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Electrical Properties of Agriattural 
Products -A Critical Review 

KNOWLEDGE about the electrical 
properties of agricultural materials 

becomes increasingly significant as agri
cultural technology becomes more so
phisticated, as new uses for electric 
energy are developed, and as new meth
ods, processes, and devices come into 
being which utilize or are influenced by 
the electrical nature of the materials. 
The area of electrical properties is a 
broad subject matter field even when 
limited to agricultural products. For this 
reason, a review of this type must 
necessarily be somewhat cursory in na
ture. An attempt is made here to touch 
on most topics where electrical proper
ties are known to be of interest and to 
bring together information in more de
tail in certain areas which have received 
consid:rable study. The emphasis in the 
review was placed on those investiga
tions which have yielded meaningful 
values of specified electrical properties 
of materials rather than those which 
have merely employed the electrical 
properties for some purpose or other 
without regard to quantitative d_ata de
scriptive of the materials' electrical 
properties. 

Electrical properties of materials may 
be broadly classified into two categor
ies, active and passive. The active classi
fication includes those properties char
acterized by the existence of some 
source of energy in the material. These 
may give rise to an electromotive force 
or difference of potential as in the case 
of bioelectric potentials in biological 
systems or strain-induced potentials as 
observed in piezoelectric crystals. The 
passive classification includes those 
properties which influence the distribu
tion of electromagnetic fields and cur
rents in the region occupied by the 
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material. They may also influence the 
behavior of the material in electromag
netic fields and are intrinsic properties 
of the material which are determined by 
its chemical makeup and molecular 
structure. Both active and passive elec
trical properties of materials depend not 
only upon the nature of the material, 
but generally also depend upon environ
mental influences. 

Further subclassification of electrical 
properties is not as clear-cut as the 
active and passive classification. The 
constitutive parameters, permittivity, 
permeability, and conductivity, form a 
subclass useful in describing the inter
action of electromagnetic waves with 
matter. The direct-current ( d-c) values 
of these parameters are a special case of 
the more general alternating-current 
(a-c) characteristics of ,natter. Surface 
characteristics of materials are impor
tant in electrostatics, but the bulk prop
erties of the material also influence the 
charge distribution. Dielectric break
down characteristics are important in 
work with electrical insulating materials. 
Permanently polarized dielectrics 
known as electrets, somewhat analogous 
to permanent magnets, exist, but wheth
er or not this phenomenon may be 
encountered in agricultural products re
mains to be explored. Piezoelectric ef
fects may also be found in agricultural 
products, but their significance is also in 
question at the present time. Nuclear 
magnetic resonance and electron spin 
resonance might also be considered as 
electrical properties, but these fields are 
not covered in this review. Finally, there 
is no clear-cut dividing line between 
electrical and optical properties where 
the high-energy end of the radiofre
quency spectrum (submillimeter waves) 
blends into the far-infrared region of the 
electromagnetic spectrum. Those prop
erties generally considered in the optical 
realm have also been excluded from this 
review. 

DEFINITIONS AND BACKGROUND 
MATERIAL 

The a-c characteristics of materials 
are best defined in terms of electromag
netic field concepts. Basic to any discus
sion of the interaction of electromagnet-

ic waves and matter are Maxwell's equa
tions 

• • 
V XE =-jwB V·B=O 

• • • 
V X H = jwD+ J 

• 
V·D=Q 

....................... [ 1 l 

and the associated constitutive relation
ships 

• • 
D = eE 

• • 
B = µH 

• 
J = 

....... [2] 

•••• • 
where E, H, D, B, and J are complex 
vector quantities of rms value and elwt 
dependence, i.e., time-harmonic func
tions (sinusoidally varying with time)1 

since eiwt = cos wt + j sin Wt, E' 
represents the electric field intensity, H 
the magnetic field intensity, D the 
electric flux density ( or dielectric dis
placement), B the magnetic flux density 
( or magnetic induction), 1 the electric 
current density, and Q is the eiectrtc 
charge density, a scalar quantity. e, µ, 
and ac represent the complex a-c consti
tutive parameters of the material, re
spectively the permittivity or capacitiv
ity, the permeability, and the conductiv
ity associated with conduction current. 
Employing the rationalized mks system 
for units (meter, kilogram, second), 
where the coulomb is also a basic unit 
for charge, the free-space constants µ 0 
and e

0 
have respective values of 41T x 

10-7 henry/m (by international agree
ment) and 8.85419 x 10-12 farad/m, as 
a consequence of the requirement that 
c = l/yµ

0
e0 (the velocity of propaga

tion for electromagnetic waves in free 
space) in order to satisfy Maxwell's 
equations, (equations [1] ), using the ac
cepted value for c of 2.997925 x 108 

m/sec. Conductivity of free space is zero. 
For most materials other than ferro

magnetic substances, µ has essentially 
the value of µ

0
, and this holds true for 

biological materials and agricultural 
products. The complex permittivity is 
conveniently expressed as 

, " '6 € = € - je = I € I e-, 
\ 

....... [31 
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Note that this is equivalent to specifying 
a phase diff erence• of angle /j between 
the field intensity E and the flux densi
ty or displacement D in the material, 
since E = R eiwt and D = eE = 

. ~ _o ' • 
lei e•J6 .t. eiwt = lei E el<wt - 6 > = 
• .• 0 • 0 • 
D0 e1<wt · 6 >, where E

0 
and D

0 
denote 

peak values. The real part of the com
plex permittivity, e', is simply the per
mittivity, often called the dielectric 
constant or absolute dielectric constant, 
and also capacitivity. e" is the dielectric 
loss factor, and the angle /j is the 
dielectric loss angle. The value 

tan /j = e"/e' ............ [4] 

is referred to as the loss tangent or 
dissipation factor of the material. 

In most practical work it is the 
dielectric properties of materials relative 
to the dielectric properties of vacuum or 
free space which are of interest. There
fore, the relative complex permittivity, 
relative permittivity, relative loss factor, 
and loss tangent ( equation ( 4]) are 
related as follows: 

, " € e € 
€ = -=--j-

r eo eo eo 

, . " , (1 . £) = er - Jer = er - Jtan u ...•. [ 5] 

........... [6] 

The complex conductivity a may be 
written ac = a: + ja:'. Using this 
expression and substitutions of equa
tions [ 3] ani ( 2] in the expression for 
the curl of H of equation ( 1] , we may 
write 

• • • 
V X H = jw(e' -je")E +(a~+ ja;)E 

• I. II II I • 
= [jw(e +ac)+we +ac]E .. : .. (7] 

The term jweE = jw(e' - je")E repre
se~s the displacement current, while 
ocE represents the conduction current. 
Normally d~ is negligible. The currents 
of equation [7] may also be considered as 
shown in the right-hand member where 

'1 I • 
(we + ac)E represents a dissipative 

. h h • I current m p ase wit E and J0

W(€ + ,,• 
Oc)E represents a reactive current out of 

. • 
phase with E. In free space, where there 
are no free electrons ac = 0, and there is 
no conduction current. There is, how-

ever, a free-space displacement current 

jwe0 E. In materials there is a polariza
tion current because of the motion of 
bound charges, jw(e - e

0
)E, and this 

represents the difference between the 
displacement current in the material and 
the free-space displacement current. 

In measuring dielectric properties 
one detects only the components of 
current in phase, dissipative, and out of 
phase, reactive, with respect to E. Ac
cording to Harrington (1961, Sec. 1-9). 
the distinction between the current 
components due to oc and e is primarily 
philosophical. In conductors, where cur
rent results from the movement of free 
electrons, the effect is attributed to a 

• C 

and the total current is (oc +jwe
0

)E. In 
dielectrics, where bound charges pre
dominate, the current is normally consi
dered to be jweE. Bussey and Dalke 
(1967) also comment on the inability to 
distinguish between currents attribut
able to conductivity and permittivity 
except in the extreme cases of pure 
conductors and pure insulators. Efforts 
to separate losses associated with e" and 
those associated with ac have been 
successful for some pure compounds 

. and known mixtures of such materials 
when data are available over a wide 
frequency range (Davies, 1969). Gener
ally, however, in work with dielectrics, 
the dissipative current is attributed to 
the dielectric loss, and the influence of 
t?,e a~ component is lumped in with the 
€ component so that the total loss 
current is considered to be we"E. One 
can then calculate an a-c conductivity 
for the material equivalent to we" when 
€

11 
has been determined 

" 0 = WE = wee" o r ....... [8] 

The relationships of equations ( 5], 
(6] and (8] may also be derived from 
equivalent-circuit concepts, where a di
electric material is represented for a 
given frequency by a parallel-equivalent 
capacitance and resistance (von Hippel, 
1954; Nelson, 1965). These concepts 
are applied in many measurement tech
niques where the dielectric properties 
are calculated from impedance or admit
tance measurements on dielectric mater
ial samples (Redheffer, 1948; von 
Hippe!, 1954; Field, 1954; Westphal, 
1954; Smyth, 1955; Altschuler, 1963; 
Schwan, 1963; Grant, 1969; Vaughan, 
1969; Nelson, 1972). 

