
Electrical Properties of Bone 
A Review 
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A review of the available data on the electrical 
properties (resistance, capacitance, dielectric con- 
stant, dielectric loss factor, and dissipation factor, 
etc.) of whole as well as standardized bone speci- 
mens suggest that impedance was lowest in the lon- 
gitudinal direction and highest in the radial direc- 
tion. This is further evidence of the anisotropic na- 
ture of bone. The electrical properties of fully 
hydrated bone were significantly different from 
those of dry and partially wet bone and these prop- 
erties were highly frequency-dependent. Other 
variables that influence the electrical properties, 
such as moisture content, principles and methods 
of measurement, temperature, and pH and con- 
ductivity of the immersing fluid, etc., have also been 
reviewed. Delineation of these variables is important 
in reporting test results on the electrical properties 
of bone; only then can the data on different electrical 
properties of bone reported by various authors be 
compared. Future research is needed to characterize 
the effect of age, microstructure, mineral content, 
and various disease processes on the electrical 
properties of bone. Such information may lead to 
new insight on the role of electrical properties on 
bone remodeling. An understanding of the electrical 
behavior of bone is also important for the design 
of electrical stimulation devices and their proper 
use for maximum osteogenic effect. 

In recent years, electrical stimulation 
has been used successfully in the treatment 
of nonunions and congenital pseudarthro- 
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ese clinical applications 
were prompted by the observed strain-related 
potentials (SRP) in bone9-44*'03.104 and sub- 
sequent tests on animals, which showed that 
the application of external current in the mar- 
row cavity of long bone produced bone around 
the c a t h ~ d e . ' ~ . ~ ' . ~ * ~  lo Although these animal 
experiments formed the basis of the clinical 
use of electrical stimulation, the exact mech- 
anism of the bioelectricity in producing this 
osteogenesis is still u n k n o ~ n . ~ ~ . ~ ~ ~ ~ * '  I s  An 
analysis of the direct and induced current flow 
and its associated electric field distribution in 
bone requires accurate information on bone's 
electrical proper tie^.^^.^^.^' As electromagnetic 
pulse stimulation contains a spectrum of wide 
frequency the data on the vari- 
ation of different electrical properties with fre- 
quency are also necessary for optimizing the 
pulse parameters. 

Several authors have measured the imped- 
ance of bone in vivo. 17-67*98*1 I ' The living bone 
tissue is an inhomogeneous composite ma- 
terial with fluid-filled pores and is anisotropic 
in its stTucture.28~29~62.86.108 u ncertainties exist, 
therefore, about the current paths between a 
pair of electrodes placed in such a material 
and about the nature of the tissue-electrode 
interface. This makes it difficult to determine 
the resistivity of the tissue from such in vivo 
resistance  measurement^.^^,^^ This has 
prompted other investigators to resort to in 
v i m  measurement methods on standardized 
bone samples. 

Measurements have been made to examine 
the electrical and the dielectric properties on 

sis. 10.12-15.2 1-25.79.80 Th 
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vacuum-dried, air-dried, 16*39.70*102*105*1 I 3  fluid- 
saturated, ~ e t , ~ ~ * ~ ~  fresh, or bone 
samples. Similar measurements have also been 
conducted to study the variation of these 
properties as a function of tempera- 
tUre,39.70.72.9 1-93.105 relative h ~ m i d i t y ; ~ . ~ ~ . ' ~ . ~ ~  
and frequency.39*62*72.86.87.93 Authors have also 
reported the effect of conductivity, pH, and 
salt concentration ofthe bathing medium (oc- 
cupying the pores in bone) on its electrical 
and dielectric Some 
authors have also compared the electrical 
properties of normal bone samples with those 
of bone affected by aging, pathologic condi- 
tions, and artificially-induced conditions such 
as deminerali~ation.~.~~.~ 1.75q76.' l 3  

Observations on electrical properties of 
bone at different frequencies show that the 
electrical conductivity remains nearly inde- 
pendent ofthe frequency below 100 KHz, and 
beyond this it increases with the frequency. 
The dielectric properties of bone also depend 
on the frequency and, generally, they decrease 
with an increase in Fre- 
quency, therefore, is an important parameter 
in electrical characterization of wet bone. 
Similarly, the electrode polarization and mea- 
surement techniques may introduce errors in 

The role of these factors must be considered 
in light of their importance in electrical char- 
acterization of bone. 

As mentioned before, many authors have 
studied the electrical properties of bone. A 
comprehensive review elucidating the various 
factors that may affect the electrical properties 
of bone, however, has not been published. In 
this review, the authors have attempted to 
summarize the published data on electrical 
properties of bone. They have categorized it 
in terms of source and physical state of the 
sample (wet, fluid-saturated, fresh, fixed, 
stored, air-dried or vacuum-dried), frequency, 
temperature, relative humidity at the time of 
measurement, and principles and techniques 
used in measurement. Factors affecting the 
electrical and the dielectric properties, such as 
the time of exposure, in vivo environment, 

electrical measurements.29.30.62.85.88.9 I .99.106.107 

normalization of data, electrode polarization, 
and errors due to wiring capacitance, are re- 
viewed. The relation between the bone struc- 
ture and its electrical properties is also dis- 
cussed. 

The authors' objectives in the current study 
are to: (1) summarize the published data on 
the electrical properties of bone, (2) identify 
the measurement, environmental and biologic 
factors that affect the measured values of the 
electrical properties, and (3) point out the 
clinical relevance of the information on the 
electrical properties of bone. 

A review of the most relevant studies on 
the electrical properties of bone allows a view 
of the gaps in the authors' present knowledge 
and the authors therefore suggest a number 
of areas for future research. 

ELECTRICAL AND DIELECTRIC 
PROPERTIES 

Electrical properties of bone have been a 
subject of considerable interest since the dis- 
covery of its electromechanical effects in 1957 
by Fukada and Ya~uda.4~ The electrical prop 
erties that have been investigated in detail in 
the recent years include DC or AC conduc- 
tivity, specific resistance, specific impedance, 
dielectric constant, loss-factor and loss-tangent 
(dissipation factor) over a frequency range of 
0.1 Hz to 100 MHz (1 00,000,000 Hz). The 
electrical properties of bone may be charac- 
terized either in terms of an equivalent parallel 
combination of resistance and capacitance or 
a series combination of resistance and capac- 
itance. Most researchers have described the 
electrical behavior of bone in terms of an 
equivalent parallel combination of resistance 
and capacitance. The electrical terms to be 
used in this paper are defined in the following 
section. 

DEFINITIONS AND TERMINOLOGY 

Tables 1 and 2 summarize the symbols and 
corresponding definitions of the electrical 
terms used in this review. From Table 2, Ad- 
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TABLE 1. Definitions of Electrical Terms 

Terms Definition of Terms 
- 

Capacitor 

Dielectric 

A system of electrical conductor and insulator that is able to store electrical 
energy. 

