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In spite of the considerable quantity of available experimental data there exists
no conformity about the structural factors responsible for the piezoelectric
properties of bone, The only indisputable fact is that the piezoelectric beha-
viour of bone is determiued by its inorganic part, i. e. by its extracellular
mat r ix .  In  the i r  in i t ia l  exper iments  Fukada and Yasuda [1 ]  use  samples
air-dr ied for years. Cochran [2] uses samples which are subjected to di f le-
rent procedures -  temperature and chemical t reatment included. The compari-
son between samples subjected to di f ferent treatments and such just taken from
a corpse shows that no signilicant differences are registered. Analogous re-
sults have been obtained by other authors as well.

F u k a d a  a n d  Y a s u d a  t l l a c c e p t  t h a t  t h e  p i e z o e l e c t r i c  p r o p e r t i e s  o i  t h e
bone tissue are due to the belic configuration of the collagen fibres. Later on
F u k l d a  a n {  f a k a s h i t a  [ 3 ] ,  C o h e n  a n d  E d e l m a n  t + 1  p o i n t  o u t  t h a t  i t
is quite possible the stress-iriduced reorientation of dipblei in polypeptide
units resulting from mechanical distortion of the molecuies to be respbnsible
for bone polarization.

B e c k e r ,  B a s s e t t  a n d  B a c h m a n  [ 5 J  c o n s i d e r  t h e  s e m i - c o n d u c t i v i t y  o f
the bone tissue to be one of the factors ditermining the stress-generated-po-
tenl ials. ' l t  is wel l  known that at  deformation the p-n junct ionnetween two
semiconductors polar izei  electr ical ly.  In bone such p-n junct ions are real ized
betu'een the collagen fibres which exhibit n.conductivity and by the appatite
q4;'stals exhibiting p-conductivity.

A n d e r s o n  a n d  E r i k s s o n  [ 6 , 7 ]  a c c e p t  t h e  e x i s t e n c e  o f  " s t r e a m i n g  p o -
tentials' generated by the ilux of ion-s acr6ss a mollecular surface ot li ite.
rent charge. It this effect is dominating, it should be expected that with the
increase ol the trequency under periodii loading the generated potentials will
decrease and at frequency higher than r000 H7 they will disappear entirely
lQl. nut it is i.n eontradic[ion wittr some experimental studies wheri 

'the 
trequen-

cies used are between 2000 and 4000H2 i t ,  S, tO1.
The scientists have disagreements i; princi'ple concerning not only the

microstructure factors, but also thephenomenologic-model by wtriih the elictro-
mechan ica l  in te rac t ion  in  bone shou ld  bedes i r ibed.  Basset t  and Becker
il l] suppose that the piezoelectric properties of bone are not in agreement



with the classical piezoelectric theory. Their point of view is strongly criticiz'
ed  by  Shamos and Lav ine  [2 ]  who share  the  op in ion  tha t  i t  i s  no t  ne-
cessaiy more complex models tb be constructed for the explanation of the
e x p e r i i n e n t a l d a t a . - R e i n i s h  a n d  N o w i c k  c o m e  t o  t h e  s a m e  c o n c l u s i o n  i n
their works [9, 10].

Wi l l ia -ms and Breger  [13 ]  compare  the  po ten t ia ls  genera ted  by  some
classic piezomaterials, dry bone and tendon. The beams of quartz, tourmallne,
bone arid tendon are trirned end-for-end and remeasured. Both piezoelectric
crystals gave the opposite sign of the transverse voltage on deflection, both
bone and tendon gave the same sign. Williams and Breger point out that ac-
cording to the classical theory the- bone plates should not have 1o ge-nerate
piezoelectric potentials at fure bending, while the experimental studies of
S te inberg  e t  a l .  [14 ]  show genera t ion  o l  such po ten t ia ls .