Some simpler b~t less precise defini
tions are often given for the relative 
dielectric constant (hereinafter referred 
to as simply the dielectric constant) and 
conductivity. Ignoring the effects of 

2 

field fringing, the ratio of the capaci
tance of a capacitor with the material as 
dielectric to its capacitance with vacu
um as the dielectric is often used as the 
dielectric constant. With similar restric
tions regarding current flow, the con
ductivity is often given as the reciprocal 
of the resistance between two parallel 
surfaces of l-cm2 area and 1-cm separa
tion in a material. In this case the unit 
for conductivity is the mho/cm. For 
consistency, the unit for conductivity in 
equation [ 8] is the mho/m. Since the 
relative dielectric constant and loss fac
tor are ratios of the complex permittiv
ity components to the permittivity of 
free space, they are dimensionless quan
tities. 

Values for dielectric properties of 
most materials are dependent upon the 
frequency of the alternating field. Dis
cussions of the anomalous dispersion 
(the decreasing of the dielectric con
stant with increasing frequency) and the 
dielectric theories of De bye, Onsager, 
Cole, Kirkwood, Frohlich, and others 
are found in many references, in
cluding Bottcher (1952), von Hippe! 
(1954); Smyth (1955) and Hill et al 
(1969). Basically, all of these formula
tions recognize a contribution to the 
dielectric constant of materials contain
ing molecules with electric dipole mo
ments through the polarization resulting 
from the orientation of the dipoles with 
the applied electric field. Two lesser 
contributions to the polarizability arise 
from electronic polarization, the dis
placement of electrons of atoms with 
respect to the nucleus, and atomic 
polarization, the displacement of nuclei 
with respect to one another. These two 
types of polarization are termed "distor
tion" or "deformation" polarization. 

As frequency increases from low 
values, the polar molecules can follow 
the changes in direction of the electric 
field up to a point, and, as frequency 
continues to increase, the dipole motion 
can no longer keep up with the changing 
field. As a result, the dielectric constant 
drops with increasing frequency in this 
region and energy is absorbed as a result 
of the phase lag between the dipole 
rotation and the field. At higher fre
quencies, the dielectric constant again 
levels off near the so-called optical value, 
the square of the index of refraction, 
and the loss factor again drops to a low 
value. The relationship between the 
dielectric constant and loss factor is 
illustrated in Fig. 1. De bye ( 1929) 
developed the mathematical formula
tion which can be expressed as 

er=<~+ (<
5 

-<~)/(1 + jwr) . [9] 
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FIG. 1 Dispersion and absorption curves for a 
polar material following the Debye relaxation 
process. 

Separating this into its real and imagi
nary components yields 

I I I I 2 2 
€ = € + (€ - € )/(1 + W T ) r roo rs roo 

where e;s is the static or d-c value of the 
dielectric constant, €;

00 
is the high

frequency value, and T is the 
relaxation time, the period associated 
with the time for the dipoles to revert 
to random orientation. The loss factor, 
e;, peaks where w = 21rf = 1/T, and, at 
this frequency (the relaxation fre
quency), €~ has the value (€;8 - e;oo)/2 
and €~ has the value ( €~8 + e;00 )/2. Since 
the loss decreases to zero at the fre-

, d I quency extremes, €rs = €rs an €r.., = 
€r00 ; so equations [ 9] and [ 10] are 
frequently seen without the prime marks 
on €rs and er ... 

The dispersion of some pure liquids 
closely follows the Debye equations, 
(equations [10]) (Buckley and Maryott, 
1958), but where there is a distribution 
of relaxation times in materials, a modi
fication by Cole and Cole ( 1941) more 
satisfactorily describes the dispersion. It 
was noted by Cole and Cole that plot
ting e; and e; in the complex plane 
(Argand diagram), in accordance with 
the Debye relation, results in a semi
circle (Fig. 2). Equations [10] are 
parametric equations of a circle, and 

FIG. 2 The Cole-Cole plot for the Debye 
relation. 

combining the two equations and elim
inating WT provides the following Cole
Cole relation: 

e' + e' . 
(€~ _ rs roo )2 + (e;'J2 

2 
I I 

€ -€ 
= ( l'I roo )2 

2 
...... [11] 

This describes a circle of radius ( €~
9 

-

e; .. )/2 with center on thee; axis at (e~s 
+ e; .. )/2, 0. The modified equation 
presented by Cole and Cole ( 1941) 

I I 
€ -€ e·=e' + rs roo .... [12] 

r roo 1 + ijwr)1--a 

results in a Cole-Cole plot which is an 
arc of a circle with the center below the e; = 0 axis ( Fig. 3). The empirical relax
ation-time distribution parameter, a:, 
takes on values between O and 1. and is 
an index of the spread in the relaxation 
times. Several other models have been 
developed to explain the behavior of 
certain types of materials. One known 
as the Cole-Davidson representation re
sults in a skewed arc (Fig. 4) rather than 
the symmetrical Cole-Cole circular arc 
(Davidson and Cole, 1951). The Cole
Davidson representation is mathematic
ally defined as 

I 
€ -€ 

e"=e' + rs roo •••.•. [13] 
r roo (l + jwr)P 

where ~ is restricted to values between 0 
and 1. For ~ = 1 the arc is the Debye 
semicircle, but for values of ~ < 1 the 
arc is skewed to the right, i.e., the value 
of €~ peaks to the right of the center 
line for the Cole-Cole arc. The Cole
Davidson representation is useful for 
materials exhibiting a nonsymmetrical 
distribution of relaxation times with 
polarization processes of decreasing im
portance extending into the higher fre
quency region. The Cole-Cole relation 
( equation [ 12]) has been found to 
describe reasonably well the frequency 
dependence of some biological sub
stances (Schwan, 1957; Grant, 1969). 

Another absorption process is likely 
to be present in agricultural products. 
The Maxwell-Wagner absorption, which 
resuhs from polarizations at interfacial 
boun·d':1.ries, occurs in nonhomogeneous 
materials and is frequently seen in bio
logical materials (Davies, 1969; Schwan, 

3 

FIG. 3 Cole-Cole circular arcs. 

1957, 1959). Frequency dependence of 
the Maxwell-Wagner absorption is simi
lar in nature to that of the Debye 
dipolar absorption, but it occurs at 
lower frequencies. 

Dielectric properties of materials are 
also temperature dependent. In polar 
materials the relaxation time decreases 
with increasing temperature, and exam
ination of equation [ 9] reveals that the 
dielectric constant will, therefore, in
crease with temperature in the region of 
dispersion or dielectric loss. In the 
absence of dielectric loss, the dielectric 
constant for such materials decreases 
with increasing temperature (Bottcher, 
1952). 

Surface characteristics of materials 
are important in some areas such as 
electrostatics. Electric charge density 
and resistivity or conductivity are im
portant parameters for such work. The 
concept of a surface conductivity, dif
fereDt from the bulk or volume con
ductivity of equation [ 8], is sometimes 
useful, though it is usually difficult to 
separate from volume conductivity in 
practical measurement except in the 
case of good insulating materials with 
very low volume conductivities. Surface 
as <-.tell as volume geo'1}etry are im
portant in such work, for charges tend 
to accumulate on sharp projections 
from the surface. 

With this background, principally on 
dielectric properties of materials, since 
it is the major subclass of electrical 
properties for which properties of agri
cultural products have been investi
gated, the following review is presented. 

FIG. 4 Cole-Davidson skewed arcs. 



Definitions and discussions of other 
properties will be included wherever 
appropriate. 

REVIEW OF LITERATURE 

For review of the electrical proper
ties of agricultural materials, those prod
ucts and materials have been grouped 
into the following categories: living 
plants and some plant products, animal 
tissues, foods, grain and seed, wood, and 
textiles. Obviously, there is considerable 
overlapping in classifying materials into 
these groups, but this breakdown is used 
for presentation of the material present
ly available. This review provides better 
coverage of some topics than others, 
and, in fact, is very superficial in some 
areas. The intention is to identify some 
references dealing with electrical proper
ties in these areas. An attempt is also 
made to provide a sampling tabulation 
of the electrical properties of many of 
the agricultural materials which have 
been studied. 
Living Plants and 
Some Plant Products 

Quantitative data on the electrical 
properties of living plants are rather 
meager. No attempt, however, was made 
to review the literature on any biochem
ical studies relating to electrolytic con
ductivity, conductivities of plant mater
ials in solution, etc. 

An extensive series of studies at
tempting to correlate seed viability, 
resulting seedling vigor, and plant grow
th with potential differences measured 
at different points on seeds and growing 
plants was reported by Burr (1943, 
1945, 1947, 1950). Positive correlations 
between the measured potential differ
ences and the germination and hybrid 
vigor were obtained in the case of seeds. 
Potential differences recorded on trees 
showed diurnal variations as well as 
1-month, 4-month, and 6-month cyclic 
variations which were related generally 
to the biological activity of the trees. 
Seeds of corn were soaked a few hours 
in tap water before potential measure
ments were taken, but this was not 
necessary for cottonseed. Potential dif
ferences observed in Burr's work were in 
the range from O to 50 mV. These 
studies, others by Burr and associates, 
and more recent work on biopotentials 
in plants, have recently been reviewed 
by Wheaton ( 1970). An interesting re
view by Khvedelidze ( 1958) covers 
much of the Russian literature in this 
area as well as some from other coun
tries, and an English translation is avail
able. His conclusions state that the 
bioelectric potentials are closely related 

to the life processes occurring in plants 
and that the potentials may change in 
magnitude, sign, and periodicity. 