A substance in which an electric field gives rise to no net flow of electric charge 
but only to a displacement of charge. In practice, a dielectric is considered a 
material having low electrical conductivity in comparison to that of a metal. 

Dispersion 
Ohmic contact 

Relaxation effect 

Relaxation time ( T )  

Step function 

The dependence of the electric and dielectric properties on frequency. 
Conditions in which the net flow of current due to electrode polarization is 

The time delay due to noninstantaneous changes between stimulus (potential) 

The time needed for a change to attain a fraction I/e of its final value 

The waveform (voltage or current) that changes abruptly from one level to 

zero. 

and its response (current) and its relation to dispersion. 

(e = 2.718). 

another. 

mittance (Y, mho) for an equivalent parallel 
circuit, 

Y = G + jwC Equation 1. 

where j = fi. 
The following relationships apply for a pris- 

matic specimen of thickness ‘d’ (distance be- 
tween the electrodes), and area ‘A’, 

C = cA/d Equation 2. 

G = aA/d Equation 3. 

Bone is a dispersive and viscous material. 
The electrical properties of bone under alter- 
nating current conditions, therefore, are re- 
lated to the relaxation p h e n ~ m e n a . ~ ~  There 
always exists an exponential time lag (7 )  be- 
tween a step function stimulus and the re- 
sponse produced by it. For such a medium, 
the ratio of the response to the stimulus is 
expressed as,99 

Equation 4. 
b 

Z = a + -  
1 + jwT 

and this ratio depends upon the frequency. 
For example, the stimulus may be a potential, 
and its response is the current or charge ac- 
cumulation evoked by the potential. In this 
case, the ratio of the response to the stimulus 
is expressed in terms of the admittance or the 
complex dielectric constant re~pectively.~~ 

The complex dielectric constant t* is r e p  

t* = - je t ’  Equation 5 .  

where t’  = dielectric constant, and c”  = loss 
factor. 

The relative complex dielectric constant is 
then given by: 

resented 

k* = t * / t o  

= t’/tO - jc’’/c0 = k’ - jk” Equation 6. 

where k* = relative complex dielectric con- 
stant, k‘ = relative dielectric constant, k‘‘ 
= relative loss-factor, and to = dielectric con- 
stant of free space. 

The values of k*, k’, and k” are related to 
u and c‘ as 

k* = (&/to - ja/wco) Equation 7. 

k’ = c ’ / c ~  Equation 8. 

k‘’ = (u/wco) Equation 9. 

The dissipation factor is given by 

(a /wc’)  Equation 10. 

Equations 8, 9, and 10 show that the di- 
electric properties are related to the specific 
resistance (resistivity) and the dielectric con- 

K’ 
k’ 

D = tan6 = - = 
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TABLE 2. Units and Symbols for Electrical Terms 

Term (symbol) Unil (symbol) Commenrs 

Angular frequency 
( w )  

Admittance 
(Y = l/Z) 

Capacitance (C) 

Complex dielectric constant 

Conductance (G) 
(t*) 

Conductivity ( a )  

Dielectric constant (d) 

Dielectric constant of free 
space (60) 

Dissipation factor (D) or 
loss tangent (tan 6) 

Frequency (f) 

Impedance (Z) 

Loss-factor (t ”) 

Relative complex dielectric 
constant (k*) 

Relative dielectric constant 
(k‘) 

Relative loss-factor (k”) 

Resistance (R) 

Specific impedance (ZJ 

Resistivity ( p )  or specific 
resistance (RJ 

mho or siemens (S) 

farad (F) 

mho or siemens (S) 

mho/cm or siemens/cm 
(S/cm) 

hertz (Hz) 

ohm (Q) 

ohm ( Q )  

ohm-cm (Q-cm) 

ohm-cm (Q-cm) 

w = 2*f 

For an equivalent parallel circuit, Y = G + jwC 

The principal characteristic of a capacitor to store 
electrical energy. 

( 8  = t’  - j,” 

The ability to allow the flow of an electric current. It is 
the reciprocal of the resistance. 

The conductance of a centimeter cube of a material and 
the reciprocal of the resistivity. 

The dielectric constant is the ratio of the strength of an 
electric field in a vacuum to that in the dielectric for 
the same charge distribution. I t  may also be defined 
and measured as the ratio of the capacitance ‘C‘ of an 
electric condenser filled with the dielectric to the 
capacitance ‘C,‘ of the evacuated condenser. 

to = 8.85 X lo-’’ F/cm 

This is defined as the ratio of the loss factor to the 

Number of cycles in one second 
dielectric constant (tan 6 = t”/c’) 

1 kHz = 1,OOO Hz 
1 MHz = l,OOO,OOO Hz 
1 GHz = 1,OOO MHz 

It is defined as the ratio of the alternating voltage to the 
alternating current (Z = v/i). It is analogous to the 
resistance for direct current. For an equivalent series 
circuit, Z = R + jX 

It is the ratio of the conductivity to the angular 
frequency and is related to the losscurrent 
(conduction) component. 

The ratio of the complex dielectric constant to the 
dielectric constant of vacuum (k* = c*/to). It is 
expressed as k* = k’ - Jk ’ ” . 

The ratio of the dielectric constant of a substance to the 
dielectric constant of vacuum (k’ = t’/to). It is related 
to the charging and discharging of the capacitor. 

The ratio of the loss-factor to the dielectric constant of 
vacuum (k” = t’/to). 

The ability of a material to resist the flow of electric 
current. It is usually determined by the ratio of the 
voltage to the current (R = V/I). 

expressed as 
Impedance of a centimeter cube of material. It is 

Resistance of a centimeter cube of a material. 
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stant. From the values of the resistivity and 
the dielectric constant at a particular fre- 
quency, the values of the dielectric constant 
and the loss-factor can be calculated. 

SUMMARY OF REPORTED DATA 
O s s ~ a l d ~ ~  was perhaps the first investigator 

to measure the electrical properties (resistivity) 
of bone as mentioned by Geddes and Baker?6 
Since then several authors have investigated 
the electrical properties of whole bone, and 
their results are summarized in Table 
3.'7*34*67*97*98*108 Liboff et al.67 studied the elec- 
trical conduction in rabbit femur and human 
tibia for in vivo bone. They reported a resis- 
tance value of 2-5 X lo5 ohm/cm (200,000- 
500,000 ohm/cm) for rabbit femur and 0.7- 
1 X lo5 ohm/cm (70,000-100,000 ohm/cm) 
for human tibia. Behari and S i ~ ~ g h ' ~  also re- 
ported data on the electrical impedance to be 
approximately 8 k-ohm/cm for intact in vivo 
rabbit femur. 

