh Bone 

Maxo H2O absorbed 60.7 + 07 = 

First Disc. 47.0 {" 1.5, = 
Second Disc. 36t5 

.~. 

.5 = ... 
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B) 'Trea':;ed Bone' (1~87% mass lOss) 

Hax. 
-I. = 69.0 - 100 

Second Disc. = 50 e 5 <!: 1.0 

c) 'Treated Bone' (6.2% mass lOss) 

11ax. H20 absorbed 116.3 ~ .1 = 
Second Disc. 91.8 "9- .8 :: 

31 
Hydroxyapatite has been reported to have' a primary 

sorption of 17.6 rug H
2

0/@n apatite.If we assume that bone is 

65% apatite and 357~ collagen by weight, and that the evaporation 

occurring in the observed dohydration range is a protein 

re8,ction, then the above figures may be converted to mg H20 

per gm collagen. For fresh bone these are 

First Disc. 

Second Disco 

~ .2 gm H
2

0/100gm 
collagen. 

+ = 10.2 - .4 gm H2 0/lOOgm collagen 

r_ 7.2 ! .1 gm H
2
0/ lOOgm collagen 

It has been remarked in Chaptel" 'l'hree that Rougvie and 

Bear conclud.ed that hydration of collagen first of all 

occurs in the band OJ~ A band region.He quotes the figure of 

approximately 7 em H
2

0 /lOOgm collagen e,S the amount necessary 

to hydrate thi8 fibril region.We therefore conclude that 

i~5 
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the main or second discontinuity observed in the eVal)Oration 

experiments corresponds to the simultaneous Gm~tying of all B 

bands of ~ater, and the initiation of bulk evaporation from 

the A bands~ 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 inevita;ble at the start of the 

eVaporation, we consider that the first discontinuity marks the 

end of free '!.ya tel" evapol"'ation and the commencement of evaporati"on 

from the B band_s 0 Therefore the maximum hydration of the bone 

collagen fibres amounts to approximately lagro H20/lOOem collagen. 

Thus, if as Roug-vie and.Bear suggest,the initial,polar, 

hydration of the B bands of the bone collagen fibrils amounts 

to near 6gm H20 /lOOgm collagen, (this figure being necessary 

to complete the 'primary layert water,) the bone collagen B 

bands contain half their normal 'primary layer' water(using 

the B.E.P equation terminology).ThsJ. ... efore, since the '7atel." 

chains proposed by Berendson can only begin to exist after 

the hydration point of near I 3 gIll. H20 /lOOgm collagen has been 

passed, there is no question of their occurence in hydrated 

bone.This is to be expected since their exis"lience domands 

considerable sVlolling of the collagen fibres, which the 

resultant higher elasticity of the bone ten<is to prevent. 

If the results for pure collagen accurately apply for the 



bone collag8n, then it \loulel appoar from the maximum bone 

collagen hyd.ra"tion figure that even sorption ·of tho last 3gm H
2

0 

per 100g111 collagen of the bound B band water is accompanied by 

some lateral swelling. 

It is evident from the rosults of the 'treated' bone 

specimens that compared to fresh bone more vlater per gm bone is --. 

absorbed.If the results of Fig. 6.4, representing a 6.2% mass 

loss, are compared to the e~uivalent fiBures for fresh bone, 

it is observed that the total amount of uater absorbed per 

... ( gr"am of bone has increased by 55.6 .5 mgms, an increase of 

nearly 100~o), and that the mass of absol"bed vlaterlper gram of 

bone corresponding to the sacond or main discontinuity has 

similarly increased . .' by the amount 55.3 = .3 memsoThese 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 ria t er1per gram of bone 

remaining constant.Similar examination of the results of :B'ig.6.6, 

representing a 1.87% mass loss due to immersion in distilled 

vlater, shows that viheree~s the second discontinuity has increased 

by 14 mgm H20/gill bone ., the total amount of absorbed water/gill 

bOlle has only increased by 8.3 mgrns.These figures inclicate 



./ 

that increased a~sorption into the A band is partially at· 

tho expense of B band and free water.It would therefore appear 

that the chomical actions of the acetate buffer and "(;he disJGilled 

water on bone are different; unless the above results are 

obtained for an acetate-produced 1.87% mass loss. . 

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 bono 

constituents to possess the Same absorbing. properties as those 

of fresh bone, since this leads to the treated bone containing 

more· than 100% collagen by weight 1 f].'hore ViaS visual evidence 

of protein fibres being dissolved out in solution, so that the 

protein content is li~;.:ely to be lO\7ered relative to the ap2Jiitc 

content, especially as hydroxyapatite is generally insoluble 

in mild acids.It therefore seems likely that the greater part 

of the mass loss derives from the loss of protein. 

It is difficult theoretically to decide exactly where 

the aceJcic acid attacks the collagen.However, since the!increased 

bone hydration per BTaffi of bone equals the increased A band 

hydration pel." gram of bone and the ,.,eights 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 rolative 
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amount of collagen in the A bands. Whether this is achieved 

by clirectly dissolving out A or B bands appears as yet to be 

unknovm., Vii th positive staining liquids the observed interband 

region was referred to as the crystalline region wher() the stain 

could not penetrate; so that one might expect the 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 \,.'he:re the macJ.'omolecules bind tqgether 

with strong, primarily electrostatic, lateral forces; and the B 

band is the area in which the macromolec1J.les are essentially 

laterally free.On this basis it seems reasonable to conclude 

that the B band molecules would be chemically attacked first, 

so that in the 6401 period of native fibrils the A band vould 

be increased c.t the expense of the J3 band, rle· therefore 

tentatively conclude that the acetic acid and the distilled water 

primarily dissolve out the B band protein fibrils, and those 
o 

remaining in these regions consequently adjust themselves in 

position,with the effect th~t considerablo lateral bonding 

occurs. 

6 ct 2 A Mathematical Approach to Bone Evapora·~ion 

The flo~ of fluid under pressure from a given enclosure 

-
depends upon the ol'ifice size r ,and the mean free' path length A 

of the particles insidooThe term trarefied' refers to conditions 
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-17hereA ~ r , and is explained_ by kinetio theol"y.For r »~ , 
the fluid flow is described by hydrodynamical equations. Ylhen 

the orifice size is of the same order as the mean free path 

length both kinetic 2.nd hydrodynamical thoories arc needed 

to explain the dependence of the flovi rate upon the. pressure 

- -5 
difference across the orificeeAt S.ToPA~ 10 cms,:: eY-'--

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

as effective evaporation sites arc diverse9However the majority 

of the ~ater channels arc parallel to the bone long direction, 

so that evapo~atiorfrimarilY proceeds in this direction.The 

dianeter of the approximately cylindrical pores is estimated to be 

in the reeion of ~tqL, \vhereas the lengths of many POl'8S may 

extend to mms or more.Hence both kinetic and hydrodyn2.mical 

equations are needed to account for the escape of ,vater vapour 

fl"om the hydrated bone.In order to Siml)lify the problem ~7e will 

assume that the kinetic does not deviate too sharply from: the 

true representation. We v:ill define the following qu['.nti ties, 

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 bone surface in 

excess of those y{hich Y/ould be present in a vapour at pressul"e 

p. 
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L s = Illean residence time of a molecule on -the bone substrate, 

and is given by"Y _. 'Y exp(E /krll) 1 rrhore1:' is the correlation Ls - ~o a 0 

-12 time( 10 secs) for motions that lead tQ the breaking of the 

particular pro"'Gein-H20 bond, and Ea is the binding energy , or 

activation energy that is necessary to break the bqnd. 