Electric potentials in trees have been 
furthe;· studied by Asher (1964), who 
reported correlation of potentials with 
the presence or absence of female flow
er buds prior to their emergence in slash 
pine and also a dependence upon geo
graphic distribution of the same species. 
Molitorisz ( 1966) has also studied the 
natural potentials in citrus trees and 
described experiments on modifying 
these through short-circuiting trees and 
applying d-c potentials to portions of 
trees. Accelerated growth was observed 
in branches subjected to a 1.6-ma cur
rent for a 28-day period. Influences on 
the movement of fluids in branches 
were shown in other experiments. A 
number of possible applications were 
discussed which might employ such 
techniques. 

A discussion of electrical stimulation 
and sensing properties of plants has 
been presented by Lawrence (1969) 
including the "emotion-like" responses 
reportedly observed using polygraphic 
techniques. Instruments have been de
signed also to measure electrical imped
ances of plants which can be correlated 
with the health condition of the plant 
(de Plater and Greenham, 1959) and 
with winterhardiness of plants (Wilner 
et al, 1960; Brach and Mason, 1965). 

While there have been a number of 
studies involving the electrical imped
ances, potential differences, and related 
properties in plants, s,ufficient informa
tion does not appear to be available to 
warrant any general summarization or 
listing of such properties at the present 
time. 

The dielectric properties of uncured 
and cured intact tobacco leaves were 
studied by Henson and Hassler ( 1963, 
1965). They employed the Cole-Cole 
model (equation [12])*, since their 
measured values for €: and €; appeared 
to fall well into a circular arc plot. 
Results showed a wide dispersion range 
indicating a distribution of relaxation 
frequencies ranging from less than 1 
kHz to many kHz for cured tobacco 
leaves of about 15 percent moisture. 
Dielectric properties were also found to 
depend upon moisture content and den
sity. 

The dielectric properties of tree 
leaves and branches were studied by 
Broadhurst (1969, 1970) in the fre
quency range between 100 kHz and 4.2 

* A mistake appears in equation [ 4) of the 
cited references in that the exponent, 1-a, 
should be applied only to the jwT term rather 
than to the whole denominator (l+iwT). 

4 

GHz. Comparison of values measured 
for leaves of eight different plant species 
revealed consistent variation with fre
quency, the dielectric constant dropping 
from high values at the lower fre
quencies with increasing frequency, and 
the loss tangent exhibiting a maximum 
value in this range at about 10 MHz. 
Values for the outer layers of tree 
branches were quite similar. Properties 
did not change much with temperature 
in the range from O to 30 C. 

Pullman et al (1965a, 1965b) investi
gated the attenuation of microwaves at 
10 GHz in shredded cigarette tobacco 
for purposes of using microwave attenu
ation measurements for quick moisture 
content determinations. Dielectric 
properties other than attenuation char
acteristics measured with their appar
atus were not reported. 

Dielectric properties of wheat straw 
have been studied with the intention of 
using these properties in control devices 
for regulating grain combine functions 
(Ko and Zoerb, 1970). Results were 
presented graphically and empirical equ
ations were developed showing the de
pendence of the effective dielectric con
stant of bulk wheat straw on tempera
ture, moisture content, and bulk density 
at frequencies of 100 kHz and 1 MHz. 
Measurements were obtained with a 
Q-Meter, and, while reliability of the 
measuring system was not checked by 
measurements on materials of known 
dielectric constants, errors due to lead 
inductance were probably negligible 
since measurements were not made 
above 1 MHz. 

Attenuation and scattering character
istics of mature heads of soft red winter 
wheat were studied by Story et al 
(1970) as a possible means for automat
ically controlling the height setting of a 
combine header and controlling the feed 
rate for a harvester. Results indicated 
that attenuation in grain heads was 
much greater than in the stalks, thus 
providing a very sensitive means for 
controlling vertical positioning for a 
combine header. 

Animal Tissue 
Considerably more data are available 

in the literature on the electrical proper
ties of animal tissue than can be found 
for plants. The principal reason for this 
has been the interest in effects of 
electric currents and electromagnetic 
fields on human beings, in understand
ing the conduction of electrical signals 
in animal tissue, and in using electrical 
methods for the study of the structure 
and function of biological systems. 



Good reviews on the electrical proper
ties of tissues are available in the litera
ture (Schwan, 1957, 1964). Treatments 
of the theoretical interpretations of 
electrical properties and techniques of 
measurement are also available (Schwan, 
1959, 1963, 1965a, 1965c, 1966, 1968, 
1969·; Grant, 1969). Schwan (1959) has 
given a concise summary of the struc
ture of tissues which make up muscle 
and organs of the body: 

"Tissue is composed of cells, the 
latter ones being surrounded by 
cell membranes. While the cell 
membranes are structurally 'sol
ids' and of low conductivity, the 
material inside the cells and sur
rotinding it is in the soluble state 
and of high electrical conductiv
ity. In the intracellular solutions 
'swim' many subcellular elements, 
which in turn resemble cellular 
structure since they are equipped 
with membranes. Such compo
nents are the cell nuclei, mito
chondria, and other more recently 
identified components. Further
more, the solution surrounding 
and inside these subcellular com
ponents contains many macromol
ecules of a size which is large 
compared to that of the molecules 
which compose the fluid itself. 
The most predominant classes of 
these macromolecules are the pro
teins and nucleic acids. Aside 
from their macromolecular con
centration, the fluids inside and 
outside the tissue cells contain 
large amounts of salt. Thus, for 
our purposes, these fluids appear 
as suspensions of macromolecules 
in electrolytes. In the case of 
tissues, the cells are 'intercon
nected,' therefore providing the 
necessary mechanical stability for 
tissue. Blood cells, composed pre
dominantly of red and various 
types of white cells, are freely 
movable. From a structural and 
electrical point of view blood ap
pears quite similar to tissue. Tis
sues with comparatively low water 
content are bone and fatty tissue. 
Their electrical properties, while 
less well investigated, support the 
fact that the basic electrical struc
ture of such tissues is similar to 
those discussed before, the major 
difference being the comparative
ly small amount of electrolyte 
involved." 

For muscular tissues, Schwan (1957, 
1959, 1964) identifies three dispersion 
regions where the dielectric constant 

decreases with increasing frequency, one 
in the region of a few hundred Hz, 
another in the region between 10 kHz 
and 100 MHz, and the third at micro
wave frequencies above 10 GHz. The 
reader is referred to these references for 
further discussion of the relaxation pro
cesses in biological tissue. Numerous 
entries for the dielectric properties of 
biological tissues in Table 1 are drawn 
from these references. Radio frequency 
electrical characteristics for various bio
logical substances have also been sum
marized by Thomas (1952). 

The dielectric properties of frozen 
blood have been investigated by Sher 
et al (1965) in connection with blood 
bank storage studies. Frequency de
pendence of the dielectric properties of 
the bovine eye lens has also been deter
mined (Pauly and Schwan, 1964). 

In research on controlling stored
grain insects through selective dielectric 
heating of the insects in infested wheat, 
the dielectric properties of bulk rice 
weevils and confused flour beetles have 
been measured (Nelson and Whitney, 
1960; Nelson et al, 1966). Relative 
values of the dielectric constants and 
loss factors for the insects and wheat 
indicated that differential heating rates 
favorable for controlling the insects 
should be achieved. More recent mea
surements spanning the frequency range 
from 250 Hz to 12.2 GHz have revealed 
that the region between 5 and 100 MHz 
should offer the best opportunity for 
selective absorption of energy by rice 
weevils in wheat (Nelson, 1972). Extra
polation of dielectric constant-density 
data resulted in an estimate of about 36 

for the relative dielectric constant of the 
rice weevil when the dielectric constant 
of a bulk insect sample was 5.6 at 10.2 
GHz and 24 C. 

A range of values for the dielectric 
constant of bulk samples of confused 
flour beetles at 10 GHz was reported by 
Hamid et al (1968). Shackelford (1970), 
using a confirmed density - dielectric
constant relationship, obtained values 
for the dielectric constant of the 
exoskeleton of tomato hornworm 
moths. 

Electrical signals of the type ob
served in electrophysiological studies on 
the response of biological systems to 
various kinds of stimuli might be consi
dered as a sort of active electrical 
property of biological material, but 
these types of studies are not reviewed 
here. A possible piezoelectric effect in 
feathers has been proposed by Tanner 
and Romero-Sierra (1969) as a means 
for explaining escape reactions in chick
ens whose feathers are exposed to mi-

5 

crowave fields. Changes in biopotentials 
were also noted in birds subjected to 
pulsed microwave radiation. 

Foods 
Electrical properties of food prod

ucts have generally been of interest for 
two reasons. One relates to the possibil
ity of using the electrical properties as a 
means for determining moisture content 
or some other quality factor. The other 
has to do with the absorption of energy 
in high-frequency dielectric heating or 
microwave heating applications useful in 
the processing of food materials. Dielec
tric heating experiments with a number 
of food processing applications were 
reported by Brown et al (1947). 