Durand et al.34 examined the electrical 
impedance characteristics of whole bones in 
vitro by using a four-point measurement tech- 
n iq~e .~ '  They (Durand et al.) measured a re- 
sistance of 2-3 kilo-ohm per unit length (cm) 
of whole bone and also observed a linear vari- 
ation of the interelectrode distance. Recently, 
this was verified by Saha et al.,97 who used a 
similar measurement technique. In agreement 
with the results of Durand et al., Saha et al. 
also found that the resistivity of the bone 
cortex was several times higher than that 
of the marrow. The previously mentioned 
studies'7,34,67,97.98 were mainly conducted on 
whole bones, and they do not provide infor- 
mation about the specific resistance and the 
specific capacitance of bone as a material. In 
a recent study on bovine long bone, Singh et 
a1.I" found the impedance in the circumfer- 
ential direction to be much higher (~100%) 
than that in the longitudinal direction, indi- 
cating the highly anisotropic character of bone. 

Several investigators have studied the elec- 
trical properties of bone tissue, and these (spe- 
cific resistance, specific capacitance, specific 

impedance, dielectric constant, loss-factor, and 
dissipation-factor) are summarized in Tables 
4 and 5. Unlike Table 3, which contains data 
on electrical impedance for whole bone, Tables 
4 and 5 show the electric and dielectric prop- 
erties of standardized bone samples respec- 
tively. From these tables, it is clear that most 
data on electrical characteristics of bone have 
been reported in terms of capacitance and re- 
sistance. These data are dependent on both 
the material characteristics and the geometry 
of the bone specimen. In order to take into 
account the different geometries of the spec- 
imens, it is essential to normalize the resistance 
and the capacitance components to obtain the 
specific resistance and the specific capacitance, 
since these represent the resistance and the 
capacitance of bone as a material.32*8'*88 

FACTORS AFFECTING ELECTRICAL 
MEASUREMENTS 

MEASUREMENT FACTORS 

Principles and techniques of measurement. 
The electrical properties of a bone specimen 
are usually measured by introducing it into a 
sample cell or other container that forms part 
of an electrical circuit. This circuit is subjected 
to an external electric field in the form of DC 
or AC, or to a sudden voltage step function. 
Broadly speaking, the measurement tech- 
niques fall into distinct groups, according to 
the frequency range and specimen hydration 
state (in vitro or in vivo). Measurements based 
on stepfunction method will be considered 
first. 

The use of a stepfunction method, involv- 
ing the measurement of charging and dis- 
charging currents for the determination of the 
dielectric properties, dates back to the early 
part of this ~entury. '~ This method yields re- 
sults for c*(w) at a very low frequency (t1.0 
Hz). In this method, however, the measure- 
ment of the charging current demands a volt- 
meter of very high input impedance and quick 
response time in the external circuits.32 It also 
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requires ohmic contacts between a bone sam- 
ple and an electrode to avoid conduction cur- 
rent.32 In practice, contacts are not usually 
ohmic, and this may result in significant errors 
in the measurement of the electrical proper- 
 tie^?^*'^'*'^*'^^ Recently, this method was used 
by Chakkalakal et and Lakes et to 
determine the dielectric properties of bone. 

Alternating-current measurement is gen- 
erally used for frequencies below ten mega- 
hertz. The frequency between .01 Hz and ten 
megahertz is the most convenient frequency 
range where the bridge method may be used. 
For all frequencies higher than a few mega- 
hertz and up to one gigahertz, resonant circuits 
are commonly used. In this case, the specimen 
is combined with a known ind~c tance .~~  

The electrical properties of bone have been 
studied primarily below 100 KHz except by 
a few workers in recent One of the 
reasons for not studying the electrical p rop  
erties of bone at higher frequencies is probably 
the nonavailability of a suitable apparatus. In 
most studies, an electrometer or ohmmeter 
was used for measuring the electrical imped- 
ance of bone specimens. Results did not con- 
tain any data on the phase angle and, therefore, 
could not be used to resolve the resistive and 
capacitive components of the electrical 
impedance.'7.34*67*94*97*98 Recently, however, 
techniques and apparatus suitable for high- 
frequency measurements have been used. 
Reddy and SahaE5 developed a differential 
technique to measure the electric and dielectric 
properties of the wet bone over a frequency 
range of DC to one megahertz. In another 
investigation of the high-frequency measure- 
ments of the electric and dielectric properties 
of bone, Kosterich et a1.62 used an impedance 
analyzer and a vector impedance meter to 
study the electrical properties in the frequency 
range of 10 Hz-100 MHz. The problem of 
electrode polarization, however, was still con- 
tinuously a point of concern to these inves- 
tigators.62986 A detailed description of the sam- 
ple cell and electrode polarization is given in 
the next section. 

Sample cell and electrode polarization. One 

of the major sources of error in the measure- 
ment of the electrical properties of bone is 
caused by the polarization that arises at the 
boundary between electrodes and the bone 
sample. Electrode polarization is particularly 
disturbing when measurements are camed out 
on bone samples with high conductivity at 
low frequencies, which are of predominant 
interest in physiological 

Selection of the proper electrode to mini- 
mize the electrode polarization is important 
for an accurate measurement of the electrical 
properties of all biologic  tissue^.^'.^^ For ex- 
amining the electrical behavior of bone, dif- 
ferent investigators have used various elec- 
trodes, e.g., p l a t i n ~ m , ~ ~ . ~ ~ ~ ~ ' . ~ ~  stainless 
~ t e e l , ' ~ , ~ ~ . ' ~ ~  Ag-AgC1 wick,29 silver enamel 
coating and chlorided silver wire,34s97 con- 
ducting epoxy paste,39 conducting silver 
paint,16*'05 and chlorided metal  electrode^.^'.^^ 
The use of a conducting silver paint was found 
to be suitable for dry bone; however, for par- 
tially hydrated wet bone, it may result in some 
electrode p o l a r i z a t i ~ n . ' ~ J ~ ~  Use of stainless- 
steel electrodes in alternating current mea- 
surements may result in larger electrode po- 
larization, as suggested by Schwan.Ioo 