For  thJpurpos i  o i  ob ta in ing  an  appropr ia te  ana ly t i ca l  mode l  Wi l l iams
and Breger [13] propose an dinpir ic l i  equat ion in which the electr ic f ie ld
depends not oirly- on itre stress bui on the stress gradient as well. In the case
of 

'a 
homogeneous i ie ld of stress the model is in lonformity with the classic-

al  piezoeldctr ic theory. I t  should be noted that the scient ists who accept the
valiiity of the classical theory usually base their views on experiments in
which the stress field is homogeneous.

In the present papers the- authors show that the results following from
the empiric- model 

-pioposed 
by Williams and Breger are in a consequ_enc.e

wlth tne quadrupole plezoeleclr lc lneory purposeo qy_P r_
tou [S1. Tbe consideiations concern diy borie whicil*?f,1rov ilSJ. Tbe consideiations concern diy 

-bone 
whichitll*lhfuy'.9.11. \no.*.n,

exhibits'high electrical resistance and couid be accepted as an idt-rilq}irhdric.

Quadrupole Model

The relationship between bone structure and induced electric, potentials is very
success fu l l y  d i3cussed by  McElhaney [16 ]  who has  car r ied  ou t  h is  exper i '
ments on i whole bone.'The structure bt- thb bone tissue is iar rnore complex
than of the classical piezomaterials. That is why ior the modelling of the piezo'
electric potentials oi bone a more precise accounting of its electric struc-
ture is needed. This can be done by ihe quadrupole theory in which the qu-

adrupole moment should be taken into account as well as the dipole moment
presented by polarization [5].' -- 

According to the tirst'arid second principle of thermodynamics for quasi-

equilibrium

(l)  de:6A*0dq,

where e, A, 0 and 4 are the internal energy density, the work done in an unit

volume,'the absolute temperature and the intropy d91-s!1y' respectively. In a
quadrupo le  approx imat ion  (Brankov  and Pet r  ov  [15 ] )

(2) 6A:tadent* E*dPe* EedPa.

T'he stress tensor, the tensor ol the infinitesimal strain, the electric field, the
pof"tir.i ion (Oipoi. moment) and the quadrupole moment are denoted by tot,

;;,, E;,-pr.tlO'por. The thermodynamii torce Eir conjugated with th9 Ouad-
iii iroti ' rfroment iipresents the syinmetrized gradient of the electric field

with the quadrupol6 piezoelectlic theory purposeil W_9tgl k o v and P e t-

(3)
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(6)

Let us consider the
quadratic form

( i) _-@:+
2

The classical piezoelectric theory represents a dipole approximation with-
ont account ing the quadrupole term in (2).

Let us accept that the external electr ic f ie ld is equal to zero and conse-
quent ly the dipole and quadrupole momenl generated on the basis of the
electromechanical  coupl ing are smal l  values. By Legendre transformation

(4) @:e-tueu- E*Pn-EpPp-A4,

equat ion ( l )  could be presented in the form

(5) d@: -eadtsl-PedEe-Pe1dEs1-qd\,

where @ is a function ol tp1, Ep, Ept and 0. Since @ is a thermodynamic po-
tent ial  the fol lowing equat ions are val id:

do -- da
e p: - j4, t Pn-- --dEn ,

^ dq', dq,
Hil: - 

6g* ' )J: -do '

isothermal case and let us approximate ctr, by the

Ap1^ot p1t *o| )- xo,E oE, | | C u1^nE aE ̂ n

+ d(rl, )^E et 1, I D p1 ^,t s1 E ̂ o + dt)^E h E t ̂ .

The material tensors in (7) satisfy the condit ions of symmetry

A*t^n-  A^npt :  Arh^n,  X,nt :  Xtn,

ChI*n:C nnpt: Ch^n, dlr)^=-dl),

Dgan:D,nnn!: Dthntnt df,\^.= dfl,

The const i tu t ive equat ions io l lowing f ro ln (6)  and (7)  are :

e p1 : Ap1^ot 2,, * d(,]),E ̂ * D H^nE ̂  n,

( B) Pe: d.f;),t^nlxe1E1{d.f,2)oE^n,

Ps1-= Dp^nt^^* dl]),E"1 Cat*nEmo.