The evaporation process is described by the follovling equation, 

dn 

dt 
+ J == -nits .:~ 

J.._ 
For a perfect gas J (1 / (2TTmkT) ) 2 , where m is the maSS of a 

water molecule.If p' average instantaneous water vapour pressure 

inside ·the bone, and p' I is that outside; and T1 is the temper-

ature of the vapour above the bono surface, VIe have 

dn 

dt 
- nit's 

J,.. 
_:- p I / ( 2iTmkT t ) 2 

For evaporation through a simple orifice of axe a A 

d.n 1-

-- = (~' f2 (,(PI - pit) A) 
dt -- .~. 

( cJ.Tf ) -!k-m 

2 
where~ = vapour density at 1 dyne/em 
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is termed the resistance to flow; so thaJIi for any 

opening we have 

an (p I _ pi') 

dt -------~----

roW 

For cylindrical pores of average length L and radius R 

Hence if the orifice is the rate limiting factor 

dn 
oi" P t 

---==-1. 

(2TTmkT' ) 2 
dt 

Eliminating p' , we obtain 

dn 

dt 

..!.. 
(0111) 2 

G'fIto:~.......,.~" .1 

\'1-:- (2]1)2" ( _ n~s 

m W 

.:!--
Since VI is much greatt~!' than (21T)2 , this becomes 



-.!,. 

( dn (211) 2 
pI' 

n/l.s -} 

dt VI 
-~~ ......... ~ ...... 1 

(21TmkT'r2 

The decrease of n with time is therefore given by 

n = N exp ( 
o 

VI s 

,I 

Examination of the rate 6£ evaporation of B baHtl water in 

lj1iGSo 6.2 and 6.5., with the above equation leads to the average 

ra(li~s of the cylindrical pores being 3 microns. ','fe have taken 

't to be about 10-5 seconds, in accorclallc8 Ylith ]erondson's 
s 

remarks.Clearly this can only be anapproximate value since 

its calculation is based on one perfectly cylindrical pore of 

length lcm oHowcver this value for the average pore radius is . 

accoptableoAlthough a statistical examination of the bone pore 

sizes has not been carried out , exami~ation of 'several bone 

pieces with the light microscope shorrod many:' pores of this order. 

We therefol'e conclude that the above exponential relationship 

accounts for the bound' 'water oveporaiiion if E'. value of 10-5s8cs 

is given to't • s 

lJatul"ally the squations derived above a:i.. .. e not capable of 

interpreting the ob3erved main cliscontinui ty, since they describe 
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equilibrium processes. This equally applies if ono assumos 

that the resultant evaporation derives from two regions of 

different activa-'Gion energies. The nature of the discontinuity 

in Figso 6~1, 602, 6.4, and 6~5 indicates that a definite 

amount of heat is suddenly given up by the bone specimen in order 

to overcome the increased binding force of the water molecules, 

whereas for evaporation into the 32% R.H atmosphere, the process 

of transferring the evaporation into the A bands appears more slow. 

It may be possible to associate these with adiabatic and isothermal 

reactions.That the main discontinuity does not occur lilian the 

pe.rtial vapoul' preSGUl'O is very lorr, rrhether duo to silica gel 

or the 10% R.H atmosphere, indicates that A band evapor~tion 

starts before the losing of all the B band water. 

6 0 3 A Short Account of the Brunaer,Emmett,and Teller Equation 

Only a brief sUlmnary of the applicatj.ons and theore'tical 

limitations of thi~equation will be presented here. For a detailled 

account the reader is referred to 'Ghe recent book by S.J. Gregg ;. 

34-
and K.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 
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adsorb the gas.'J:his results from -the attractivo forces that 

exist at the surface of the adsorbent.The nature of the forces 

gives rise to two types of sorption~ namely physical and Van der 

Waals sorption1 and chemisorption. Physical adsorption is used to 

evaluate the total surface area of a solid, which for a particular 

adsorbate is the total area accessible to its molecules, 

including accGssi ble internal pore areas; whereas chemisorption; 

is often used to assess that part of a surface which possesses . 

some particular property.It is often stated that in chemisorption 

a transfer of electrons bet~oen the adsorbed molecule end the solid 

occurs, so that in effect a .chemical compound is formed, although 

this is confined to a single layer of molecules on the surface 

of the solid. o Thus v2.lency forc(:s are involved in this tj1"pe of 

cHlsorption, as ol)posed to r>hysical adsorption in \";hich they are 

not. 

The amount adsorbed per gram of solid depends upon the 

equilibrium pressure p, the teml)erature T, 2.nd on the particular 

gas and solid.If the gas is a vapOul", that~is if it is 1)olow its 

critica.l tsmperature, then the adsorption in grams of adso:r.bate 

per Gram of adsorbent x , rray be Yrri tten 

rThere p is the s2.turation vapour pj_'ossure of the adsorbate. 
a 
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This relation describes an 'adsorption isotherm', since it relates 

the amount adsorbed to the pressuro~For physical adsorption 

there are five types of adsorption isotherms according to 
53 

Brunaer, Denning, Deming, and TclleroWe are interested in Type 2 

isotherms, the general shape of which is shown belQw. 

This is because the adsorption isotherm of collagen possesses 

this general shape Y/hich the Bo BoT equation is capable of 

explaining. Point B is interpreted as representing as 

representing the completion of the monolayer of adsorbed molecules, 

so that subseCluent adsorption ~.s the stacking of more gas 

molecules on top of this primary layeJ."oThe diagram below 

shows the solid adsorbing surface and the various layers of 

adsorbed gas or vapour molecules, for a particular gas pressure, 

according to the :B. B.T assump"Gions. 

13&1 
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Fourth layer 

g- Third layer 

'g-~ Second layer 0=, ~ ___ First layer 

Solid Surface 

It is considered that dynamic equilibrium exists in each layer 

so that the number of molecules eVaporating from a given layer 

equals the number condensing per second on the layer immediately 

below it. Point B in the isothe:cm shoY[n exists because molecules 

in the first or monolayer have a much longer lifetime in this 

layer th2.l1 those in higher layersoln other words the binding forco 

is much §>,'X'oater for the monolayer molocules so that the probability 

of evaporation due to thermal forces is considerably lower 

than for higher layer molecules. 

The assumptions on which the equation is derived are two-

fold.Pirstly, that the adsorbil1~ surface is energetically 

homogeneous, so that all adsorp-Gion sites are equivalent. 

Secondly that thorizontal interactions' be~woen neighbouring 

molecules ar(~ negligiblo"It is well recognised that the second 

assumption must be false considering how close the adsorbed 

molecules 'Will be in the higher layers • Horlever, despite these 

i3l 
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discrepancies, the J3.E.T equation has had remarkable success· 

in exple..ining various isotherms of gases adsorbed on to solids. 

So much so that Gregg and Sing remark:... t r-t is perhaps the very 

breadth of its scope which has led -to a somevlhat uncri-tieal.. 

E:.1?plication of the rnethodtg,s a kind_ of infallible yardstick, and 

to a lack of appreciation of the nature of its basic assumptions 

or of the circumste.nces under which it may, or may not,. be expected 

to yield a reliable resulto' This seems to have occurred, iri our 

opinion, vthen descri1)ing the adsorption isotherm of collagen. 

To talk of' adsorbed vater that is primary layered on collagen, 

in terms of the ]3.:8o rr assumptions, seems mislee..ding since this 

implies that the water y,rhich is absorbed above the 13 gm H2 0 / 

lOOgm collagen 1 evel is l)hysice..lly stacked c.bove the 'monolayer I 

molecules, and this does not occur , in any real sense, until 

the 40gm H
2
0/ lOOem collagen hyd.ration point is reached. Ylhereas 

the knee in the 'rype 2 isotherm is interpreted by the B.E.T 

equation as due to a gTeatly increased binding force for the 

monolayer molecules in the 'vertical direction, the knee in the 

collagen isotherm indicates that the water molecules bound in the 

A band are more strongly bound than those which form ill.lGO. water 

chainsoThis concurs with the water chains being formed by the 

weaker hydrogen bonds, as suggested by Barendsen. 
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Chapter Seven 

Part One 'l'he Elec-I;rical Properties of Wet Bone. 