Recently, several 'investigators have used 
different sample cells to suit their individual 
experimental needs and thereby were able to 
reduce the electrode polarization effect.2936z 
Chakkalakal et maintained the bone 
sample under fluid-saturated conditions dur- 
ing the measurement of its electrical proper- 
ties. Electrical contact with the specimen was 
made through the fluid in which the specimen 
was soaked, and this fluid was in contact with 
the Ag-AgC1 electrodes, which in turn were 
connected to the outside circuitry. The elec- 
trodes were in external mode.99 Chakkalakal 
et observed large variations in the elec- 
trode impedance with time and found it to 
be often a source of major error, especially 
for increasing conductance of the specimen. 
Other factors that may cause significant vari- 
ations in the measured data are current density 
and thickness of the sample.99 Chakkalakal et 

used current density of 242 mA/cm2, 
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which is many times larger than the value 
suggested by S ~ h w a n ~ ~  for the platinum (black) 
electrode to be within the linear limit at a 
frequency of one kilohertz. In another study, 
Kosterich et ~ 1 . ~ ~  used a new type of sample 
cell wherein the platinum electrodes were used 
in the internal-external mode.99 A cylindrical, 
platinum tube served as one electrode, and a 
platinum wire, placed centrally, was the inner 
electrode (Fig. 1). Each electrode was covered 
with a layer of electrolytically deposited plat- 
inum black to reduce the electrode polariza- 
tion impedance. These authors62 found that 
the permittivity measurements at low fre- 
quencies were chiefly limited by this polar- 
ization impedance. The reactive part clearly 
dominated the measurement below 100 Hz. 
These authors62 also found that the electrode 
polarization impedance depended on the cur- 
rent density through the electrode surface. 
Similarly, many others have also expressed 
serious concern about errors in electrical mea- 

surements due to the sample cell and the elec- 
trode p~larization.~~*~~*~~*~~*~* Th e sample cell 
and the choice of electrode metal is governed 
by many factors, namely, frequency range, 
thickness and geometry of the specimen, cur- 
rent density at the cross-sectional area of the 
electrode, and its chloriding or platinization 
process.99 Some a ~ t h o r s ' ~ - ~ ' * ~ ~  reported that 
Ag-AgC1 wick and platinum black electrodes 
have aging effects. A single electrode, therefore, 
should not be used for a very long period so 
that the error due to the aging effect can be 
avoided. As pointed out by S ~ h w a n , ~ ~  the au- 
thors also observed that the electrode polar- 
ization was a dominant factor influencing the 
measurements of electrical properties below 
a frequency of ten kilohertz, while stray-fields 
components were a major source of error in 
the higher frequgncy range (> 1 .O ~ H Z ) . ' ~ , ~ ~ ~  

Preparation and preservation of sample. For 
measuring the electrical properties of bone as 
a material, standardized bone specimens are 

-DISC -- 
, d - k t z l N U M 3  >:':-' ELECTRODE 

SCREW 
THREADS A- ---= 

* - R I M  

FIG. 1. Schematic diagram of sample cell. (Left) Cross-sectional view of sample cell with bone sample 
and fluid in place and (right) expanded view of the sample cell and bone specimen. (From Kosterich ef 
UI . , *~  with permission, 0 1983 IEEE) 
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generally machined from whole bones. During 
this process, if a high-speed saw is used, the 
temperature may rise considerably and may 
damage the organic phase of bone. Such a 
process, therefore, may change the electrical 
properties of the sample. The machining may 
also produce bone debris, which may clog the 
haversian canals and other pores in the bone 
structure and thus may reduce the conduc- 
tivity of a wet bone specimen. 

Storage of the bone specimens in open air 
will reduce the moisture content and thus will 
change the impedan~e.’~.~~ There are three 
common methods to preserve the bone spec- 
imens: (1) fixation in formalin; (2) fixation in 
alcohol; and (3) freezing. Previous investiga- 
tions (Kosterich et a1.62) have shown that fix- 
ation in formalin significantly affects the elec- 
trical properties (Fig. 2). Fresh bone speci- 
mens, when not being used for electrical 
measurements, can be stored in closed con- 
tainers soaked in Hank’s balanced salt solution 
(HBSS) or in Ringer’s solution with some 

I 
101 lo2 103 lo4 10’ lo6 10’ 1 0 8  

FREOLJENCY ( H z )  

FIG. 2. Electrical conductivity versus frequency 
of a freshly excised sample of bone and the same 
sample after formalin fixation. (From Kosterich er 
aL6* with permission, 0 1983 IEEE) 

added bacteriostatic agent. The authors’ own 
experience, during the measurement of elec- 
trical properties of wet bone, showed that the 
data were repeatable for several weeks with 
this method of preservation.86 Steinberg et 
al.,II2 however, have suggested that the peak 
voltage of strain-related potential dropped 
markedly after only a few days of preservation. 
As an added precaution in experiments with 
bone specimens, therefore, the samples should 
be machined as soon as possible after obtaining 
the fresh limbs, and the electrical and dielectric 
properties should be measured within a few 
days of making the samples. To preserve the 
in vivo condition, the bone specimens should 
always be maintained fully wet, and they 
should never be allowed to dry. This precau- 
tion is necessary in view of the observations 
made by Chakkalakal et ~ l . , ~ ~  Reddy and 
Saha,”.” and Kosterich et a1.,62 which state 
that if bone samples are allowed to dry and 
then equilibrated at 98% relative humidity, 
only the outer layer of the bone specimen be- 
comes fluid-saturated and the inner pores may 
still remain dry. 

Normalization of data (sample size). The 
electrical properties of bone as a material 
should be described in terms of the normalized 
data (properties of a centimeter cube of bone) 
so that the properties are independent of the 
specimen’s geometry. The discrepancies in the 
reported values of bone impedance are largely 
due to the normalization procedures adopted 
for different-sized bone specimens. For a bone 
sample of cross-sectional area ‘A’, thickness 
‘d’ (distance between the electrodes), measured 
resistance R, and capacitance C, the normal- 
ized electrical properties are given as 88*89 

u = RA/d Equation 1 1. 

c = Cd/A Equation 12. 

x, = 1/(27rfC) Equation 13. 

Z, = XSp/(p’ + Xw2)’I2 Equation 14. 

8, = tan-’(--p/X,) Equation 15. 
If the calculation of the impedance is based 

on normalization of only resistance (R only) 
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or only capacitance (C only) components, in- 
stead of being based on equation 14, errors 
may be introduced in the reported  value^.^^.^^ 

Figure 3 illustrates the errors that may be 
introduced if the impedance of bone is not 
based on the normalized values of both R and 
C. This suggests that when computing the spe- 
cific impedance of a bone sample, both its 
resistive and capacitive components should 
be resolved separately by measuring its phase 
angle. From the known geometry of the sam- 
ple, both R and C should then be normalized 
and its specific impedance and phase angle be 
computed using equations 14 and 15. 