The dielectric properties of dehy
drated carrots were studied by Dunlap 
and Makower ( 1945) because of their 
interest in determining moisture content 
by electrical methods. An extensive 
series of measurements was taken be
tween 18 kHz and 5 MHz, and some 
measurements of d-c conductivity were 

also included. The dependence of the 
dielectric constant and conductivity on 
moisture content was studied as influ
enced by frequency, temperature, and 
other factors such as density and parti~ 
cle size. They found that the dielectric 
constant increased little with moisture 
content until the 6 to 8 percent mois
ture level (wet basis), where it began to 
increase rapidly with further increasing 
moisture content. Similar behavior was 
noted for conductivity except at higher 
temperatures. The d-c conductivity was 
the most sensitive indicator for moisture 
content, but it was judged unsuitable 
for practical use because of its low value 
and temperature sensitivity. They con
cluded that higher frequencies were 
most suitable for electrical moisture 
testing applications. Conductivities of 
potato, carrot, apple, and peach tissues 
were measured by Shaw and Galvin 
( 1949) throughout the frequency range 
from 1 kHz to 40 MHz. Their values 
reveal a dispersion region between about 
100 kHz and 20 MHz. Values for the 
dielectric constant were not reported, 
but some of their conductivity values 
are included in Table 1. Some data were 
also given on the temperature depen
dence of the conductivity. Though they 
recognized the influence of moisture 
content on dielectric properties, mois
ture contents were not reported for all 
of their measurements. 

More recently, measurements on de
hydrated potatoes were conducted at 
100 kHz by Daniel and White (1967), 
but reported values seem unreasonably 
low for the dielectric constant and loss 



TABLE 1. VALUES FOR THE ELECTRICAL PROPERTIES OF AGRICULTURAL MATERIALS* 

Specific Moisture Temper- Fre- Dielectric Dielectric Loss Conduc- II Material and description gravity content,t ature, quency,+ co~stant, loss tangent, tivity' § Reference 
percent degC Hz. € fa~~or, tan c5 a 

r 
€ r 

Animal Tissues 

Muscle, dog, in situ 37 100 8 X 10
5 

- 6 111,112,114 
lk 1.3 X 105 2.2 X 10 16.6 1.2 m 

10k 0.5 X 105 

fro&, excised 25 100 106 

lk 1.7 X 105 

10 k 0.9 X 10
5 

100k 0.3 X 105 9 X 104 3.0 5m 
beef and pork, excised 20 l00M 71 108 1.52 6m 
do3 and horse, excised 38 lG 50 23.4 0.47 13 m 

8.5 G 41 17.6 0.43 83m 
Fatty tissue, dog, in situ 37 100 1.5 X 105 

lk 0.5 X 105 5.4 X 105 10.8 0.3 m 
10k 0.2 X 105 

dog and. horse, excised 38 lG 6 1.80 0.30 lm 
8.5 G 4 0.64 0.16 3m 

Whole blood, rabbit 'v23 lk 2900 1.3xl07 4341 1·m 
10k 2810 1.3 X 106 448 7m 

100k 2740 1.3 X 105 46 7m 
lM 2040 1.3 X 10

4 
6.2 7m 

l0M 200 2 X 103 9.9 llm 
dog and horse 38 lG 60 27.0 0.45 15 m 

8.5 G 51 19.3 0.38 91 m 
beef, frozen -86 10k 3 125 

lM 1.7 
-10 10k 450 

lM 20 

Eye lens, bovine, cortical 32 lM 580 630 5.15 m 102 
l0M 179 230 6.09 m 

l00M 66 44 7.25 m 
Flour beetle, Trlbollum confusum, 

bulk insects, adult 24 40M 7.8 2.2 0.28 49 µ 92 
Rice weevil, Sltophilus oryzae, bulk 

insects, adult 6.6 2.2 0.33 49 µ 
0.49 49 24 250 14.8 0.83 0.06 0.12 µ 93 

20 k 14.0 0.38 0.03 4.2 µ 

lM 11.6 1.4 0.12 0.8 µ 

100 M 6.1 2.0 0.32 109 µ 
lG 4.0 0.4 0.10 0.2 m 

10 G 4.0 0.4 0.10 2.2 m 
whole insects, individual 1.29 10.2 G 35.9 11.4 0.31 63 m 

Exoskeleton, tomato homworm 
moth, Manduca quinquemaculata 1.4 dried 'v24 70 G 5.0 0.25 0.05 9.7 m 122 

Foods 

Meats and fish 

Beef, raw -15 lG 5 0.75 0.15 0.42 m 87 
roasted 23 28 5.6 0.2 3.11 m 
round steak, frozen -15 1.5 G 3.53 0.37 0.11 0.31 rn 46 

-10 0.5 G 5.14 2.02 0.38 0.56 m 
lG 3.76 0.87 0.23 0.48m 
2G 5.29 0.21 0.04 0.23 m 

- 4 0.5 G 8.77 1.95 0.21 0.54 m 
lG 7.43 1.44 0.19 0.80 m 
2G 8.34 0.66 0.08 0.73 rn 

ground, reconstituted 20 1 915 M 2 1.0 rn 143 
25 2 1.0 m 
80 3 1.5 m 

40 1 10 5.1 m 
25 14 7.1 m 
80 25 12.7 m 

60 1 15 7.6 m 
25 18 9.2 rn 
80 30 15.3 m 

(See footnotes at end of table) 
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TABLE 1. (Continued) 

Specific Molature Temper- Fre- Dielectric Dielectric Loss Conduc· u Mawrlal and description O'avity conwnt,t ature, quency,* constant, loss tanaent, tlvity, § Reference 
percent degC Hz e~ factor, tan Ii 0 ,, 

e r 

~(cont) 
Meatsand fisb'(Mnt) 

Beef, raw, lean (2.5 percent fat) 74 -10 lOM 12 14.4 1.2 80.1 µ 9 
35M 9 5.4 0.6 105 µ 

100M 7.5 2.25 0.3 125 µ 

200M 7.5 2.25 0.3 250 µ 

2 lOM 91 728 8 4.0 m 
36M 74 222 3 4.3 m 

100 M 68 81.6 1.2 4.6 m 
200M 64 38.4 0.6 4.2 m 

raw, 2 percent fat 74.1 3 2.8 G 50.8 19.2 0.38 30 m 10 
20 60.8 16.1 0.32 26 m 

cooked, 2.9 percent fat 67.8 3 40.6 15.2 0.37 24 m 
20 41.6 13.0 0.31 20 m 

raw, 2.6 percent fat 73.8 -20 4.6 0.50 0.11 0.78m 
0 49.7 16.9 0.34 26 m 

60 39.6 11.5 0.29 18 m 
Beef fat -10 lG 2.4 0.24 0.1 0.13 m 46 
Pork, raw, ground -15 lG 6.8 8.2 1.2 4.5 m 87 

lean, 3 percent fat 74 -10 lOM 11 9.9 0.9 55 µ 9 
35M 8 4.0 0.5 78 µ 

lOOM 7.5 2.2 0.3 125 µ 
200M 7.6 1.9 0.25 208 µ 

2 lOM 95 655 6.9 3.6 m 
35M 76 205 2.7 4.0 m 

lOOM 70 84 1.2 4.7 m 
200M 65 32 0.5 3.6 m 

1. 7 percent fat, 3. 7 percent salt 72.8 3 2.8 G 49.7 25.2 0.51 39 m 10 
60 72.7 49.5 0.68 77 m 

5.4 percent fat, 3. 7 percent salt 69.4 3 46.3 23.4 0.50 36 m 
60 67.7 44.1 0.65 69 m 

10.6 percent fat, no salt 67.4 3 42.9 15.4 0.36 24 m 
60 38.2 13.1 0.34 20 m 

Codfish, size grades 2 and 3 81 -26 lOM 6.26 2.18 0.35 12 µ 9 
36M 6.46 1.31 0.24 25 µ 

lOOM 4.90 0.93 0.19 52 µ 
200M 4.5 0.76 0.17 84 µ 

- 5 lOM 17.0 41.3 2.43 Z!'O µ 
36 M 13.2 17.56 1.33 342 µ 

lOOM 10.5 7.45 0.71 414 µ 
200M 9.1 5.10 0.56 567 µ 

10 lOM 95.2 1086 11.4 6.0 m 
36M 75.4 336 4.46 6.5 m 

lOOM 72.8 124 1.70 6.9 m 
200M 68.9 61 0.88 6.7 m 

Eggs, chicken, AA quality 

albumen 22 100k 1.3 X 105 
7 m 97 

lOM 1.3 X 103 
7 m 

lOOM 180 10 m 
lG 180 100 m 

yolk 100 k 4.5 X 104 
2.6 m 

lOM 4.5 X 102 
2.5 m 

lOOM 72 4 m 
lG 90 50 m 

albumen 20 800k 1.5 X 104 
6.6 m 

30 1.8 X 104 
8.0 m 

yolk 20 4.3 X 103 
1.9 m 

30 5.2 X 103 
2.3 m 

Dairy products 

Milk, whole, unprocessed 
Jersey 37 1 k# 8.6 X 106 

4.8 m 103 
Holstein 1.0 X 107 

5.6 m 
3. 7 percent lactose 1.2 X 107 

6.5 m 
0 4.9 X 106 

2.7 m 

(See footnotes at end of table) 
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TABLE 1. (Continued) 