7.11 Determination of the Piezoe1cctrical Properties of Wet 

Beef Done. 

The experinents en the elec.,irica1 properties of wet 

Achi1los tendon cOllagen led us to investigate the effect of pH 

on the electrical signal resulting from the stressing of wet 

bane. This was dOlle by measuring the piezoelectrio coefficients 

in the direct effect at 1kHz , as the specimens slowly dried out 

in the apparatus, for values of pH in the range 4~0 to 9015. 

The Same buffer solutions were used as for the electrophoretic 

measurements , except that dilute brine served as the basis. of 

the pH 5.0 solution.It has already been remarked in 5.3 that 

these measurements were carried out on the two large specimens 

labelled No.1 and No,2 .The preparation of these specimens has 

been described in 5063 • Since the original femur was obtained 

from a butcher on arrival frao the abattoir, the measurements 

Tile.y be said to h.ave been earrie(t Gut on fresh untreated bone. 

In the early experiments, the larger bone specimen, No.1 was 

used only for pH values close to neutrali.J/jy.This was in order 
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that the solutions should have the least chemical effect OQ 

this piece, so that a comparison could be made with the s()cond 

specimen, which by this time had suffered milclly acidic and 

basic solutions for short intermittent periods of time (usuallY 

of tho order of five days).In the early experimcnt~ the 

piezoelectric output voltage e
L 

and the wet bone D.C resistance 

RWb were concu1"rently measured :;.nc1 plotted against time as the 

speCir:1CllS· tlried out in the apparatus .For the later measure-

men~tjs the d.ellydration tiElc Tlas ignored, [l,nd e
L 

plotted against 

Rub. This was done because as may be seen frOLl 7.12, cL is 

expected to be proportional to R b for tha wet specilnens, and 
VI 

the lutter quantity could be more accurately determined as a 

function of \78..ter content in a single experiment using' the 

valve voltmeter.In the initial experimonts the bone specimens 

were dried with silica gel before immersion into the buffer 

solution, whereas in the later measurements they were completely 

clehydrat(!(l under vacuum, so thaJG the bone pores should not 

retain liquid at t,h.e pH of the previous measure~1ent .This dryine 

procedure was avoided initially as it was thought that it migh~ 

damagczunnocessarily/the bone specimens.In all experimE:nts 

surface water was removed by wiping. Thus any aependence upon 

pHof the wet bone lpiezoelectric t signal should be best 

exhibited for the later moasuremcntso In the initial 

il~O 



cxperim0ntatioll all tho oooffioi~nt:J Viera nCD.sured, whereas for 

• the later measureocnta attention vas concentrated on tho d33 
coefficient.Each coefficient value at n given pH, for both sets 

of mosuroments, is typical of approximately fiv~ l"'oBults.The main 

orror in these figures derivc3 from the measured resistance.It is 

renarked in the next section that the re3istanco valueo are 

accurate to approximately 5% , so that tllis i8 the order of tho 
, , 

orror in tho vuluOG of d.In order to evoid duplication of graphic 

and tabular information we have selected 13 graphs which are 

ropres011tn.tiva of the first :Jet of r!~asuremOltta .Theso arc shown 

in Figs.1.l to 7.13 • TabloB 7.1 and 7.2 show hew the dij vary 

1'/i th RWb as tho specinons dry out, for the t\'/O ae-'li8 of moaGure-

[lonts. 

7012 Expression of the Wet Bone Output Sign~ln in torms of the 

Piezoelectric Coofficienta. 

For the majority of the measurements the lowest D.C 

resistance, representing the moasurement made immediately upon 

incrtion of the bone into the apparatus, was in the range 10 -30K 

ohmn, so that the ca.pacitativo loading of the amplifier and 

lcndo (vlhich is of tho order of 106 ohms o.t 1kHz) is muchgrea ter 

i~1 
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5.5 -'tihat if , 

d
Wb 

= the piezoelectric coefficient of wet bono, in a 

given sto.to of hydration. 

~'b = The D.C rosistance of the wot specimen. 

(elL) 'fIb 

If this is 

\70 obtain 

d 
Vlb 

= ( : d 
Q 

wb 

compared to 

(oL)PZ = 

F ) jYl Rub Eq. 7.1 

the PZT5 output signal 

dpZ F 

CpZ 

( eL)wb 
-......:.sq;z .. ~ ... ~ 

(oL.)PZ 

If" tho value of XPZ at 1kHz 10 inserted in the abovo equation 

we obtain the relationship 

(1 
wb 

c 200K 
• (eL\vb 

~-

(eL)PZ 

This is the expression used to determine the value of d b for w 

the wet bone specimens.Tho validity of this cquution depends 

on R «X , und R «R (the input resistance of the 
wb c 'wb wb ;.-TA :B_ 



! 

tuned anplifior).Sinse both XC'wb undo RTA are of the order of 106 

ohms at 1kHz, it is evident that the above relation holds for the 

larger part of the observed dehydration rango.Assuming that the 

water behaves like a pure resistance 1':hich shunts the bone signa.l 

generator, Vie expect tho bone output signal (cL)wb to be proportional 

to R b' thus keeping d wb constant. If the ratio of the output 
Vi 

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

then we expect d b to be constant if V.R is constant.Hence R b ' w w 

V.R, and d are tabulated in Tablos 1 and 2.It proved (lifficult ito 

datorrlille the signs of the wet coefficients since they appeared 

to chaJ3ge \7ith loss of nater.Col1sequen"t1y only the modulus 

appears in tabulated form. 

7.13 Obsorvations 0'l1 the VJ6u"Piozoelectric Results 

Comparing' th9'va1ucs for we-t bone with the f d' coefficients 

for dry bone it is immediately apparent that the wet values arc 

all larger than their dry equivalents. The grea:host difference 
t t 

between the wet "and dry d. 01 
J.J C 

occurs for th~ d
3jk 

oocfficicnts, 

and especially for d
311 

0 Whereas for the dry bOllO specimens d 31c1 
-8 . 

is neQr te O.3xlO cog.a, for wet boOno :l.t takes tho value of: ~ 

30xlO-8 c.g.a, the actual value depending upon the otato"of 

hydration of the bone.Hence, since for the dry bono pie cos the 

largest coefficient is d~ll ' and the wet pieces d t

311 ' the 
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Fig. 7.2 
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the grol1p symmetry of wet bone \"{Quld appear to be different 

Tram thut of the dehydrated speoimens. 