ENVIRONMENTAL FACTORS 

Efect of moisture content/relative humidity. 
The dielectric properties of biologic macro- 
molecules have been the subject of experi- 
mental and theoretic investigations for some 
time.23*26*8' One undisputed fact to emerge 
from these studies is that the measured values 
of electrical properties are greatly affected by 
the presence of water. These data suggest that 
the dielectric behavior is intimately related to 
the rotational mobility of the water molecules. 
Early investigations on the electrical proper- 
ties of bone were camed out mostly on 
dry or hydrated specimens because of the dif- 
ficulties in experimental procedures for fully 
wet bone.39,64,70*72*92-93 Synonymous use of the 
relative humidity (r.h.) and moisture content 
terms in reporting the data on hydrated bone 
samples, however, produced a source of con- 
fusion in the literature." 

reported results on the di- 
electric properties of bone at moisture content 
of 0% to 6.5% at different frequencies. Spec- 
imens were equilibrated with the environment 
maintained at a particular relative humidity 
with the help of saturated salt solutions. The 
relative humidity was maintained between 
12% and 82% to minimize the hysteresis ef- 
fects. Results showed that both the dielectric 
constant (c'), and the dielectric loss (c")  in- 
creased with the hydration percentage. Curves 
of c '  and c" versus hydration were found to 

Marino et 

I 
1 id lfi l+ 

Fnqu*ncy, log (Hz) 

FIG. 3. Effect of the various normalization pro- 
cedures on computed values of the electrical prop 
erties of bone. (From Reddy and Saha," with per- 
mission) 

alter sharply at a particular value of the hy- 
dration, defined as the critical hydration of 
bone. The quantity ranged from 3.7% to 4.8% 
depending on the density of the sample. It was 
interpreted as the amount of water necessary 
to occupy the primary absorption sites in bone. 

Reinish and N o w i ~ k ~ ~  measured both the 
AC ( 1  kHz) and the DC electrical conductivity 
of human cortical bone at various relative hu- 
midities. They found nearly an order of mag- 
nitude increase in the conductivity per per- 
centage change of the moisture content. Rein- 
ish" also studied the adsorption and 
desorption hysteresis and found a different 
equilibrium value for drying than for wetting. 
She further stated that the relative humidity 
was related to the surface properties, whereas 
the moisture content was concerned with the 
bulk properties (Figs. 4 and 5) .  Lakes et al.64 
measured the dielectric relaxation properties 
of cortical bone. These authors found that the 
permittivity k' of bone was large and increased 
with increasing humidity. The maximum k' 
exceeded lo5 (one hundred thousand times) 
and the maximum tan6 exceeded unity. When 
the electric field was parallel to the bone axis, 



258 Singh and Saha 

r I I I 1 

I 1 I I I 
0 20 40 60 eo 100 

l O l O l  
Relat ive Humidity, % 

FIG. 4. Conductivity of bone sample at 1000 Hz, 
with electric field perpendicular to bone axis, as a 
function of relative humidity. (From Reinish and 
Nowick," reprinted by permission of the publisher, 
The Electrochemical Society, Inc.) 

both k' and tan6 were larger than if the electric 
field were perpendicular to the bone axis. 
TheiP4 data, however, do not agree with the 
results of Reinish and N o w i ~ k . ~ ' . ~ ~  According 
to Lakes et this difference in values may 
be attributed to the different types of bone 
species examined. Marino et al." and Lakes 
et did not measure the dielectric prop 
erties of bone for relative humidities above 
90%. Although Reinish and N o w i ~ k ~ ~ . ~ ~  mea- 
sured the dielectric properties of bones equil- 
ibrated at 98% relative humidity, they allowed 
these bone samples to dry initially. 

Chakkalakal et investigated the di- 
electric relaxation behavior of bovine, compact 
bone saturated with 0.9% NaCl solution. To 
obtain the relaxation time, they applied a con- 
stant current pulse and measured the change 
in the voltage with time. The resistivity in the 
radial direction measured by them was two 
orders of magnitude smaller than that reported 
by Reinish and N o w i ~ k ~ ~  at 98% relative hu- 
midity. Based on this, Chakkalakal et 
suggested that at 98% relative humidity, the 
inner pores in bone are not filled with fluid 
and that Reinish and N o w i ~ k ~ ~  were mea- 
suring the dielectric properties of the solid 
phase and perhaps a thin layer of absorbed 
water on that phase. Kosterich et ~ 1 . ~ ~  in their 
recent paper reported that the conductivity of 
fixed and fresh bone was nearly independent 

X Moisture Content 

FIG. 5.  Conductivity of bone sample at lo00 Hz, 
with electric field perpendicular to bone axis, as a 
function of moisture content. Curve A: Ringer's 
specimen; Curve B: washed specimen. (From Rein- 
ish and Nowick:' reprinted by permission of the 
publisher, The Electrochemical Society, Inc.) 
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of frequency below 100 kHz and that the con- 
ductivity of fresh bone was two to three times 
greater than that of the fixed sample. These 
authors6' further observed that "moist bone, 
which is equilibrated with air at various rel- 
ative humidities but not fluid-saturated, has 
a conductivity that is much larger than dry 
bone, but still smaller than the values mea- 
sured in the fluid-saturated bone." In a recent 
study, Reddy and Sahass*s9 observed similar 
effects of exposure to air on the electrical 
properties of wet bone. Their results of ca- 
pacitance and resistance measurements show 
that even a brief exposure of five minutes could 
affect the measured values significantly by a 
92% increase in resistance and a 35% decrease 
in c a p a c i t a n ~ e . ~ ~ ~ ~ ~  This is indicative of the 
fact that if a fresh bone specimen is exposed 
to air, it loses its moisture content and thus 
the electrical properties are affe~ted.~**~' 

Temperature. Observations on the electric 
and dielectric properties at different temper- 
atures show that these properties depend on 
the temperature of the bone sample.16*39*70*93*'05 
Freeman3' examined the variation of the elec- 
trical properties of bone with temperature, 
frequency, and orientation in the range of 20" 
to 180", ten hertz to 100 kHz and 0" to 90" 
respectively. His results suggest that the water 
molecules in the sample are largely responsible 
for the change in C, (equivalent parallel ca- 
pacitance) and R, (equivalent parallel resis- 
tance) with frequency. To support this con- 
clusion, the author (Freeman3') further ob- 
served that: (1 )  for the samples subjected to 
high preheating, the variations of R, and C, 
were less sensitive to frequency, and their ab- 
solute values decreased for higher preheating; 
(2) the relative change in R, was more pro- 
nounced as compared with C, with the fre- 
quency in the case of nonheated samples; and 
(3) the capacitance variation with temperature 
was more pronounced in the case of samples 
having higher moisture content. Although 
Freeman3' was an early worker in investigating 
the electrical properties of bone, his results 
have been criticized by Reinish." Behari et 