Specific Moisture Temper- Fre· Dielectric Dielectric Loss Conduc· II Material and description IP'avity content,t ature, quency,:I: co~stant, loss tanaent, tivlty. § Reference 
percent dea c Hz € fa~,tor, tan Ii a 

r 
€ r 

Foods (cont) 

Dairy products (cont) 
Milk, whole, unprocessed (cont) 

5. 7 percent lactose 37 9.3 X 10
6 

5.2 m 103 
0 4.1 X 106 2.3 m 

25 lk 7.4-11.3 X 106 4.1-6.3m 79 
37.6 lk 9.0-14.4 X 106 5-8 m 123 

12 percent total solids, 3 per-

cent fat 20 0 (d,c) 4.1 m 37 
lG 69 13 0.19 7.2 m 

9.4 G 51 30 0.59 167 m 
Butter, commercial, 2.24 percent 

salt 15.77 25 6.2 100 
Cooking oils 

Soybean oil, salad, refined, 
bleach·ed, deodorized 25 0.3 G 2.853 0.159 0.056 27 µ 99 

lG 2.612 0.168 0.064 93 µ 

3G 2.506 0.138 0.055 230 µ 

49 0.3 G 2.879 0.138 0.048 23 µ 

lG 2.705 0.174 0.064 97 µ 

3G 2.590 0.168 0.065 280 µ 
82 0.3 G 2.862 0.092 0.032 15 µ 

lG 2;715 0.140 0.052 78 µ 

3G 2.594 0.160 0.062 267 µ 
Com oil, refined, bleached, 

deodorized 25 2.526 0.143 0.057 239 µ 
82 2.587 0.163 0.063 272 µ 

Cottonseed oil, refined, bleached, 

deodorized 25 2.515 0.143 0.057 239 µ 
82 2.554 0.160 0.063 261 µ 

Lard, deodorized 25 2.486 0.127 0.051 212 µ 
Tallow, deodorized 25 2.430 0.118 0.049 197 µ 
Kremax, hydrogenated all-vegetable 

shortening 25 100 3.04 0.01 0.003 0.0006 n 
10 k 2.97 0.0015 0.0005 0.008 n 
lM 2.95 0.01 0.003 5.56 n 

l00M 2.81 0.20 0.071 11.12 µ 

l0G 2.37 0.08 0.034 445 µ 
Plant Materials 

Tobacco leaves, uncured· 600d 25 0 (d·c) 5800 62, 63 
100 3860 820 0.212 46 n 

lk 2161 670 0.310 372 n 
10 k 1435 530 0.369 2.95 µ 

Tobacco leaves, cured, Hichs (A3a) 

variety 9.47 d lk 2.63 0.40 0.152 0.22 n 
10k 2.02 0.23 0.114 1.28 n 

lM 1.67 0.07 0.042 390 n 
0.616 15.35 d lk 23.58 13.25 0.562 7.37 n 

10k 8.08 6.33 0.783 35.19 n 
100k 3.85 1.88 0.488 104.6 n 

lM 2.76 0.45 0.163 250 n 
21.24 d' lk 116.00 35.0 0.302 19.46 n 

10k 83.77 31.58 0.377 175.6 n 
100 k 31.99 27.83 0.870 1.55 µ 

lM 12.04 9.31 0.773 5.18 µ 

Bamboo leaf, young 0.78 63 23 100 k 3 X 10
3 

1.1 X 10
4 

3.8 0.61 m 14,15 
l0M 220 310 1.4 1.7 m 
lG 43 10 0.23 5.6 m 

Tulip tree leaf, young 0.81 77 24 100k 7 X 103 104 1.4 0.56 m 
l0M 150 48 0.32 0.27 m 

lG 40 8 0.2 4.4 m 

(See footnotes at end of table) 
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TABLE 1. (Continued) 

Specific Moilture Temper- Fre· Dielectric Dielectric Loss Conduc- u 
Material and description 1ravity content,t ature, quency,:I: co~tant, loss tangent, Uvity, § Reference 

percent de1C Hz E fa~~or, tan Ii 0 
r 

E r 

Plant Materials (cont) 

Tulip tree branch, outer layer 0.81 68 24 100k 3 X 103 2.2 X 104 7.5 1.2 m 

lOM 80 260 3.3 1.4 m 

lG 60 6.2 0.12 3.6m 

0.24 6 23 100 k 2.1 0.3 0.14 0.02m 

Tulip tree branch, woody material 0.36 30 24 lOM 47 73 1.66 0.4 m 14 

lG 33 2.4 0.07 1.3 m 

Suaar maple leaf, young 0.92 24 100k 6 X 103 

lOM 160 384 2.4 2.1 m 

lG 39 7.8 0.2 4.3 m 

Dandelion leaf, old 100k 7 X 103 6 X 103 0.9 0.3 m 

lOM 400 103 2.5 6.6 m 

lG 41 20 0.5 11 rh 
Wheat straw, Thatcher 0.014 9.9 d 90 100 k 1.1 76 

0.034 19.1 d 90 2.0 

60 1.7 

lM 1.4 

Fruits and Vegetables 

Apple 26 lk 4.5 X 105 0.25m 124 

10k 6.1 X 104 0.34m 

100.k 1.8 X 104 1.0 m 

44M 66.4 1.6 m 

Apple, immature 300M 44 10.7 0.24 1.8 m 140 

900M 44 
Apple, mature 300M 34 6.6 0.19 1.1 m 

900M 20 6.4 0.27 2.7 m 

Carrot, raw 80d 26 lk 4,7 X 105 0.26 m 124 

100k 9363 0.52 in 

2M 4676 6.2 m 

44M 319 7.8 m 

Carrot, dehydrated, ground 0.76 1.6 d 1.6 18 k 2.41 0.160 0.066 1.6 n 40 

100k 2.36 0.066 0.024 3.1 n 

lM 2.34 0.050 0.022 28 n 

36.8 18 k 2.66 

100k 2.61 0.070 0.027 3.9 n 

lM 2.64 0.066 0.026 36.2 n 

10.3 d 1.6 18.k 3.46 0.150 0.043 1.6 n 

100 k 3.19 0.226 0.070 12.6 n 

lM 2.93 0.207 0.071115 n 

36.8 18 k 10.78 10.39 0.964 104 n 

100k 7.00 3.71 0.529 206 n 

lM 4.81 1.24 0.267 687 n 

20.4 d 1,6 18k 19.2 81.9 4.27 820 n 

100k. 11.55 18.5 1.60 1.03µ 

lM 7.64 3.83 0.60 2.13 µ 

36.8 18 k 64.4 1239 19.2 12.4 /J 

100k 28.9 236 8.2 13.1 /J 
lM 14.06 28.8 2.0 16.0 µ 

Peach, raw 26 lk 9.4 X 10!', 0.62m 124 

10k 1.1 X 105 0.59 m 

100k 2.3 X 104 1.3 m 

44M 184 4.6 m 

Peach, frozen -16 0.6 G 3,97 1.29 0.325. 0.36m 46 

2G 3.14 0.38 0.123 0.42m 

-10 0.6 G 6.83 1.83 0.32 0.61 m 

2G 4.66 0.86 0.186 0.96m 

- 4 0.5 G 9.70 3.42 0.35 0.96m 

2G 8.45 4.22 0.61 4.7 m 

Pear, frozen -16 2G 4.17 1.12 0.27 1.2 m 

- 4 lG 13.6 4.66 0.335 2.5 m 

2G 10.4 6.0 0.677 6.7 m 
Peas, whole, boiled -15 lG 2.6 0.50 0.2 0.28m 87 

23 9.0 4.60 0.5 2.6 m 

(See footnotes at end of table) 
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TABLE 1. (Continued) 

Specific Moisture . Temper- Fre- --Dielectric Dielectric Loss Conduc-
II 

Material and description eravity content,t ature, quency,+ co~stant, loss tangent, tivity. § Reference 
percent degC Hz E fa~

1
tor, tan 6 (1 

r 
.E 

r 

Fruits and Vegetables (cont) 

Peas, cooked 82.2 -20 2.8 G 4.1 0.29 0.07 0.45 m 10 

3 64.3 22 0.34 34.2 m 

60 53 12.1 0.23 18.8 m 

Potato, white, raw, Kennebec 1.07 25 1 k 9.8 X 104 6.7 X 105 6.8(; 0.38 m 150 

10k 6.1 X 104 8.8 X 104 1.44 0.49 m 

100k 3.0 X 104 2.2 X 104 0.72 l.22 m 

500 k 1.1 X 104 1.4 X 104 1.25 3.91 m 

Potato, white, raw 25 lk 8.3 X 105 0.46 m 124 

10k 9.2 X 104 0.51 m 

100 k 2.0 X 104 1.1 m 

lM 8633 4.8 m 

lOM 1403 7.8 m 

50M 291 8.1 m 

-80 30M 6.6 0.11 m 

-15 17.4 0.29 m 

- 3 43.8 0.73 m 

0 168 2.8 m 

25 360 6.0 m 

20 3G 61 17 0.28 28.4 m 37 

10 G 43 27 0.63 150 m 

81.2 25 300M 77.4 58.5 0.76 9.8 m 98 

lG 70.3 24.8 0.37 13.8 m 

3G 62.9 17.2 0.27 28.7 m 

Potato, boiled -15 lG 4.5 0.90 0.2 0.50m 87 

23 38.0 11.4 0.3 6.3 m 

Potato, mashed, 1.1 percent fat 80.5 -20 2.8 G 4.6 0.32 0.070 0.50 n 10 
3· 66.7 25.5 0.382 39.7 n 