Considering the figuroo presented in {,(labIa 1 , it is 

evident that the observed dehydration noticeably reduces the 

values of the d'3jk coefficients,while to a first a.pproximation 

the other coefficients appear largely independent of th.e obsorved 

change in water content.However for these latter coefficients it 

is difficult to be precise, since contrary to the d
3jk 

coefficients 

the numerical changos ~re sffiQl.ll compa.red to the quantities 

ilNolved; and are of· the sane order as the goneral spre~d of 

tho results.Thus, of the throe results given in Table 1 for d'122 

that at pH 5.0 appears independent of water content, that at 

pH 6.88 Yfould seom 'ho rise slightly with initial dehydration, 

;1.nd "I;hnt at pH 4.00 appearo inclcpendel1t· of the dehydration if 

one ignores the first tabulated result"Likewlse, of the two 

results for di33 presented in Table 1, onD appears to be 

ind.ependont of the water conten~Y/hile tho other shows :i1,.n initial 

decrease. Thus in oonclusion, it is impossible to say whether the 

d
1jk 

and d
2jk 

cocffi~ients show a definite dependenc~ upon the 

observed change in water content .Howevor, Wh.3:t may be s-'liutod 

151-

is that "Ghe d
3jk 

coefficients show a definite, and by far the greatest, 

dependence upon the initial observed dehydration frOLl the fully 



i5"8 
/ 

.T<'4,ble One 

no~l I1H6;.88, No.1 pH6.88 

.. ------
RV/b V.R d l

111 RWb V.R d' 122 
_~:u._~~~.~v. .. ""'" 

35K • 84xl0-4 
o 54xl0-8 25K 8.3:;::10 -4 -8 

5~4x10 

50K 084 .31 35K 11a4 5.3 

57K lQO .39 40K 16·7 6~1 

75K 1.1 .33 55K 2202 6.52 

102K 1~5 .34 66K 2606 6.52 

150K 19B 0 27 70K 32.2 7.42 

1IOK 57.0 7.30 

l50K 71.5 1.50 

No.2 1)H5.0 l~o.l pH6.88 
.."..-.-&.-_-

RWb V.R d' R V.R d' 133 12a wb 

12K lo0xlO-4 1.87x1O -8 23K 602:<10-4 20 68xIO-8 

15K 103 2 0 00 30K 8.0 2066 

17K lQ6 2 0 20 43K 5.7 1933 

21K 2.0 2.14 50K 6.7 1032 

25K 203 2.10 60K 8.3 1031 

27K 2.1 2.25 86K 12.5 1043 

32X 2.9 2.06 122K 16 e l 1.31 

150K 20.8 1037 
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Table One (cont) 

Ho~l pH6 088 No.1 :pH6.88 
~e-: ....... ,.. ___ -_ 

R\7b V~R d l

133 R\7b V.R d'211 

-- --
27K 466xlO-4 8 -8 35K 10.Oxl0:":4 8., 85xlO-8 

Ie) lxlO 

50K 8.3 1080 45K 13.3 9015 

90K 15.0 loBo 52K 15.0 8.90-

l17K 20 0 0 1 0 84 BOK 16.6 6.45 

152K 28.6 20 00 88K 19.2 6.16 

190K 3500 2000 98K 21.8 6.88 

240K 43·5 1.95 105K 22,1 1.,00 

l18K 26.6 7.00 

l25K 29o~ 1·30 
Ho.1 pH9015 

136K 3'0.8 1.00 

RWb V.R . d,' 311 l46K 34.4 7.30 

48K l6x10-4 16.8x10-8 l54K 36.0 7.21 

54K 1900 17.2 110K 39.0 1.10 

66K 23.2 1'7.1 l80K 41.0 7.10 

83K 26.4 16.1 200K 45.8 7.10 

lOOK 30.6 15.5 230K 51.2 6.90 

127K 35 0 8 14.3 270K 5'1,,0 6.65 

162K 43.0 13.4 

178K 41.0 13.2 
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Table One (cant) 

No.1 pH4.00 r-ro.l pH5.0 (lIaCl) 

_._----
R wb V.R d'122 R 

Ylb 
V.R d l

311 
---'. ~ ... ~.~....---...-
21K 5.0x10-4 3.84xlO -8 1005K 8 -4 7. xlO 37.7xlO -8 

28K 5·7 3.28 12 .. 5K 8.8 35.4 

40K 8.6 3.50 I4.7K 9~8 33.8 
, 

48K 10.0 3.50 18.0K 11.4 32~1 

58K 1200 3.38 25 .. 0K 14.3 ,29.0 

65K 13.2 3.28 31.0K 16.6 27.2 

78K 15.7 3.25 42.0K 20.6 24.8 

88K 17.5 3.21 54.,OK 24.4 23.1 

lo8K 20.0 3.20 68 .. 0K 28.6 21.2 

l20K 23.0 3G20 81()OK 32.0 18.5 

132K 24.8 3.18 Ho .. l pH6.88 

141K 26.0 3.00 
RV/b VoR d' 31I 155K 27.6 2.88 

28K 16.6xlO-4 -8 30"OxlO 

60K 33.2 28.0 

90K 50.0 28.0 

llOK 56.0 2508 

135K 59·5 2203 

155K 6605 21.8 

170K 71.5 21.2 

210K 80.,0 19.3 
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Table One (cont) 

No.1 pH6.88 noo1 pH6 0 88 
__ D'~~~~~~~ ... -~~-
R 

"i1b 
V.R d311 RV/b V.R (1

322 
--.s¥;"_.Q.I'-~"" 

----.~~ r ...... ~_~ 

42K 20.:<:10-4 24:z:10 -8 25K 8.32.:<:10-4 
11~2xlO 

60K 26.7 22.5 32K 12.5 13.1 

65K 3501 27.3 55K 18.9 11.5 

95K 50.0 26 0 6 72K 21.8 10.3 

120K 59.0 24.8 112K 31.2 9.4 

150K 66.6 22.4 140K 41.6 10.0 

176K 71.4 20 0 5 170K 50.0 9~9 

215K 80.0 18 G 8 225K 60.6 903 

250K 89.3 18 0 1 290K 66.6 7.1 

ITo.1 pH6.88 no.1 pH6.88 
... ......,.~ ---- • = 

~~~...., 
,...LG'~ __ ~_ 

R V.R d222 
R V.R d233 wb wb 

~~~--.. --.. .... .....-. • Jt _QI.II ... a 
-~ .... ~.....--..------... -

40K 2e1xlO -4 1.,20xlO -8 30K 2x10-4 lxlO-8 

50K 2.24 1.11 38K 2.50 .98 

75K 3.62 1.12 47K 3000 .96 

lOOK 5.00 1,,12 50K 3032 1.00 

150K 7.50 1.,13 65K 4.32 1.01 

200K 10.2 1.12 14K 5.00 1.02 

ib1 

... 8 
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wet state.This is consistent with the result that these wet 

coefficients show the la.rgost deviations in magnitude from the 

dry values and are therefore expected to be more dependent 

011 Vla'ter content. It may be seen that for some of the Table 1 

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

dfo ok bafor it assunes a definite variation with evaporation; 
l.J 

whereas others indicate that the very initial values" "of dijk 

are discontinously larger than those immediately follorring. 

If 'we cxauine this in detail inorc1..o1' of tabulation, VIe observe:-

The first roaul-t of dill is greater than the rest which are 

lareely constant. 

Tho first two figures for one of tho d'133 readings are 

approximately twice those folloVing. 

The first three values of d211 are about 1.28 times "greater 

than tho rest. 

The fig-ures of d311 at pH9.l5 show there is an initial rise 

in its value before it COIfu'nel1C03 to fall, eo that the greatest 

value for these readines does not occur under the wettast stat~. 

The next two results for pH 5.0 and pH 6.88 shew d t

31l . 

cOlriiinou~)ly falling, so that for these two sets the greatest 



I 

value of d311 does coinoido with the wettest oonditions. 

A second set of readings of d~ll at pH 6.88 shows the coefficient 

1st fallil1{l" for -the two results, rising to its highost valuo at the 

t;hir(l result, and subsequently falling for further eva.poratioll. 

Hence for these reading's the gTeateot value of d' 31~ docs not 

occur for the wettest conditions recorded. 

Similarly the d)22results show the second reading to be the greatost 

ill magnitude. 

Henoe in conclusion, it is apparent from those 

Table 1 observations that for the Q3jk coeffioients the ~etteBt 

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

d
3 

Ok -tends to change its variation with dehydration bcfol'O 
J . 

continously falling with further evaporation. 

The dijk and d2jk coefficients do not show this dynaDlic 

behaviour, 8.l1d contrary to ·the d
3

., ooefficients, in many of the 
JlC 

sets of readings, the initial values are statically laree-r than 

the restiahich are predol!iinantly staJGionary during evaporation. 

We may term these two effects transients , since they only 

represent initial phenomena.. 