studied the effect of temperature on DC 

conductivity of human bone in the temper- 
ature range extending from 30" to 60". These 
authors16 observed that the DC conductivity 
increased with an increase in temperature. 
Reinish and N o w i ~ k ~ ~  measured the dielectric 
constant (c') for three temperatures: 25", 30" 
and 35", at constant moisture content. These 
data show that increasing the temperature re- 
sults in slightly increased values of c'. Similarly, 
Singh"' studied the effect of the temperature 
on the capacitance and the loss-factor in dry 
bone and its two major components, namely, 
collagen and apatite. It was observed that in 
all three cases, the capacitance first increased 
with increasing temperature and then de- 
creased when the temperature was raised fur- 
ther. The temperatures corresponding to peaks 
in the capacitance for three materials (apatite, 
bone, and collagen) were found to be 145", 
125" and 95" respectively. These measure- 
ments were made using an LCR meter at one 
kilohertz. Maeda and Fukada" determined 
the effect of temperature in the range from 
- 150" to 50" on the dielectric properties of 
bone at ten hertz. They observed that with 
increasing hydration, both c '  and c N  increased. 
Temperatures corresponding to peaks in c' and 
el' shifted toward the lower range for higher 
hydration. Thus, it is evident from the pre- 
vious discussion that temperature is an im- 
portant variable and should be specified while 
reporting data on the electrical properties of 
bone. 

Conductivity and pH. Anderson and Eriks- 
son' were perhaps the first authors to report 
the effect of the pH of the bathing solutions 
on the mechanically induced electrical voltage 
in bone samples. They3 found that the me- 
chanically induced voltage depended on the 
properties (pH) of the immersing fluid. In a 
recent paper, Chakkalakal and Johnson2' 
showed that the electrical and dielectric prop- 
erties of fluid-saturated wet bone were influ- 
enced to a significant degree by the properties 
of the fluid in the pores (Fig. 6). Kosterich et 
al.62*63 and Pienkowaski and Pollacks3 have 
also pointed out that the dielectric properties 
and stain-related potentials (SRP) of bone are 
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FIG. 6. The dc conductivity of a radial specimen 
of compact bone as a function of saline concen- 
tration. (From Chakkalakal and Johnson2* with 
permission) 

dependent on the electrical properties of the 
fluid occupying the porous spaces in the ma- 
trix. Kosterich et ~ 1 . ~ ~ 9 ~ ~  found that the elec- 
trical conductivity of wet bone was propor- 
tional to the conductivity of the immersing 
solution. The conductivity of the bone was 
only 1%-2% of that of the immersion solution 
in spite of the net fluid content of about 15% 
by weight. Recently, Reddy and Saha88.89 ex- 
amined the effect of pH in the range of one 
through 13 on the resistance (R) and capac- 
itance (C) of the bone samples immersed in 
solutions of different pH. They found that the 
pH of the preserving solution significantly af- 
fected the measured values of the electrical 
properties. At a very high or very low pH, the 
resistance was several orders of magnitude 
lower and the capacitance several magnitudes 
higher than those measured at a pH of 7.0. A 
change in pH by k 2  from the neutral solution 
(pH = 7.0) altered the measured resistive, 
conductive, and capacitive component by 
70%, 125% and 190% respec t i~e ly .~~*~~ It is 
essential, therefore, to specify the pH of the 
preserving solutions while presenting results 
on the electrical properties of wet bone. 

RELATIONSHIP WITH FREQUENCY 

Although it is generally accepted that elec- 
trical stimulation can produce osteogenesis, 
opinions differ over whether DC, AC, or 
pulsed type of electrical stimulation yields the 
best results.~3*52*79.90.1 lo  For an analysis of the 
role of these various modes of electrical stim- 
ulation, it is important to characterize the 
electrical properties of bone as a function of 
frequency. 

Several authors have studied the frequency 
response of the dielectric and electrical prop 
erties of bone. Shamos and Lavinelo2 reported 
the value for dielectric constant to be 9.2 for 
dry bone at room temperature (- 300°K) and 
at 100 kHz. Freeman” showed that the change 
in R, (equivalent parallel resistance) with fre- 
quency in the range of 100 Hz to 100 kHz 
was more pronounced than that in Cp (equiv- 
alent parallel capacitance). SinghIo5 reported 
data on the resistivity, dielectric constant, and 
dissipation factor for dry bone, collagen, and 
apatite in the frequency range of one mega- 
hertz to 70 MHz. He observed that the resis- 
tivity, dielectric constant, and dissipation fac- 
tor decreased with increasing frequency for all 
bone materials. The data on electrical prop 
erties reported by these how- 
ever, were for dry bone specimens and do not 
provide information regarding the in vivo or 
the hydrated bone conditions. Marino et u I . ~ ~  
measured the dielectric properties of human 
cortical bone for frequencies of 1, 10, 50 and 
100 kHz for different hydrations. Their72 
results show that the dielectric constant (c‘) 
and loss-factor (6”) decreased with increas- 
ing frequency. Reinish” and Reinish and 
N o w i ~ k ~ ~ . ~ ~  measured the conductivity and the 
dielectric properties of hydrated bone over a 
frequency range of 50 Hz to 20,000 Hz. They 
reported that for different moisture content, 
in general, the dielectric constant (c’) and the 
dielectric loss (c”) decreased while conductivity 
increased with each increase in frequency. Al- 
though Maeda and Fukada,” Marino ef ~ i . , ~ ~  
Reinish,” and Reinish and N o w i ~ k ~ ~ . ~ ~  stud- 
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ied frequency response of dielectric properties, 
their aim was to emphasize the role of mois- 
ture content in determination of the dielectric 
properties. Their results, therefore, do not 
provide full information on the electrical 
characterization of bone over a wide frequency 
range. Recently, Reddy and Sahae’-87 used a 
differential technique to measure the electrical 
(specific resistance, specific capacitance, and 
specific impedance) and the dielectric (dielec- 
tric constant, loss-factor and dissipation-fac- 
tor) properties in three orthogonal planes for 
bovine, compact bone for a frequency range 
of one kilohertz to one megahertz. Their re- 
sults showed that the electrical and dielectric 
properties of wet, compact, bovine bone were 
highly frequencydependent (Figs. 7 and 8). 
These authors,86 however, also noted that the 
impedance was almost independent of fre- 
quency up to 70 kHz, and above this frequency 
it decreased rapidly with each increase in fre- 
quency (Fig. 7). In a similar study, Kosterich 
et a1,62 reported that the conductivity and the 
dielectric properties of fresh as well as fixed 
rat bone also varied with frequency. These 

“1 .............................. .......................... 

............. 
”..#,.. 