60 55.3 19.3 0.349 30.0 n 

Potato, mashed, powder 0.6 -20 9.4 G 2.25 0.05 0.022 0.26 n 136 

20 2.30 0.07 0.030 0.37 n 

100 2.60 0.16 0.062 0.84 n 

25 -20 2.70 0.21 0.078 1.10 n 

20 3.25 0.48 0.148 2.51 n 

100 5.15 0.67 0.130 3.50 n 

38. -20 3.10 0.90 0.290 4.70 n 

20 7.00 3.79 0.541 19.8 n 

100 11.30 3.10 0.274 16.2 n 

Potato, sweet 25 lk 11.5 X 106 0.64m 124 

lOk 1.3 X 105 0.72 m 

100k 2.5 X 104 1.4 m 

44M 274 6.7 m 

Potato chips, fried 2.6 71 3G 1.86 0.068 0.037 0.11 m 98 

122 1.86 0.082 0.044 0.14m 

176 1.91 0.098 0.052 0.16 m 

15.3 77 5.18 2.85 0.55 4.75 m 

122 5.74 3.78 0.66 6.31 m 

178· 6.48 4.66 0.72 7.77 m 

Spinach, boiled -15 lG 13.0 6.5 0.5 3.6 n 87 

23 34.0 27.2 0.8 15.1 n 

Spinach, frozen -32 1.5 M 0.115 17 

lOM 0.052 

50M 0.014 

200M 0.004 

- 7 1.5 M 0.026 

lOM 0.055 

50M 0.108 

200M 0.182 

Spinach, defrosted 20 1.5 M 0.032 

lOM 0.031 

50M 0.031 

200M 0.032 

Squash, baked -15 lG 5.0 1.5 0.3 0.83 n 87 

23 47.0 37.6 0.8 20.9 n 

(See footnotes at end of table) 
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TABLE 1. (Continued) 

Specific Molatwe Temper- Fre- Dielectric Dielectric Loa Conduc- I 
Material and dncrtption aravtty content,t atwe, quency,t co~tant, loa tan&ent, Uvity, § Reference 

percent de&C Hz f flll;~Ol, tan 6 a 
r 

f r 

Grain and Seed (See References 7 4, 89 and 132 for electrical properties of various kinds of &rain and seed) 

Com, field, yellow-dent, shelled, bulk 0.76 8.1 24 lM 3.7 0.25 0.68 0.14 µ 89 

50M 3.3 0.48 0.14 13.3 µ 

13.4 lM 4.7 0.37 0.78 0.21 µ 

50M 4.0 0.55 0.14 15.3 µ 

20.3 lM 7.1 1.67 0.24 0.93 µ 

50M 5.0 0.67 0.14 18.6 µ 

Wheat, hard red winter, bulk 0.79 10.6 24 250 7.8 2.44 0.31 0.34 n 93 

20 k 5.0 0.46 0.09 6.11 n 

lM 4.3 0.26 0.06 0.16 µ 

60M 3.8 0.62 0.14 14.6 µ 

lOOM 3.4 0.35 0.11 20.1 µ 

lG 2.8 0.31 0.11 0.17 m 

10 G 2.6 0.24 0.09 1.33 m 

Wheat, hard red winter, kernel 1.43 11.3 9.4 G 6.9 1.06 0.18 5.54m 

Alfalfa seed, Ranger 4.9 24 39M 3.1 0.25 0.08 6.4 µ 133 

2.46 G 2.6 0.14 0.05 191 µ 

7.7 39M 3.6 0.38 0.11 8.2 µ 

2.46 G 2.8 0.24 0.09 327 µ 

Peanuts, Spanish, Starr, shelled 4.7 24 lOM 2.3 0.12 0.052 0.67 µ 89 

40M 2.2 0.14 0.063 3.11 µ 

11 26 lM 4.6 0.21 0.046 0.12 µ 151 

60M 2.2 0.21 0.096 6.8 µ 

30 26 lM 7.2 0.26 0.036 0.14µ 

60M 4.8 0.34 0.071 9.6 µ 

Wood 

Spruce, Sitka 2d 46M 2.3 0.13 0.058 3.3 µ 17 

12 d 3.6 0.40 0.11 9.9 µ 

0 6M 2.2 0.08 0.037 0.22 µ 

40M 1.9 0.06 0.031 1.3 µ 

6d 5M 2.8 0.14 0.051 0.40 µ 

40M 2.6 0.18 0.074 4.1 µ 

17 d 6M 6.3 0.75 0.142 2.1 µ 

40M 4.5 0.56 0.125 12.5 µ 

30 2.8 0.068 

.:.... 110 3.2 0.048 

Composite of 30 species, E field per-
pendicular to grain (radial direction) 0.30 0 2M 1.6 126 

6d 1.8 

10 d 2.2 

15 d 2.7 

0.60 0 2.2 

5d 2.6 

10d 3.3 

16 d 4.2 

0.90 0 2.8 

6d 3.4 

10 d 4.6 

16 d 6.9 
Average for all densities (radial 

direction) 6d 2M 0.036 0.10 µ 

16M 0.048 0.91 µ 

10 d 2M 0.040 0.14 µ 

16M 0.062 1.67 µ 

16 d 2M 0.080 0.33 µ 

15 M 0.076 4.00µ 

Douglas fir (radial direction) 0.65 0 2M 1.88 0.053 0.028 0.06 µ 154 

40M 1.80 0.072 0.040 1.60 µ. 

0.56 5d 2M 2.38 0.100 0.042 0.11 µ. 

40M 2.20 0.145 0.066 3.23 µ. 

0.55 15 d 2M 3.94 0.244 0.062 0.27 µ 

40M 3.70 0.259 0.070 5.76 µ 

0.46 12 d 2.93 0.223 0.076 4.95 µ 

0.65 3.21 0.260 0.078 5.56 µ 

0.65 3.56 0.278 0.078 6.17 µ. 

(See footnotes at end of table) 
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TABLE 1. (Continued) 

Specific Molstwe Temper- Fre· Dielectric Dielectric Loss Conduc- u Material and description cravity content,t ature, quency,i co~tant, loss tanaent, tivity, § Reference 
percent deac Hz € fa~

1
tor, tan c5 a 

r 
€ 
r 

Wood (cont) 

Ponderosa pine (radiaJ direction) ·o.4o 10 d 2M 2.59 0.114 0.044 2.53 µ 155 
40 M 2.35 0.186 0.079 4.13 JJ 

Beech. noncompressed 0 0.2 M 2.42 0.048 0.020 5.3 n 106 
5M 2.28 0.068 0.030 190 

25 M 2.20 0.081 0.037 1.13 µ 
Composite of 10 species 0.1 0 -51 lM 0.01 94 

31 0.02 
0.5 0 -51 0.07 

31 0.13 

0.8 0 -51 0.11 
31 0.23 

Dou&las fir, E field parallel 
to grain 0.40 0 20 2.4!"> G 2.0 0.02 0.01 0.03 n 141 

80 2.1 0.08 0.04 0.11 n 
10d 20 2.3 0.36 0.16 0.49 n 

80 3.4 0.48 0.14 0.65 n 
20 d 20 3.5 0.90 0.26 1.23 n 

80 5.3 0.68 0.13 0.93 n 
30 d 20 5.2 1.36 0.26 1.85 n 

80 7.3 0.76 0.10 1.04 n 
~ 

Cotton, American, 12s yam, 44 per-
cent packin& factor, at 47 percent 
relative humidity '\, 4 21 50 6.5 3.8 0.59 0.1 n 51 

1 k 3 0.7 0.25 0.4 n 

Colt.on, American, 12s yam, 44 per- 100 k 2.5 0.18 0.07 10 n 

cent packing factor, at 68 percent 
relative humidity '\,6 50 34 34 1.0 0.9 n 

1 k 8 5.8 0.72 3.2 n 

Cotton, American, 12s yun, 44 per- 100k 3 0.6 0.19 33 n 
cent packing factor, at 95 percent 
relative humidity 50 2.2 

1 k 2.6 
'\,12.7 100k 21 3.6 1.7 200 n 

Viscose rayon staple, 121, 43 per-
cent packin& factor, at 47 percent 
relative humidity '\, 8 21 50 3.8 1.5 0.39 0.04 n 51 

1 k 2.8 0.3 0.1 0.17 n 
100 k 2.5 0.05 0.02 2.8 n 

Vt.case rayon staple, 12s, 43 per• 
cent packinl factor. at 68 percent 
relative humidity '\,lO 50 7.9 15.0 1.9 0.4 n 

1 k 4.2 1.9 0.45 1.1 n 

Wool, woolen spun yarn, 52 perent 100k 2.8 0.17 0.06 9.5 n 

pack.in& factor, at 47 perCent rela· 
Live humidity '\, 8 50 2.5 0.22 0.09 0.01 n 