E:z:~mina.tion of thB rcsulJlis of Table 2 show's that the value 

of d
333 

which corl"i~spona_s to the mos·t hydrated recorded 



./ 

Table Two 

Ho~l pII400 No.2 pH5~O(NaCl) 
__ ,,_._-~""~.~·A;~·~"'''''''''''''.'''''''''4_'''''''''''''1:'O __ __.~~"""IIIC.Q.~ 

R wb V.R d ' 333 R wb VoR d ' 333 
~ __ ~ .. .c.~ .. """, __ ~ ..... ---.... .. ~~ . . . 

36K 24xlO·-4 .... 8 
85K -L1 7 1 ., 0-8 18xlO 21:;;:10 r o ... X.L 

3705K 25~0 18 Q O 90K 31.0 7.3 

38.5K 24.0 16.9 95K 3300 7.7 

40.0K 25.4 17.6 105K 37 .. 0 70B 

After short re--iPlmers io;~ lIOK 40.8 8.3 

19K 8.7 10.2 123K 47,,0 8.6 

21K 8.3 8.9 

2~)K 9.1 8"J. Iro.l pH6.88 

-------.-~..,.-26K 10 0 1 8.5 
R V.R d'333 

'fIb 

31K 11s3 8.1 ... " .., .... ,1; 0:::lIl ___ *t1tC ..... ~ ...... -~ 

28K -Ll -8 
35K 14.0 8.9 6.,7:z10 . 5.3xlO 

40K 17.0 9.3 32K 8.0 5.6 

50K 20.0 809 35K 9.3 6.0 

37K 10.8 6.6 

41K 1300 7.1 

50K 15.3' 6.9 

53K 1700 7~3 

60K 18,,8 7.J. l:~, 

71K 22.0 7.0 
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Table Two (cont) 

No~J. pH9.15 No~l pH9.l5,after 3hours 
.;....~~ ... ,..~-~~~ 
Rnb V.R el t

333 
ro-immarsion following 

---.......-, previous results at pH9015 

55K 20xlO-4 802::-:10-8 
.. ~ ... .:o.~-..~au ... ~m.~-

61K 20()5 1 0 6 R 
vrb 

V.R _ d t 333 

65K 2001 7.2 42K 20x10--4 S -8 10. xl0 

67K 18,,1 6.4 43K 20.7 10.8 

10K 18.2 5·9 43K 2202 11.1 

SOK 2000 5.7 clamping re-check(~d 

90K 22.0 50 6 44K 20.0 10 0 2 

lOOK 24.7 5<16 43K 20,.7 10Q6 

115K 28.0 505 45K 20 0 8 lO~3 

129K 31ClO 504 45K 21.7 10.8 
~"'-''''''''CP.~ 

No e 2 pH5,,0 d t 
. 322 Su:;,:"faces re-wiped dry 

32K 6070xl0-4 -8 407xlO 60K 21e3 8.00 

35K 8.30 5.37 68K 23.0 7.55 

40K 10.0 5.72 75K 26 0 0 7.16 

50K 13.7 6.15 82K 28.3 70 80 

65K 1ge1 6~ 78 _ 95K 33.3 7.80 

71K ~~.O 7025 

SOK 2437 6 0 94 

8SK 2707 7.12 

95K 29o'l 7r.08 
... ~ 6. ~ '"7;-. 

: .... 
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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 to use many more pH solutions several times.It has 

alroa.cly been mcn·tioned tl12.t the sign of the cocffificnt W'.H3 not 

determined, so that tho above refers to the modulu~ of tho 

coefficient.Observation of Table 2 results also shows that at the 

pH values of 5.0 and 6.88 d333 increases with the observed 

dohydration, whereas at pH 9.15 it decreases~At pH 4.0 it also 

decreases, but tho fall is less pronounced than at pH 9.15. 

It is possible to observe pH effects from the figur~s j.n Table 1, 

but as has been mentioned before, the speciBens wore not VaCUUIn-

driedlbet,·;een different pH measurements, so that it is considered 

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

Interpretation of The Wet Bone Results 

We remarked in 7.,12 that d b is oxpected to be constant only 
\1 

if the buffer solution behaves like a pure resistanccj:ll1d shunts 

the bone sienal.We have seen in 7.13 that the d'3jk coefficients 

vary considerably with water cOl:~tent, and that for the Table 1 

rc~ul ts, which. rCl)reson:G measuJ.""ements carried out on pieces 

immediately after -'Gheir excision from the fresh femur, they all .. 

decrease considel"J,bly as the specimens dry out • Thus the very 

i(,b 
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hieh value of the V/ot d,3jk coefficients over the dry equi~alents 

acpends upon the bulk presence of free water ifi tho bone(soe 

Chapter 6) o Considering the nature of the bone, the majority of 

tho pores in vlhich free water may reside will be roughly 

cylindrical in shape, with a net statistical orientation in 

the bone long direction.Coupling this with the observed variation 

of the d~jk coefficients with pH, we conclude that considerable 

1 kHz streaming is occurring in the bone long direction so 
• t 

producinS ;" stronming potentials. 

The interpretation of the other coefficients of Table 1 

is no"t so immediately evident. Vlhat we observe is that these 

coefficients are all larger than the dry equivalents ( (a,s for the 

d
3jk 

coefficients), but nhow lir~-(jle, if any, depen(lel1co upon the 

change in water content that occurs in the obsorved evaporation 

rangeoHoweve~sillce the net orientation of the water channels 

is in the bone long direction, evaporation~ "will largely 

proceed in this direction, and this will be aided by the liquid 

strcaminff.Thus the \vater which is streaming in the b·)ne long 

dirocJGion will evaporate e.t a much faster rate th8.n that which 

is streaming in tho transverse channels.Henco wo conclude that 
0 

streaming also occurs in the transverse directions , but that 

the bulk of the evaporation process takes place in the b0ne 

long direo-'Gion.Thus the picture cll1&re;ing from tke Table 1 

ib1 
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results is that streaming occurs in all directions, but that 

because of its structura,the greatest potentials occur in the 

bone lon~ direction. 

(Wc note at this sto.ae from the T2.blc I e;raphs of d l

133 

that a sudden change appears to take place in (eL)~b and RWb • 

The ta.bulated. form of these results shows the,t. the signal to 

resistanoe ratio is still the same after this change of slope. 

Wo will not treat this in detail hore since the separate 

rosistance ueasuremants on stressed and unstressed bono 

specimens wor~ curried out, and these give more accurate 

information on this phenomenon. This is treated. in the next 

section 7~15). 

The later rosults of Table 2 appear only partially 

consistent with the presence of streaming potontials.The rise 

at pHs 5.0 and 6.88 of d
333 

with the initial dehydratioll 

seems in contracliction with ideas of streaming, although with 

fur·~her eva.poration 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 d
3

., often 
JK 

rises in value befor·e settling daVin to a continous decrease. 

Hence the effect of the' intormi ttent solution.s may be regar(led, 

for these tV10 pHG ~ as extending this initial region further 

ib8 
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into the (iehydration range.The resul-'Gs 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 che~icul offecto of these 

solutions :C:J is largest in affecting the middle pH range 

results.Considering that these ostensibly anomalous results 

refer to some~lat treated bone it is difficult to know 

what importance to attach to ther.!: .However vIe think that the 

occurrence of 'transients' in some of the fresh bone results 

indicates a connection between the two phenomena.It was observed 

during the le.tar Lleasurcments of (].lable 2 that complete dehydration 

chan.gcd the appearance of the bone. Slight cracks became visible, 

primarily alollg the bone long direction, and the pieces were 

slightly narrO\7or in the transverse directions thal1lthe original 

dry values.It is our opinion that the rises of ci'333 :l.t pHs 5.0 

and 6.88 are caused by substantial transverse contraotion, so 

that the roughly cylin<.lrical pores or long channels which oontain 

the free wn.-tel", decrease in diameter while streaning is occurril1g~ 

The effect is only apparent at theoc middle pHs because of the 

smallness of the streaming potential in this region.It will be 

recalled that whilst the decrease of d333 at pH 9.15 was 

pronounced, that a"1i pH 4.0 waS less so, so that -·a1 though the 

r.'1ugni"~udes of -this coafficient at the various pHs indicate a 
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a possible isoelectric point(if one exists for bone) for bono , 

in the general pH range 5.0 to 8.0 , the figure is likely to 

bo nearer 5 than 8.This is consistent with the streaming being 

largely ag-cd.nst collagen surfv.ces (see Chtll)tel~ 4), a.l thoug~ it 

could indicate a small streaming potential contrib~tion 

from the bone mineral. 