. .  The.  inves. t igat ions of  Fukada and yasuda [ ] ,  l7 ] ,  Lang at  1969 and
others show that the bone tissue possesses polar heiagonil stru.'cture - Cu. In
a coordinate system where the axis coincicei with the-symmetry axis al l  ien-
sors of 2nd and 3rd rank are presented by the matrices-:

(4 , ,  0  o  l
{ l^d: l  o A,,  o I ,

\  o  o  A, , )
(e)

(ro) 1a,,"r=[ 3 : 3X',',', -X','":3'l
\ Arn Arr,. Arss 0 0 0 )

J I



Gradient Approxirnation at Pure Bending

Let us consider a thin plate with lengths of the basic edges a, b and h,
which are colinear with the axes Xr, X, and Xs, respectively. We assume
h<a, b. In the case of a pure bending around X1 al l  components of the stress
tensor are equal to zero except frr .  From the geometry of the body, in the
case of an open electr ic chain we have [13]
( l  1 )  Da:  En*  4nPp:9 ,  8p ,1 . -  Ep, r : ( ) .

By  means o f  (8 ) r ,  (9 ) ,  (10)  and ( l l )  we ob ta in

( l  2) aEs,rrl- Eu- dtn ,

in equat ion
z. Therefore

.  'd[ll, _ 4-rllr"
w h e f e  c : \  .  -  " : ,  ,  d , : . ,  : , 4  .

+nI33+ t zaf,'ng+ I
After integrat ion i t  is obtained from equat ion (12)

z

(13) E,|z)==Er(Q)e- ' r"  * i"  I  e-c-z ') t^t2z(2' | \d2' l .
0'

The constant a is connected with the quadrupole effect.  I f  i t  is accepted
that i t  tends to zero, then from (12) and (13) u'e obtain the classical  case

(14)  Ee:d tn .

Since a is a very smal i  magnitude, the exponent ial  funct ion
(13) has value di t ferent from zero only in the neighbourhood of
1t is expedient to use the presentat ion

. , F -

(r5) L s-zto-E- f+-.)-s- ' l  Z G durn\  r +ds l  L ; : r '
where 8-t is a Laplace reverse transformation
del ta  funct ion [18] .

' l  6

I it -a\h{o a*Q),
J  p = o

and do(z) is asymmetr ic Dirac

The gradient theory is obtained from 113) accounting only the f irst two
terms in the series (15):

( I 6) Er(z) : dt2s! adt22,3.

I t  is evicient that the part ic ipat ion of the stress gradient in equat ion (16),
e m p i r i c a l l y  p r o p o s e d  b y  F u k a d a  [ 1 9 ]  a n d  b y  W i l l i a m s  a n d  B r e g e r  [ 1 3 ]
for bending experiments, represents the stress gradient approximation of the
quadrupole piezoelectr ic theory.

From (16) i t  fo l lows that the potent ial  di f ference appearing between the
opposite surfaces of a thin bone plate at pure bending is

(17) adhtzz,t.

From equat ion (17) fol lows the wel l -known but unexplainable by the clas-
sical  theory result ,  namely that the change in the sign of the stress gradient
causes a change in tbe sign of the induced electr ic potent ial .
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Conclusion

The quadrupole model developed here gives the opportunity of studying the
electromechanical interaction in a drv bone,

It is stown that the results toi lowing from the empiric model proposed
by  Wi l l i ams  and  B reger  [13 ]  rep resen t  s t ress  g rad ien t  app rox ima t ion  o l
the quadrupole piezoelectric theory.

The theory predicts generation ol electric potentials in ihe case of pure
bending ol bone plates. When the sign of the stress gradient changes, the
sign of the pctential changes too.

This model is offered with the knowledge that a similar theo-retical ap-
proach, which takes into account second-order effects not of quadrupoles but
intrinsic polarization of the material, also predicts a stress-gradient effect.
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