1 k 2.3 0.07 0.03 0.04 n 
Wool, woolen spun yarn, 52 percent 100 k 2.2 0.04 0.02 2.2 n 

Pack.in& factor, at 68 percent relative 
humidity '\,12 50 4.9 2.2 0.44 0.06 n 

1 k 3.3 o.t6 0.11 0.2 n 
100 k 2.8 o. 8 0.03 4.5 n 

Wool, drY-combed toP, 29 percent 
pack.in& factor 5d 21 80 2.0 

1.6 k 2.0 
160 k 2.0 
1.6M 1.1 

15 d 80 2.1 
1.6 k 2.1 

160 k 2.0 
1.6 M 1.8 

25 d 80 11 
1.6 k 3 

160 k 

1.6 M 
70d 80 17 

1.6 k 

160 k 2 

Wool fabric, faille, at 25 percent 1.6 M 2 

relative humidity 24 0 (d-c) 0.285 m 107 
Wool fabric, faille, at 38 percent 

relative humidity 
1.11 m 

Wool fabric, faille, at 6C, percent 
relative humidity 21 3.59 m 

Cotton fabric, at 25 percent 
relative humidity 24 0.257 m 

Cotton fabric, at 38 percent 
relative humldity 

51.6 m 
Cotton fabric, at 65 per~nt 

relative humidity 21 181 

*Dashes are used where values were not reported or data are unavailable. Blank spaces represent the same value or information that pre
cedes the space in the column. Values listed for some factors were calculated from data in indicated references and are not nece~sarily re
ported as such in those references. The relative dielectric constant, Er= €/€

0 
= Er - j/; = · e~(l · i tan 6 ). Volume conductivity ,a= we0 e~ = 0.556. 

f e~. where a in nmhos/cm for fin kHz, a in µmhos/cm for fin MHz, and a in mmhos/cm for fin GHz. Power factor, cos 0 = tan 6 -t..J 1 + tan2 6. 

tWet-weight basis ex~o,pt where letter d denotes dry-weight basis. md = mw/(1 · mw>• mw = md/(1 + md)• where md and mW represent 
dry-basis and wet-basis moisture contents in decimal form. 

:j:k, M, and G represent kHz, MHz, and GHz, re~pectively, 

§m, µ, and n represent mmhos per cm, µmhos per cm, and nmhos per cm, respectively, 

II Numbers identify sources of information in the accompanying list of references. 

#Frequency not specified, but instrument employed had 60-Hz and 1-kHz capabilitY and most likely used at 1 kHz. 
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factor at indicated moisture contents. 
Later, carefully conducted measure
ments on raw potatoes by White and 
Martin ( 1971) were reported in terms of 
impedance data. Since the phase angle 
was also reported, a conversion from 
impedance to conductivity is possible. 
The specific impedance Pz = 1/y where 
specific admittance y = a+ jwe0 e;, so a 
= ( cos 8 )/ Pz, where 8 is the phase angle, 
the complementary angle of o, the loss 
angle. When this is done for comparison 
with conductivity data reported by 
Shaw and Galvin ( 1949 ), the agreement 
is remarkably close in the range from 20 
to 500 kHz. Temperature dependence 
of impedance values was also studied. 
Values for the dielectric constant and 
loss factor may also be calculated from 
the data of White and Martin (1971) (e; 
= a/weo, tan o = cot 8, €~ = e;/tan o ). 
Very large values result for the dielectric 
constant and loss factor, presumably 
because of high ionic conductivity. 

Dielectric properties of raw potatoes 
were reported by Pace et al (1968a) 
from measurements conducted at fre
quencies of 300 MHz, 1 and 3 GHz. The 
dielectric constant dropped from a value 
of about 80 at 300 MHz to approxi
mately 60 at 3 GHz. 

Electrical properties of apples were 
studied by Thompson and Zachariah 
( 1971 ). Resistivity data were presented 
for frequencies below 1 MHz, but mea
sured values were dependent upon ap
plied voltage. Dielectric properties were 
measured in the 300- to 900-MHz range 
and found to vary with maturity. The 
dielectric constant of immature apples 
was nearly constant throughout the 
range at a value of about 44, while that 
of mature apples dropped from about 
34 to 20 with increasing frequency in 
this range. 

Dielectric properties of peaches were 
measured in the 0.5- to 5-kHz range by 
Mclendon and Brown (1971). Data 
presented were quite variable, but de
creasing trends for both the dielectric 
constant and loss tangent were noted 
with increasing frequency, and in
creasing trends for both properties were 
found as the fruit approached maturity. 
Dielectric constants at 70 F. ranged 
between 100 and 550, and loss-tangent 
values between 0.05 and 0.55. Conduc
tivities calculated from their data using 
equations [ 6] and [ 8] give values for 
green and ripe peaches, respectively, of 
84 and 4 nanomhos per cm at 0.5 kHz, 

and 271 and 0.14 nanonihos per cm at 5 
kHz. These conductivities seem ex
tremely low compared to the conductiv
ity of 0.52 mmhos per cm for peaches 
reported by Shaw and Galvin (1949) for 
frequencies of 1 and 4 kHz. 

An attempt to utilize the 1- to 
35-MHz electrical properties of toma
toes for determining quality and matur
ity was reported by Veal and Webb 
(1971), but, unfortunately, no quantita
tive measurements of the electrical 
properties were obtained. 

Norris and Brant (1952) investigated 
the possibility of detecting egg quality 
using radiofrequency electric fields. 
They found the method impractical for 
measuring the interior quality of shell 
eggs, but did obtain data on the conduc
tivity of egg yolk and albumen for two 
different quality levels over the fre
quency range from 50 kHz to 1 GHz. 
Temperature dependence of the conduc
tivity was also determined. 

Low-frequency conductivity of milk 
has been of interest in a number of 
studies. Pinkerton and Peters ( 19 58) 
studied the conductivity in relation to 
lactose content, freezing temperature, 
and a number of other variables. At 37 
C, milk from Holstein cows averaged 
5.63 mmhos per cm, while that from 
Jerseys was 4.84. As percent lactose 
decreased from 5 to 3. 7, conductivity 
rose from about 5.2 to 6.6 mmhos per 
cm. Conductivity decreased somewhat 
with prolonged storage and with pas
teurization. Since the milk from cows 
with mastitis infection has higher ionic 
concentrations, there has been interest 
in using milk conductivity measure
ments as a means of detecting mastitis. 
These studies have been reviewed by 
Little et al ( 1968) and by Sharma 
( 1971). Conductivities measured at a 
frequency of 1 kHz by Little et al, using 
20 replicate measurements on 25 differ
ent milk samples, ranged from 4.06 to 
6.29 mmhos per cm at 25 C. An overall 
correlation was found between conduc
tivity and leukocyte counts, the stan
dard method for indicating mastitis in
fection. The range of leukocyte counts 
was so wide for a given conductivity, 
however, that conductivity measure
ments appeared to be of little value for 
detecting mastitis infection. Sharma, 
working at 37.6 C and 1 kHz, reported 
conductivities ranging between about 5 
and 8 with an average of about 6 mmho 
per cm. Using a "conductivity ratio" 
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based on the conductivity of normal 
milk, from a presumably noninfected 
quarter, conductivity of the sample in 
question, conductivity for blood plasma 
at the temperature of the milk, and a 
ratio of the conductivity of normal milk 
to that of plasma fluid, a correlation 
coefficient of 0. 71 was reported be
tween leukocyte count and the "con
ductivity ratio." 

The dielectric properties of butter 
have been utilized in a number of 
studies to find useful indicators for 
quality factors. Parkash and Armstrong 
( 1970) reported dependence of the di
electric constant of butter on moisture 
content, salt content, and moisture dis
persion. They described equipment used 
for the measurements, but the fre
quency was not reported. A mean di
electric constant for 33 commercial 
butter samples was 6.2, and the corres
ponding salt and moisture contents were 
2. 24 and 15. 77 percent, respectively. 
Because of interest in using the dielec
tric constant of butter for monitoring 
moisture content during continuous 
manufacturing processes, Sone .et al 
(1970) studied the temperature and 
fequency dependence of the dielectric 
properties between 30 Hz and 5 MHz 
for a range of moisture contents be
tween about 16.1 and 19.7 percent. 
Their results can be interpreted to indi
cate a dielectric dispersion region some
where above 1 MHz. Behavior of the 
dielectric constant below 1 MHz seems 
somewhat confused in the report, but it 
apparently remained rather constant 
with frequency between 300 Hz and 1 
MHz. A logarithmic increase in the 
dielectric constant with increasing mois
ture content was reported for the 
300-Hz to 1-MHz range. Both the dielec
tric constant and loss factor had maxi
mum values at 30 Hz, and temperature 
dependence of both the dielectric con
stant and loss factor was noted. The 
relationship between dielectric constant 
and loss factor was reported to follow 
the Cole-Cole relation at all tempera
tures. 

A study of the dielectric constant 
and quality of butter during 6 weeks' 
storage at 11 C was reported by 
Klepacki and Kurpisz (1969). They re
ported a correlation coefficient of 0.76 

· between the dielectric-constant value 
and scores provided by a taste panel on 
butter samples from 20 different factor
ies. On the basis of these experiments, 



they felt that measurement of the di
electric constant had possibilities for 
indicatmg butter quality deterioration 
in storage. 