A1I.I - 
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Clmmhnntlal - - - - 
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FIG. 7. Impedance in axial, radial, and circum- 
ferential directions as a function of frequency. 
(From Reddy and Saha,86 with permission) 
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FIG. 8. Relative dielectric constant in axial, radial, 
and circumferential directions as a function of fre- 
quency. (From Reddy and with permission.) 

authors found that the conductivity was nearly 
independent of frequency below 100 kHz and 
above this it increased with increasing fre- 
quency. Similarly, the dielectric properties de- 
creased with increasing f r e q u e n ~ y . ~ ~ * ~ ~ * ~ ’  Some 
other authors have also reported the electrical 
and dielectric properties of bone for DC or at 
very low frequency. 14*29*64 

It is evident from the previously mentioned 
studies that frequency is an important param- 
eter that governs the electrical behavior of 
bone, and it needs to be specified when re- 
porting data on these properties. 

BIOLOGIC FACTORS 

Previously mentioned factors, as described 
in the above sections, are important variables 
that may affect the measurement of the elec- 
trical properties of a bone specimen. In ad- 
dition to these factors, however, the electrical 
properties of bone are likely to be dependent 
on the microstructure and the chemical com- 
position of the bone samples. As the structure 
and chemical composition of bone vary with 
the age, sex, species, direction, location, and 
even with nutritional factors and disease states 
of bone,J~20~33~68~109*1’3 it is expected that the 
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electrical properties of bone will also be af- 
fected by the above-mentioned biologic vari- 
ables. 

Microstructure and orientation. Marked 
variations are found in the microscopic struc- 
ture of bone among different animals, among 
different bones of the same individual, and 
among different areas of the same bone. The 
characteristic microscopic appearance of con- 
stantly remodeling bone tissue reflects its re- 
sponse to both structural and biochemical de- 
m a n d ~ . ~ ~ . ~ ~ . ~ ~ * ~ ~ * ~ ~ - '  I 4  In general, the diaphysis 
of an adult, human, long bone consists of sev- 
eral layers of inner and outer circumferential 
lamellae, enclosing a middle zone of longi- 
tudinally oriented osteons. Presence of these 
lamellae, osteons, and haversian canals pro- 
duces different microstructures in the longi- 
tudinal, radial, and circumferential sections 
of the bone. 

Several workers have reported that the elec- 
trical and electromechanical properties of bone 
depend on the sample ~ r i e n t a t i o n . ~ ~ " ~ ' ~ . ~ ~ . ~ '  
Fukada and Y a ~ u d a ~ ~  reported that the pi- 
ezoelectric coefficient for bone varied with the 
angle between the long axis of bone and the 
direction of applied stress, and it was found 
maximum for an angle of 45". In a similar 
study, reported the orientation effects 
in the piezoelectric coefficient of bone. 

Freeman" was perhaps the first to suggest 
that the capacitance of bone specimens vaned 
with orientation. However, he reported data 
only for maple wood and ivory. Lakes et al.64 
observed that if the electric field is parallel to 
the bone axis, both k' and tan6 are larger than 
if the electric field is perpendicular to the bone 
axis. Reinish" found different values of con- 
ductivity for bone specimens for electric fields 
parallel and perpendicular to the bone axis. 
Saha et al.97 found a large variation in the 
values of specific impedance measured in the 
three principal orthogonal directions, it being 
maximum and minimum in radial and lon- 
gitudinal directions respectively. Chakkalakal 
and c o - w ~ r k e r s ~ ~ ~ ~ ~  reported a large difference 
in the values of resistivity, there being three 
to four times more resistivity in the radial 

than is in the longitudinal direction (Table 4). 
Recently, Reddy and SahaS6." and Singh et 
al. lo' also found a large variation in the values 
of the electrical properties measured in the 
three principal orthogonal directions (Tables 
3, 4, and 5). They reported the largest value 
of resistance in the radial direction and the 
smallest value in the longitudinal direction 
(Fig. 7). For capacitance, the maximum value 
was in the longitudinal direction and the min- 
imum in the radial direction (Fig. 8). Ac- 
cording to Reddy and Saha,86 Singh et al.,'" 
and Chakkalakal and Johnson,2S this variation 
in the electrical properties with Orientation 
can be partly explained in terms of the different 
microstructures in the longitudinal, radial, and 
circumferential directions of a bone sample. 

Source and type of the specimen. While 
studying the electromechanical effects in bone, 
Alexander' found that, for identical mechan- 
ical deformation, the electrical response in 
human bone was different from the electrical 
response in bovine bone. He noted that human 
bone with a regular morphology did not ex- 
hibit a strain-related potential (SRP) when 
subjected to a uniform strain field, while an 
SRP was generated when a nonuniform 
(bending) strain was applied. Bovine bone, 
composed of more irregular structures, ex- 
hibited an SRP for both uniform and non- 
uniform strain fields. The presence of an SRP 
for a uniformly strained specimen was attrib- 
uted to the irregular microstructure of the bone 
sample.' In another study, Yoon and Katz"' 
have shown that bovine bone is more compact, 
dense, and brittle than human bone. Recently, 
other authors also suggested that the animal 
bone may differ structurally from human 
bone, and this may result in significant dif- 
ferences in its dielectric properties.62q64 As 
small bone specimens obtained from different 
regions of the same whole bone also differ 
considerably in their microstructure and min- 
eral content:6 the exact locations of bone 
samples should also be mentioned when char- 
acterizing the electrical properties of bone. 

Remodeling. The growth of bone involves 
not only a continuous accretion on the surface 
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and at the extremities but also a continuous 
process of remodeling of the internal structure. 
Frost4143 has studied the microscopic aspects 
of such remodeling and has shown that a con- 
tinuous destruction of existing bone and re- 
placement with new bone goes on in the skel- 
eton regardless of the age of the person. He 
has also measured the rate of this internal 
remodeling, which is most active at one year 
of age but slows down markedly during adult- 
hood, being lowest at about age 30. 

In the normal adult skeleton, a balance ex- 
ists between bone resorption by osteoclasts 
and bone formation by osteoblasts. This results 
in continual turnover in bone substance but 
no appreciable change in bone mass or sig- 
nificant change in bone structure. Under some 
circumstances, however, they become unbal- 
anced and one or the other process dominates. 
This happens, for example, in senile osteo- 
porosis in which bone formation lags behind 
bone breakdown. Consequently, bone be- 
comes thin and its density decreases, making 
the material more fragile and thus more liable 
to fracture. 

It is not known which mechanism triggers 
the bone cells to initiate remodeling. Several 
authors have hypothesized that disuse osteo- 
porosis is triggered due to the lack of strain- 
related potentials (SRP) in It is quite 
likely that the electrical properties of bone play 
an important role in this remodeling activity 
and bone For instance, in 1962 Bas- 
sett and Becker' proposed that stress-induced 
bioelectric potentials were the command signal 
in the operation of Wolff s law, and these sig- 
nals controlled bone cell activity and the ori- 
entation of their macromolecular by-products. 

