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The electro-mechanical  interact ion in human and animal bones under physio-
logic moisture condit ions is a subject oi  intensive invest igat ions. A theore-
t ical  moCel of this phenomenon is not of fered up to now, in spi te of the
exist ing numerous experimental  data. Some scient ists share the opinion that
'et{be-present time mathematical lormulation based on a theoretical struc-
ture is not possible' [l].

In order to explain the electro-mechanical behaviour of physiologic wet
bones the author of this paper offers a thermodynamic model where the
bone is considered to be electr ical ly conduct ive, chemical ly react ive and
electrically polarized continuum [2].

In the present paper some of the results fol lowing lrom the above
mentioned theory are invest igated and compared with a part  of  the exist ing
experimental  data.

I. Mathematical Model

Numerous invest igat ions show that dry bones, addit ional ly moistured in a
physiologic solution react upon a mechanical load with electric signal ana-
logical  to the behaviour of the bones uin vivo" [3] .  Since the chemical
processes do not play any signi f icant role in these cases, they wi l l  be neglected
in the present considerat ions. For the sake oJ further simpl i i icat ion the
thermomechanical  interact ion wi l l  be neglected too. I t  wi l l  be admitted also
that the examined body is one-dimensional. The basic equations, representing
the mathematical model ol the examined medium under the above assump-
tions are :
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where 4, I and € are the displacement, the mechanical stress and the de-
formation, respectlvely ; Co ana lo are the electric Shq{g; $egsity and the

conduction current oi itr. I 'h kin'd carriers i7 sntl{fe't-n3'ba+d$-ttJy-(
charge and the total  conduct ion current;  E, D and 7 are the electr lc lorce'

the electric displacement and the electric potential, correspondilgly;..at dt 7,
6(4 416 2{tl 71s'the elastic modulus, the piezoelectric constant, the dielectric
p.rm.tUitity, the electiic conductivity anC tte diffusive mobility of the lth
kind charge carriers.

For ile sake of further simplification of the mathematical rnodel it will
be assumed that the considered 

'body 
is subiected to a quasistatic mechani-

cal load and that all charge carriers'are characterized by the same diflusive
mobility. Under the above" assumptions the basic equations, describing the
behaviour of the considered medium are:
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where

o :  ) o < o ,  x - x ( ) ,  I : 1 , 2 , . . . ,  n ,
/ : t

It will be accepted that there is no external electric field acting on the
body and the charge carriers do not go out of the sample. Under these
assumptions the boundary conditions tor CI and j are:

(1 . r8) O- j -0  fo r  x :0 ,  L ,  0 ( l (oo .

At the ini t ia l  moment the sample is in i ts reference state in which the
local condition of electroneutrality q:Q is satisfied everywhere.

From equat ions (1.11)-(1.17),  f rom the boundary condit ions of A and
j and t l te ini t ia l  condit ion of q the fol lowing boundary problem is obtained:
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( l .2  r  ) q(x,0):0,  0<x<I.

Let us consider the case when the mechanical load applied to the sample
is a rectangular impulse:
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After calculations, the solution ol the boundary problem (1.19 - l .2l)
in the time interval (0, ll is found to be in the form : 
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Taking into account the fact that the physiologic rvet bones are cha-
racter ized by a high conduct iv i ty o and a smal l  di f fusive mobi l i ty z.  and
neglect ing the constants of higher order,  i t  is obtained:
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equa t i ons  (1 .13 ) ,  ( 1 .15 ) ,  ( 1 .26 ) ,  ( 1 ,27 )  and  the  bounda ry  cond i t i ons
expression for  the e lec l r ic  f ie ld E is  obta ined:
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Integrat ing equat ion (1.28) in the interval  (0,  l )  an expression of the
potent ial  di f ference is obtained :
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In the case when the relat ion between the di f fusive mobi l i ty z and the
conductivity o is a negligibly small value, with a boundary transition

1-0,the fol lowing expression for tbe potent ial  is obtained lrom i I .29)
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If the duration of the applied rectangular stress impulse is sufficiently
long the process at the moment lo is in i ts steady state. The corresponding
expressions tor q, F and g are:

q @=. +v *r (, ' l#. - r' l# o-"),



The distr ibut ion of the electr ic charges q(x,t)  af ter the moment lo is
determined by the boundary problem:
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The solut ionof ihe boundary problem (1.34)-(1.36)
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In the case when the diffusive mobil i ty z is a very small value, with the
help of a boundary transit ion, the fol lowing expression of the potential E
is obtained from equation (1.39)
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II. Discussion on the Cftjtained Results and their Comparison
with the Existing Experimental Data

In Fig. I it is given the time-dependence of the generated potential p

at di f lerent values oi  the parameter a. A character ist ic pecul iar i ty of the

curves is the appearance oi a steady state potential alter the first peak.
The dependence between the steady state potential and the applied mecha-
nical  load is determined by Eq. (1.33).
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Such potentials have been registered by numerous scientists [3-6], but
they were considered as artefacts. Recently, however, the steady state po-
tentials were systematically studied by Steinberg et al. The results obtained by
them confirm the real existence of the steady state potentials as experimental
fact. Thus, the obtained experimental relation between the steady state
potent ial  and the appl ied mechanical  stress is in conformity with Eq. (1.33).
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Fig 2

Fig. 3
- etperlmental curve [3] ;
, . . .  . , . . .  t h e o r e t l c a l  c u r v c

It is evident from the presented theory that the steady state poten-
tial decreases with the increase of the conductivity o (Fig. l). It gives us
reason to suppose that this potential is absent at experiments where samples
characterized by high conductivity are used [3,6]. In support ot it the
fol lowing arguments could be presented:

l. The curves obtained by Cochran [3] (Fig. 3) are characterized by a
considerably smaller relaxation time than those obtained by Steinberg ef al.
(Fig. 2) which speaks of a greater number free electric carriers.