The occurrence of what we h? .. ve termed tr2.nsients for the 

d
3jk 

coefficients in the Table 1 results indicates that a small 

amount of contraction occurs in the very initial ev~poration 

process even for fresh bone. This S00ms reasonable since a little 

sYlelling Ylill occur as the fresh bone hydrates, so that one \vould 

expect soue transverse contraction whertdrying"The larger initial 
I 

values of the dljk and d2jk coefficients indic~te~ th~t a small 

amount of water is il1itially expelled from tho transverse 

channels when the bone is loaded in the apparatus anel streaming 

commences. 

Thus we conclud.o that the effective 'piezoelectric I 

voltages generated in uct bone are predotlinantl~ streaming 

potentials.However we shall show in the next section that the 

wet bone col1u,gen is still cla.ssically piez()elec·t~ic itself, 

so thnt even thouell streatling potentia~ls are by far the greatest 

in magnitude, both phenonel1a oontribute to the observed voltages 

in 'wet bono. 



Chapter Seven , P~.l~t Two 

Electrical Rosistance Measureuonts on Wet Bono 

7.15 Introduction. 

All the resistance measurements of wet bone wore carried out 

on the t\,lO large specimens l.'re.nd 2. using a. valve volmeter 

operating in its highest resistance measuring range(l to 500 

Meg ohrls).Calibratiol1- of tha instrument in this range was 

achieved ~ith standard high stability resistors, and from theso 

mcasurCJ..lents all the wet bono readin&.,18 are considered to bo 

accurate to approxinately 5% of their value~The electrical 

ronistancos of stressed and unstressed wet bone speci~en8 were 

periodically Qeasured as they dried out in tho laboratory 

atmosphere 0 The cur:i.'cnt driven through the specimens by the 

valve voltmeter was a.pproximately 10-8 amps.This measuring 

instrument WPS chosen as opposed to the more accurate potentiometer 

since a fast rea.ding time was required owing to the continual 

change of the olectrical resistance of the bono specimens as 

they dried out.It was noticed that fcir all the wet bone specimens 

and for small pieces of-tendon .thut,irrespective of the direction 

in which meaoureme:t1ts were taken, a riso time of approximately 

ten to fifteen deconds occurrod before the meter ne6dle reached 

its maxit1un value, and that tho measured resistance was different 

1,.1 
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when the current was reversed. This ·effect represents the occurrenco 

of ionic elec"tricnl polarization, which the measuring instrument 

sees as a large parallel capaci tauce. The effe-o,t is equivalent 

to a static dielectric constant of approximatoly 106 i~ the we~ 

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

taken for overy resistance measurement.Besides the steadY,maximum 

value, corresponding to the cOI:1pleted polarization, an estimate was 

ma(le of the ini tinl resistance upon connection to the voltmeter. 

These lower values arc not shovm on the resistance curves 

presented hera since they produce an identical resistance-time 

curve but sllghtly clisplaced in value from the maximu[l value. 

It also proved difficult to estimate these initial values 

u.ccuratcly, since the L'!oter needle (l,lwe.ys sVlUng past the desired 

val~0.This charging time of approximately ten to fifteen seconds 

persisted evon for the comparatively dry bone pieces.It is thc~e~ 

fore concluded that thG polarization is either due to induced . 

ionic diffusion of collagen A band H + ana. poss.Lbly OH- iOllS as 

'uell, or to induced diffusion of the same 'bound I ions in the apatite 

crystals.The res~lts are shown in Figs. 7.14 to 7.21. Figs. 7.~4 

to 7.19 show in order of experimentation the results for unstressed 

wet bone.Figs. 7Q20and 7.21 show the results when the specimens 

Vlore loaded in the ~ppuratus with a 2Kg. weigh-t in the th.ree bone 

directions, corresponding to simple tensile stresses TIl ' T22 ' 
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T33 ' where the la.tte~' s-tress represents a sinple stJ.'ess in the 

bono lone direction, and the axos are the Sane as for the dry 

piezoolectric rosul ts. The co~~rosponding rosistivi ties are 

. lleno'Gccl l)y ~ 1 ' ~2 ' and ~ 3 respectivelyo Included wi tIl the 

stressed bone results should also be Figs. 703 to 7.6 , since thoy 

represent the earliest measurements of Rl ( the resistance in the 

labelled 1 direction) for stresses T22 and T33 .The results for 

unstressed bone will be considered first. 

7.16 Results for Unstressed Bone 

It is apparent from the unstressed bone results that the 

electrical resistance in the bone ~ong direction R3 suddenly 

rises rapidly after a fixed period of evapcrationoFig. 14a 

which represents the earliest measurements of R3 upon Sp. ITo. 1 

(two months af-~er excision at roughly neutral pHs) shows this 

time period -to be approximately one hour.The later results of Figs. 

1.17 and 7.18 upon Sp. No. 2rhic had lost at least 602% of ·its 

weight by the timo of this moasurement, indicates this time to 

be approximately 45 minutes .Fig. 7.19 \vhich represents the ·last 

moasur.ements made on Sp. No. 1 ( roughly 5 L1ou-ths after excision) 

shows that this time has decreased to near twen-ty minutes, 

Referenco to Chapter Six indicates that as the bone specinens 

st~rt to lose mass through dissolving of collagen 1the main or 

113 I 
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nd 

discontinuity in the evaporation curve occurs earlier than 

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

total uater to evapora~e, and larger evaporation sites.It is 

thorofore concluded that the sidden rise in the value of R3 

coincides with the main discontinuity in the evapoFation 

curves, and therefore with the cnptying of all collagon B band 

water sites.Fig. 1.14b shows the resistivitY~3 for Sp. No.1 

in distilled \vator, as a function of the loss of water in mgms.­

(This is obtained by combining Fig.7.14a with FigQ6.5 .) It 

is seen th~t ~ 3 rises drama.tically when a sud(len state of de­

hydra. t lon is reached •. On the sa.ne axes is plot ted. ~ I for the satlO 

specinen, but i["J:lerscd in Rin(~er' s solution (one quarter strength). 

No sudden larec chanee is observed.In Figso 7.17a and 1~18a the 

ratio of €3/~2 has been plotted as a func-biol1 of ~tehydration 

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

tyro resistivi"l;ies wi tIl water content oThe same information is 

pres ent ed in a (liff ercnt way in Figs. 1.11b nnd 7.18b , which 

show a plot of e3 against ~2 • The distilled water results of 

Fig. 7~11 identify three regions in the rosistiv1ty - time 

curv~~The results of Chapter Six indicate that thoso are 

associated with loss of free water, loss of collagen B band 

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

A 
For fully hydrated specime~s it is seen that(if means a variation 

1\ 
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in tho following variable) A ~J ~ ·3£ f1~1.' wllereas for A band 

evaporation a~3'!-3·'Lle2.oIl1 the initial' region, although ~3/~2 

is increasing the rate of increase with timo is decreasing, as it 

is noted is the evaporation rate.With the evaporation from th~ 

B band ~3/~2 starts to increase faster, and it is ~ere that in 

absolute terms ~3 increases by approximately the Same amount as 

~2' although ~2 is still greater than ~3 • Vfllen the r.lairt discon .... 

tinuity is reached, corresponding to the commencement of A band 

evaporation, ~3 increases in absolu"l;e terms by roughly 3.7 times 

as much as-~2 ' so that ~3 rapidly surpasses ~2 .The interpretation 

of those results falls into parts, an explanation of the variation 

of . the €l '€2 ge
3 

with tirJo , and the accounting for the 

relative variations of the three resistivities.We treat the 

former first. 