Age. Many authors have studied the struc- 
tural and chemical changes that occur with 
age in bone.S.20.S7-59.1 13 J0~sey57-59 observed 
that young individuals show a high percentage 
of both bone formation and resorption, in- 
dicating a high turnover rate. Arnold et al.' 
found that the trabecular structure is consid- 
erably more irregular in individuals in the 50s 

and 60s when compared with the orderly pat- 
tern found in children. The authors have 
pointed out in the previous section that elec- 
trical properties of bone are related to bone's 
microstructure. As microstructure and density 
of bone are dependent on age, a relation be- 
tween the age of the bone under study and its 
electrical properties is likely to exist. Swanson 
and L a f f e r t ~ ~ ' ~  observed an increase in con- 
ductivity with an increase in the age of the 
rat tibia. They found that this increase in con- 
ductivity corresponds to the age-dependent 
increase in the inorganic portion of the bone 
density. In another study, Marino and 
Becker7I studied the piezoelectricity in bone 
as a function of age and reported that the 
average value of the piezoelectric constant d14 
in femurs from three-week-old calves was 58% 
of the value of similar specimens obtained 
from three-year-old bulls. These results further 
indicate that mature bone exhibits a higher 
piezoelectric constant. I 

Disease states. Various bone diseases affect 
the bone microstructure and its chemical 
composition~43.59.78. 109.1 14 I n order to under- 
stand the possible role of the electrical param- 
eters at the onset of these changes, and thereby 
use electrical stimuli possibly to reverse them, 
it is important to discover the correlation be- 
tween the diseased-bone structure and the 
electrical behavior of the bone samples. These 
data are also of interest in view of the recent 
use of electrical fields to control disuse osteo- 
porosis in  animal^.^^*^' Such information will 
indicate whether or not the electrical properties 
are related to the pathologic condition. How- 
ever, at present, little information is available 
on the electrical properties of diseased bone. 
Some results have been published on the elec- 
tromechanical coefficient of diseased bone.71 
Marino and Becker7' reported that the value 
of dl4 was low for the specimen prepared from 
neoplastic lesion in bone. Further study is ur- 
gently needed to characterize the electrical 
properties of bone samples from various met- 
abolic disorders. 
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OTHER RELATED PHENOMENA 

Other effects related to bioelectricity in bone 
are due to mechanically induced charge sep- 
aration. It is evident from the studies on the 
electrical and electromechanical properties of 
bone that transduction of mechanical to elec- 
trical energy may arise intrinsically by one or 
more mechanisms operating in concert.' 
Electrical potentials may arise in materials 
with at least five different properties: piezo- 
electricity, pyroelectricity, ferroelectricity, 
semiconductor (solid-state), and electret.' 
Electrical response in a crystal due to a me- 
chanical stress is called piezoelectricity, and 
this e f f i  in bone was first reported by Fukada 
and Yasuda4 in 1957. 

The pyroelectric effect may be defined as 
the production of electric polarization as a 
result of change in temperature. This effect 
may play a role in both the processes of mor- 
phogenesis and the physiologic functions of 
many living organisms.6 Lang6' reported the 
pyroelectric coefficient for dry bovine femur 
to be 0.036 k 0.021 coulomb/cm2'. 

Ferroelectricity occurs in a material as the 
result of the presence of spontaneous polar- 
ization and is caused by the realignment in 
the orientation of spontaneous electric dipoles 
under the action of an external electric field. 
El Messiery et al.36 reported the ferroeliric 
properties in bone by studying first the fer- 
roelectric hysteresis loops of a sample and then 
the amount of electrical energy stored in the 
unit volume. 

The electret effect is defined as the charge 
retention capacity in a material, and this 
property in bone has been reported by a few 
in~estigators.~.~~ Ma~carenhas~~ reported that 
the dried bone was able to store charge to the 
order of a nanocoulomb/cm2. Andrabi and 
Behari4 observed that a bone was able to store 
a measurable amount of polarization charge. 
These authors further noted that dry bone 
samples were able to retain the charge even 
after five months. Most of the previously 

mentioned properties have not been studied 
in detail, except the electromechanical effect, 
which has most physiological significance. The 
electromechanical effect and its relation to 
electrical properties are described below. 

ELECTROMECHANICAL EFFECT AND ITS 
RELATION TO ELECTRICAL PROPERTIES 

Electromechanical effect has been studied 
extensively and intensively both in dry and 
in living bone since the first report of Fukada 
and Yasuda in 1957.1.3.7.9.1 1,18.19,30.31.35,50.54,- 

55.82.83.91.102-105.1 16-1 18 The large interest in 
studying electromechanical effects in bone was 
generated because of their possible role in bone 
growth and remodeling pro~esses.'.~'*~~ Var- 
ious theories have been proposed by different 
workers to explain the origin of electrome- 
chanical effects in bone. These include classical 
piezoelectri~ity,~~*~@' gradient theory, I 16 . '  l 7  

streaming potential t h e ~ r y , ~ " ~  and the com- 
bination of both the classical piezoelectricity 
and streaming potential theories.3.50*55*83 

Recent investigations indicate that the or- 
igin of strain-related potentials (SRP) cannot 
be explained fully in terms of the classical 
piezoelectricity theory for both dry and wet 
bone.3,50.55.83 Tw o competing mechanisms 
(piezoelectricity and streaming-potential the- 
ories) have been suggested by some authors 
to explain the origin of electrical signals pro- 
duced by the bending of physiologically moist 
bone.50983 These a~thors '~* '~  further suggest 
that streaming potentials dominate piezoelec- 
tricity in wet bone in bending deformation. 
The need for two different mechanisms to ex- 
plain electromechanical effects in wet bone 
has been attributed to the influence of the 
fluid occupying the pores.3,so,55.83 It has already 
been noted that the dielectric and electric 
properties are different for dry and wet 
bone.29~62*86 Since the dielectric properties also 
influence the measurement of electromechan- 
ical properties of bone, characterization of 
the dielectric properties is important in a 
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study of the electromechanical behavior of 
bone.50,55.56,1 18 

DISCUSSION 

The objective of the current paper was not 
only to summarize the presently available data 
on the electrical properties of bone but also 
to elucidate the many variables such as ori- 
entation, frequency, moisture content, tem- 
perature, and microstructure of the bone sam- 
ples, which affect the electrical properties. 
Various methods of measurement and their 
limitations have also been discussed. Several 
areas that need further study have been iden- 
tified. It is evident that much further work is 
needed before a complete understanding of 
the electrical behavior of bone is obtained. 
Such knowledge will be an important step to- 
ward the development of an optimum mo- 
dality of electrical stimulation for osteogenesis. 
The rather extensive bibliography will facilitate 
initiation of future studies, particularly by sci- 
entists who may be new to this area. 
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