2. Cochran [3J also obtains steady state potentials, but rarely. At addi-
lonal moisturing of the samples the measured potentials reach the zero line.
This results could be explained by the offered-theory, if it is accepted that
the additional moisturing has caused increase in the conductivity of the samples.

The theoretic results are compared with the experimentai results, obiain-
e1!. by_ steinberg et al. (Fig. 2) and with the experimental ones of cochran
(Fig. 3) in the case of an impulse of a constant'load.

A result following from the presented theory is that the motion of the
electric carriers introduces relaxation properties in ihe stress - strain relation.
Thus, substitut ing in Eq. (1.14) the eiecir ic f ield i t  is obtained irom (r.28).
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Since the second and the third term in (2.1) depend on the quadrate
of the piezoelectr ic constant r / ,  which is a very smal l  value, then their  ef fect
will be negligibly small.

III. On the Physical Meaning of the Steady State Potential
and its Biologic Significance

The appl icat ion of a constant mechanical  stress on the bone sample causes
generat ion oi  electr ic f ie ld,  which is the reason for the redistr ibut ion of the
electr ic charges. At the moment when the di f  f  usion current beeomes pract ical ly
equal to the conduct ion current

(3 .1 ) oE , - r  P
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a new stationary distr ibution of the electr ical charges, defined by Eq. (1.31)
occurs. In Fig. 4 i t  is presented the distr ibution of the electr ical charges at

difterent values ot +. I t  is evident that near to the boundary surfaces a
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spacial area with increased concentration of positive or negative electric
charges appear.  On the other hand, i t  is a wel l  known fact that the increas-
ed concentration of some ions and especially those oi Ca+l- [7-9] intluen-
ces the rnetabolic processes in the cells.

In the present invest igat ions the. bone sample is considered to be a
homogeneous anisotropic body. In f  act,  however,  the bone is morphological ly
and mechanical ly non-homogeneous. In many neighbouring microareas the
mater ial  symmetry and the mechanical  propert ies change rapidly.  ' fhat is
why i t  would be more correct the bone to be treated as a superposit ion of
micro-areas. In each one of them a non-homogeneous distr ibut ion of the
electr ical  charges occurs under the ef iect oi  the mechanical  stress. The
electr ic distr ibut ion of every microarea is analogical  to that presented in
Fig. 4.  Thus, under the act ion of a mechanical  stress a complex electr ical
picture is formed in the bone, which wi l l  repeat to a certain extent the
morphological  structure. Taking inlo account the avai lable iniormation about
the interrelat ion between the ionic surrounding and the metabol ic processes
in the cel l ,  i t  could be expected that in the electr ical ly charged areas of the
bone a posit ive or negat ive st imulat ion of the cel l  act iv i ty wi l l  occur.

Since the steady state potent ials are direct ly connected with the non-
homogeneous distr ibut ion of the electr ic charges, the author is incl ined to
bel ieve that they possess def ini te,  biological ly rneaningful  information.

IV. Conclusion

In the present paper a part  oi  the results,  fol lowing from the offered by
the autbor [2] tbeoretical model of electro-mechanical interaction in physio-
logic wet bones are studied. I t  is shown that :

-  the proposed theory is in good coincidence with the experimen-
ta l  resu l ts ;

-  the calculat ion of the di f fusion of the electr ical  charges leads to:
a) existence of a steady state potent ial ;
b) non-homogeneous distr ibut ion of the electr ical  charges.

The author feels himself obliged to express his gratitude to Acad.
G_. Brankoz, for the suggested theme and his thanks to Prof. Bassett and
Prof. Pita fitr the useJit discuss:ons.
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K nonpocy o6 anexrpoMexaHnr{ecKr{x B3aHMoAericrBr.rnx
a Susuo.rrornqecKu MoKpbrx Kocrqx

H. ITempoo

( l ' e s r u u e )

Ha 6aee panee npeAnoxeHHoft reopernqecxofi MoAenfi B Hacroflureft pa6ore
peueHa 3aAaga reEepupoBaHug nbe3oereKTprrqecKr.lx noTeHqHanoB npH noAaqe
ttMnynbca or fiocrosnHoro MexanuqecKoro HanpsxeHnfl. Peeylmarbr cpaBHLt-
BatoTcs c qacrbro cyurecrByr,oulxx axcnep[MeHTaJrbgbtx AaHBHx. Aaercs reo-
perHqecKoe o6bscHeHHe perHcrpnpoaaHHbrM noreHqHanalr. llorasago, qro c
floBtruIeHHeM greKTpr.rqecKofi npoBoAnMocrH H noHH)KeHHeM AHooy3uorrHort
rloABH)|(HoCTH 9Tr.t noTeHuHanH nouHxarcTcs.
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