Since the protein fibres and the mineral crystals are 

aligned largely alcng the bone long (lirection, that is our labelled 

3 direction, it is perhaps not surprising that the resistivity 

results for this direction ure different from those perpendic~ 

ular to it.lnterpretine the R3 discontinuity as corresponding 

to the commencer1ent of collagen A band evapo,ration and using 

Fig. 7.l4b , 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 do 



those in the B band , or the free rrater molecules.It is 

therefore suggested that tho A band ','.' liuter molecules arc 

primarily aliblTIcd in the fibre direction, unlike those in the 

B bands. The resistivity measured transverse to the bono long 

direction measures to a good approxi~ation, the transverse fibre 

and mineral resistivity.The result that the discontinuity does 

not similarly appear in ~2 indicates that in this direction 

perpendicular to the bone uxis,the COllagen A band water 

molecules contribute roughly the same amount to electrical 

conductivity as do those in the band. (The apparent kink in the 

HI curves are however interp~cted as indicative of this 

discontinuity, but we will leave the comment on this to the 

discussion of the conp~rative results). 

The comparative results of e I '~2 '~3 :?.re more dependent 

upon the resultant fibre orientation in the particular specimens 

than are the separate resistivities variations with water content. 

Al thougl1 the decreasing risergtc of ~3/~2 with free water 

linked with the decrcasi~g evaporation rate indicates thut the 

ratio ~3/~2 rises at an approximately constant rate, in absolute 

terms the loss of free water affects ~2 by mQre than twice that 

Of~3. It is thefore ccncluded that for Sp. NOo2 the free water 

molecules contr~.bi!te nore to electrical conduc tivity in the 

labelled 2 direotion than they do to the bone long or 3 direction. 

1'35 
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The piezoelectric results on the two dry beef bone specimens , 

given in Chapter Five, indicated that for both Sp. No. I and 

Sp. No.2 the protein fibres are predor.1inantly contgined in the 

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

3 

Specifically it was found that net rosult of all the individual 

SpeCiI:len fibres orienta.,lliicns was as though they were inclined at an 

o anglG of about 10 ,to the bone long direction, and in the 1-3 

plano. Hence for these two bone specincns all transverse directions 

C'.re not equivalent .The pores which contain the free Vlater molecules, 

al thougll primarily oriented in tho 3 direction, have a l~et 

component in the bone 1 direction but not in the 2 direction. 

If the pores Bre i~agined to be cylindrical in shape then it 

nay be seon from -the above diagram that the free \7ater w'ould tend 

to reduce e2 more than €3 .This is what the results indicate. 

We now return to the conmont 011 the HI - tit!c curves.Fig. 7.15 

shows what appears to be a small kink in the HI results correspon-
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ding to the discontinuity for R
3

• A slmilar, a.l·~hough less 

pronounced effect is shown in Fie. 7.19 "which represents the 

last measurements that were carried out on HI • The evidence 

just gaven that the protein fibres have a net component of their 

long axes in tho spocimen I direction indicates that this kink 

is probably real and coincident with the main discontinuity in 

Figs.7.l8 a and b show similar plots to those of Figs.7.17 , 

but for the specj.ncn immersed. in Ringer's solutio1'l1(B.D.H , pH 

roughly 7.3 ).It is seen tha.t one expected effect of the ionic 

concentration is to lower the resistivity va.luos compar0d to those 

for distilled wateroMore irJportant though a:l'.'e the observed changes 

inducecl in the e3/e2 - tiDe curve and the gTaph of ~ 3 a.g2~inst·e 2 • 

This ratio now has a maximum value that is not coincident with 

th.e maximum state of hydration recorded.This Qaximunl coincides 

with a point at which sucldenly, the loss of water begins to affect 

~ 3 much less. Contrary to the :cesul ts for the bone hydrated iil 

distilled water, very little evaporation time elapses before in 

absolute terIUs, '<..3 increases much faster than ~2 .' and even in 

this contracted initial region the absolute iricrease of~2 is only 

just gl."'oater '~han that of ~3 • It Vlould therefore appear that to 

a first approximation the effect of the ionic concentration is to 

mirror the ~3 -e2 points in the line of slops unity. This is 
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clisreearding the first peak in the value of ~ 3/~2 since it is 

probu bly not rcal. What prirJarily needs explaining is the point 

in the collagen A band evaporation where the effect on e3 
against ~ 2 is suddenly reduccdQ.Comparing the results for bone 

hydrated in distilled water with those for Ringer' Solution 

it would appear tha.t the loss of free water, and therefore 

associated increased ionic concentration, increases the resistivity 

in the bon~ long direction more than the transverse direction. 

This occurs right through the dehydration l."ange until a cex.tain 

point is rea.ched in the evaporation vlhen the reverse starts to 

happen.It seoms vary probable that this point corresponds to 

saturation being reached in the solution and therefore the de­

position of ions on the pore surfacesGThis'Vlould account for the 

increased conductivity in the bone long direction relative to that 

in the 2 direction, since the ions would have less effect on the 

conduc"f;ivi ty in the transversa directions due to the difficulty 

of the charge carriers crossing the pores. One would imagine 

that the effective ions would be attracted to remaining polar 

sites on the protein fibrils 2nd the mineral crystals.It is useful 

to remark here that the results of Chapter S:l.x led us to conclude 

~he.t Jtjhe mineral retains its sorped wate!.' while 1:he protein is 

losing its own, so explaining why variations in physical properties 

in the observed evaporation range are a"titribute(l to protein 

188 
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reactionSeAlthough a noticeable ~mount of work on the electronio 

properties of apatites haa been done , it is considered that these 

are not dooinunt in tho observed propertios of bono.This is consistent 

uith the bone matrix being the protein and not the apatite, 

The quan-ti-cative resistivity results on fresh and t treated' 

bone indicate that although the treated bono pieces have a higher 

goneral resistivity, the effect of treatment is much lare0r in the 

labelled 1 direction\chan it is in the 3 direction. This is consistent 

wi th what we have already cOl1cluclod, naaely that the incrao.sed pores, 

produced by -the dissolving ou-~ of collag~n are prirJ<?.rily oriented in 

the 3 direction. 

7.17 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 measurements made on fresh bone and the 

others nearly five Iilonths after excision. The maximum and minimum 

values for ~1 and ~3 stressed and 1 unstressed (treated bone) 

nre given below in ohrJ cms .Except when stated to the contl"ary 

the results are bone hydrated in distil1ed~water.All readings 

6 should be multiplied by 10 • 

Fresh Bone Noo2 (Rinser's solin) ~l .1 to 1057 (125 mins) 

fl'reatocl Bone No.1 Unstressed~J. e67 to 207 (60 nins). 

Treated Bone No.1 TIl ~1 .16 to 4.6 (60 mins) to 10.8(120 mins)-
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Trt~ated Bone No1 T 
(>1 .4 to 12.8(62 mins) to 22(82 mins) 22 

Treated Bone No.2 T33 ~1 .47 to 22 (61 mins) to 37( 87 mins) 

Trepwted Bone No.1 T33 ~3 .05 to 17 (100 mins) 

Treated Bone No.2 T33 ~3 .2 to 1.5 (90 mins) 

It is apparent from the figures on ~l that the application of 

stress to the wet specimens lowors the resistivity, and in 

particular the values corresponding to partial dehydration. 

This is likely due to a change in the pore sizes. 

The early resistivity results (Figs. 1.3 to 7.8) carried 

out simultaneously with the wet piezoelectric measurements, on 

fresh bono showed that the application of stress in the 3 

direction (T
33

) caused a sudden riso in the rate of increase of 

~ 1 ' unlike applied stress in the two direction T22 • These 

early ~esu1ts innicate the possible occurrence of this sudden 

change for TIl ' but it appears that the effect is most definite 

for stress applied in the bone long dir~ction.This view is 

subst~ntiated by the gTaphical results of Figs. 1.20 on 'treated' 

bone. From the nature and the timing of this sudden change in £te 1 

it is equivalent to the main disoontinuity which occurs in 

the unstressed e3 results.Figso2la and b indicate that nothing 

approaching the main discont inui ty occurs in ~ 3 when stress is 

applied in the bone long direction, although the earlie:r results 
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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 spocimens.It thus appears that whereas the 

discontinuity for the unstressed specimens shows itself in the 

bone long direction or 3 direction t the application of certain 

stresses changes this so that it appears in the labelled 1 

direction. Since the discontinuity in unstressed bone has been 

interpreted as showing that the collagen A band bound water 

is aligned in the fibre long (lirection unlike that in the B band , 

it is concluded that the application of stresses TIl and T33 ~n 

the two spcciccns causes the water in the Collagen A band to 

ro-align itself from the 3 to the 1 direction.The stress und 

strain analysis car:L"ied out for the two bone specimens in which 

tht3 fibres run obliquely to tbhbone long direction and are in 

·the 13 plano shows, as expected, that only stresses TIl and T 33 

cauSA "the protE:in fibres to shear against each other.(The 

analysis is given in the next section 1.l8).This therefore 

indica"ces as a possible explanation, that the bound water 

molecules in thE} collagen A band only realie-n themselves vlhen 

sheared. Since only the A bands of the coll~gp,n fibril are the 

regions ~h~re the individual collagen macromolecules are 

strongly bound together by lateral forces, it seems very plausible 

that it should be in these regions where a. shea.ring strain has 
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the ma.ximum effect of changing the water's contribution to 

the cOl1cluctivi ty, and the result that the discontinuity a.ppears 

in the labelled 1 direction and not the two direction is 

consistent with the existence of a shoaring force in the 13 

plane causing re-alignrlent of the Vla·ter molecules. 

If the results for these individual bone specimens are 

applied to living bon~such as a human femur, then under normal 
I 

everyday skelotal stresses the net orientation of the collagen 

A band water molecules will be perpendicular to the bone long 

direction.HoITever for conditions of low bone stress such as exist 

for bed-ridden persons or astronauts, the resultant orientation 

will be along the bono long direction and therefore in the same 

direction as the blood flow 'I;hrough 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 water molecules change their orientation so as to be along 

the fibre direction ins teacl of perpendicular to it. This would 

account for the reportad loss of bone calcium in bed-ridden 

patients and Rstronauts.lf this process is correct, then it 

indicates that the A band. Yrater molecules play an ir:lportant 

part in binding some of the mineral crystals to the protein. 

However, it is to be expecte·i that the maj ori ty of the mineral 



crystals will be bound to the more accessible B band regions 

where there is less lateral attraction bot0een th~ collagen 

macromolecules.It is therefore likely that these crystals hold 

the nei~lbouring collagen molecules together 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 tho collagen fibres of connective 

tissue 'turn a corner' 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 forco 

\~ould be increased when the parallel collagen filJres suffered 

a laree change in direction oThis indicates that the initial 

seeding- of the minoral may be in the vicinities of the collagen 

A bands. 

We commented at the end of 7.14 that the bone collagen 

remains classically piezoelactTic even for fully hydrated bone. 

This _is becauso the B band region of the collag9n fibril is 

expected to be responsible for its piezoelectric prope~ties. 

The results of the first part of this chapter showed that the 

evaluated di33 of wet bone(which partially arises from the bone 

collagen's piezoelectric properties) remains constant du~ing 
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evaporeJtion.· :of the B band vWJter.Hencc the B band bone collagen 

must still be piezoeleotric when '~he bone is fully wet. As expected, 

this indicates that the existence of water chains , with consider-

able resultant swolling of the fibres, is necessary to destroy 

collagon's piezoelectric properties. 

7.18 Stress and Strain Analysis of the Bone Specimens. 

I ',---~-~-~---73 

vi 

The nomenclature of Chapter 2 is used. The analysis is 

carried out for the bone specimen depicted above where the protein 

fibres are pred.ominantly in th.e labelled 13 plane and make an 
c 

angle of ~ with th.o 3 axis.Vre assume for the sake of simplicity 

that Young's ll~dulus is the sane for the two transverse directions 

E
t 

' and that E3 is the modulus in. the bono long direction. 

Poisson's coefficients are denoted by ).k • The normal tensor 
/ lilll 
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relations arc used. The states of stress suffered by the fibres 

for the three simple compressive stresses T22 ' TIl ' T33 are 

shovm below .. for the same applied st:ress • 

T .•• 
1.J 

Tij 

T .. 
1J 

T22 

= TIl • 

0 0 
0 1 
0 0 

cos2~ 
0 

-?ts i112p 

o 
o 

0 
0 
0 

0 
0 

0 

o 2 
sin? 

o 

~-sin2q, 
0 

2 
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 th~t tho shear strain of the collagen fibres 

produced. by the application of TIl or T33 is r;lUc~l grco.:tcr th3.n 

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 1 ,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 
du belonging to the polycrystalline point group 00 were 
found for coll,agen, and the values reported for du were 
about the same as du in quartz. Because both tendon 
and bone are bathed in ionic fluid of high conductivity 
when in vivo, it was decided that the electrical activity 
pf wet eollagen should be examined. 

The specimens 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 squeezea out and will stream back into the 
specimen when it is relaxed. Such movement of ionic 
fluid gives rise to a streaming potent,ial 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 
point. 

Thus, in order to separate the two effects experimentally, 
the tendon should be strained and the potential developed 



"I;RAY 
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-AgCI electrodes were 
buried into the tendon, 3 em 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/cm-1 • 

The tendon was prepared by allowing it to dry in a 
desiccator at room temperature until it was stiff, brittle 
and pale yellow iri 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 v~lue 
recorded was the st~ady pulse amplitude obtained after 
repeated loading at approximately 1 impulse S-1 for 
10-15 s. 
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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 isoolectric points for rat-tail and hide collagen 

have been reported in the literature3 - 6, 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 20{J., 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 rnA 
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 
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Fig. 3. The electrophoretic velocity of tendon particles, with a current 
of 5 rnA 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 l measured the piezoelectric coefficients d u and 
d 25 (= - d u ) for dried bone, defined by the equation 

os' d .. - --.! 
IJ - OEi 

where 8 is strain and E 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, polycrystalline point group 00 : 2 (00/2). For 
dry Achilles tendon, Fukada found coefficients corre­
sponding to the point group 00. Of the seven possible 
point groups for polycrystalline materials, Sh'ubnikov8 

has shown that only the groups 00, 00: 2 and 00. 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 a.nd 
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 00. 

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 struc­
ture of collagen has been described by Ramachandran 9 • 

The difference between dry and wet states is brought 
about by the incorporation of bound water in the wet 
material. Harrington and von Hippepo state that the 
crystallinity of collagen, as revealed by X-ray studies, is 
destroyed by dehydration, and Bradbury et aZ.u demon­
strated that systematically disposed water molecules, in 
the collagen, constitute an important part of the diffracting 
structure. Esipova et aZ. 12 also found that hydration in­
crea.sed 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 
00 : m, m .. oo : m, 00 / 00, 00 /00 . m, the first two grou ps 
being the most likely. 

This work was supported by a grant from the Medical 
Research Council. We thank Dr Forester, of the Chester 
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