A recent review (Kohn, 1970), pub
lished in German, covers applications of 
dielectric measurement methods useful 
in the analysis of substances important 
in foo<l chemistry, through determina
tion of the dielectric constant and di
electric loss. 

Dielectric properties data on foods 
are important in work on dielectric or 
microwave heating of food products. 
Morse and Revercomb ( 194 7) listed the 
dielectric constant and loss tangent for 
some meat and vegetables at 1 GHz and 
temperatures of -15 and 23 C, which 
were ueeful in studies on thawing and 
heating precooked frozen foods. The 
drastic increase in both the dielectric 
constant and loss tangent upon changing 
from the frozen to the unfrozen state 
presents problems in obtaining the de
sired distribution of energy. Food which 
has been thawed absorbs energy faster 
than the frozen portions which one 
wishes to heat. 

Unevenness in thawing has also been 
illustrated by Brown et al (194 7) with 
tabulated values for the power factor, 
which is closely related to the loss 
tangent, for frozen spinach at -32 and -7 
C, and for the same material at 20 C. 
They measured the power factor for 
frequencies between 1.5 and 200 MHz. 
The power factor rapidly decreased with 
increasing frequency at -32 C, while at 
-7 C it increased rapidly with frequency. 
Measurements at 40 MHz throughout 
the temperature range from -35 to· -2 C 
showed that the power factor was low 
at both ends of this temperature range, 
but reached a peak at about-7 C. 

In connection with freeze-drying 
studies employing dielectric heating, 
Harper et al (1962) measured the dielec
tric properties of some frozen foods at 
frequencies between 500 MHz and 2 
GHz and at temperatures ranging from 5 
to 25 F. Tabulated values of the dielec
tric constant, loss factor, and loss tan
gent were presented for peaches, pears, 
beef round steak, and beef fat, some of 
which are included in Table 1. General
ly, the dielectric loss factor decreased 
with increasing frequency and decreas
ing temperature in the ranges studied. 

An extensive series of dielectric
properties measurements on meat and 
fish in the 10- to 200-MHz range was 

reported by Bengtsson et al (1963). 
Materials measured included raw beef, 
pork, beef and pork fat, codfish, 
herring, and sprats. Detailed studies 
were made of the variability of the 
dielectric constant and loss tangent for 
different beef cuts from the same ani
mal and for equivalent cuts from differ
ent animals. Variability in codfish was 
also studied. Variations of dielectric 
properties with frequency and tempera
ture below and above freezing were also 
investigated. Sharp rises in dielectric 
constant were obtained upon thawing of 
frozen materials. The loss tangent also 
increased prominently with thawing at 
the lower frequencies, but changed little 
with temperature at frequencies of 100 
and 200 MHz. Measurements were taken 
on minced samples since dielectric prop
erties of minced samples were found to 
be intermediate between those of whole 
meat samples with fibers running paral
lel to the electric field and those with 
fibers perpendicular to the electric field. 

The influence of water on the dielec
tric properties of heterogeneous mix
tures has been studied in detail by de 
Loor (1968). Microwave dielectric prop
erties of some foods containing high 
percentages of water have been reported 
by de Loor and Meijboom ( 1966) for 
the 1.2- to 18-GHz range. Samples in
cluded potato, potato starch, and milk. 
Relationships between the dielectric 
constant, e~, and the loss factor, e;, 
after correcting e; values for d-c conduc
tivity, followed the Cole-Cole relation 
within the accuracy of the measure
ments, providing semicircular arcs for 
the e; vs. e; plot and indicating the 
existence of a single relaxation time for 
these materials with high water content. 
Values for€~ and e; for potato from the 
Cole-Cole plots agree well at 3 GHz with 
values reported by Pace et al (1968a), 
but the Cole-Cole plot requires a low
frequency limit of about 63 for €~, 
whereas Pace et al obtained values of 
about 80 at 300 · MHz. The Cole-Cole 
plot presented by de Loor and 
Meijboom from measurements on milk 
also provides approximate values for the 
dielectric constant and dipole loss at 
other frequencies. The low-frequency 
value for the dielectric constant of milk 
is approximately 70. A d-c conductivity 
of 4.1 mmhos per cm was reported for 
the milk sample, which compares rea
sonably well with low-frequency con
ductivity values mentioned earlier. 
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The influence of water content on 
the dielectric properties of granular sol
ids has been studied at 9.4 GHz by 
Stuchly (1970). Materials included 
mashed potato powder, and the influ
ence of temperature (approximately -20 
to 120 C) was explored as well as that 
of moisture content. Temrerature de
pendence of both €~ and er was practi
cally nil for extremely dry materials, 
but increased slowly with moisture con
tent as long as adsorption forces were 
high. With presence of free water, tem
perature dependence increased strongly 
as moisture content increased. 

Schwan ( 1965b) has treated the di
electric dispersion of bound water, com
paring the dispersion with that of ice 
and free water. The relaxation fre
quency for bound water lies between 
those of ice and free water, and the 
dispersion curve is flatter than those of 
the other two forms. 

The need for dielectric-properties in
formation in order to properly design 
microwave heating equipment for a giv
en purpose was pointed out by 
Goldblith and Pace (1967), who consi
dered the problem of microwave proces
sing for finish drying of potato chips. In 
illustrating the variation of dielectric 
properties with temperature and mois
ture, data are presented for e;, €~ and 
tan o at 1 and 3 GHz for lean steak 
between -75 and 40 F and for vacuum 
freeze-dried lean beef between -60 and 
180 F. Curves are presented for fried 
potato chips which illustrate the de
pendence of the loss factor, €~, on chip 
moisture content and temperature at 
frequencies of 1 and 3 GHz. Results 
show that the absorption of microwave 
energy is best when the moisture con
tent and temperature of the chips are 
both high. Further details concerning 
these measurements and their interpre
tation were presented by Pace et al 
(1968a), who, as already mentioned, 
also obtained dielectric-properties data 
on raw potatoes. In connection with 
this study, the dielectric properties of 
11 fats and cooking oils were measured 
at 300 MHz, and at 1 and 3 GHz at 
temperatures of 77, 120 and 180 F 
(Pace et al, 1968b ). Very little variation 
in dielectric properties was observed 
either among the various cooking oils or 
in their dependence upon either temper
ature or frequency in the ranges given. 
The dielectric properties of one of the 
oils was investigated over a wider fre-



quency range (100 Hz to 8 GHz) and 
curves were presented to illustrate the 
results. A definite dispersion region is 
shown above 10 MHz with a relaxation 
frequency or frequencies in the range 
between about 100 MHz and 2 GHz. 

The dielectric properties of reconsti
tuted ground beef were measured at 915 
MHz by Van Dyke et al (1969), who 
studied the influence of moisture, ash, 
and fat content. Moisture content below 
20 percent (wet basis) had little influ
ence on the loss factor, but it increased 
strongly with moisture content between 
about 20 and 45 percent. The loss 
factor then remained constant up to 70 
percent moisture. The loss factor also 
increased with ash content, but de
creased with increasing fat content. 

Results of an extensive series of 
measurements at 2.8 GHz on various 
food products have recently been pub
lished (Risman and Bengtsson, 1971; 
Bengtsson and Risman, 1971 ). Measured 
values for the dielectric constant, c;, 
and loss factor, c~, are summarized in 
tabular and graphical form to illustrate 
various relationships. Foods measured 
included raw beef and pork, cooked 
beef, ham, pork liver, fish, carrots, peas, 
mashed potatoes, and gravies and fats. 
Variations with temperature in the 
range from -20 to 60 C, wide 
variations in moisture content, and the 
influence of composition and prepara
tion procedures were studied. Resulting 
information is too extensive to attempt 
summarization here. Values for c; and 
c; compare reasonably well with values 
on similar materials in the literature, 
and a table of comparisons is presented 
by Bengtsson and Risman (1971). 

Grain and Seed 
Electrical properties of grain and 

seed have been utilized in devising elec
trical instruments which can be used 
for quick tests for indication of mois
ture content or some other quality. 
Dielectric properties have also been of 
interest because of their influence on 
energy absorption in dielectric heating 
studies. In still other possible applica
tions, electrical properties which influ
ence st11tic charge behavior have been of 
interest in studies of electrostatic separ
ation principles ( Harmond et al, 1961; 
Matthes and Boyd, 1969). No quantita
tive data have been found in the litera
ture on the electrical properties of seed 
relating to electrostatic applications. 

There has been much interest in 
electrical properties of grain and seed 
for many years because of the possibil
ity for measuring or sensing moisture 

content or other quality factors. Norris 
( 19 56) identified a number of refer
ences on this type of work. In much of 
this work, however, no quantitative 
values for any particular electrical prop
erty were obtained. Interest generally 
focused on the influence of a grain or 
seed sample on the response of an 
electrical circuit, and, in the case of 
moisture measurement, the instrument 
readings were calibrated with values 
measured by oven techniques or other 
standard methods. 

A moisture meter measuring d-c con
ductance of grain was described by 
Brockelsby ( 19 51 ). General principles 
employed by electrical moisture testers 
for grain and seed have been discussed 
by Zeleny (1954, 1960) and differences 
noted in performance of conductance
and capacitance-type moisture meters. 
The influence of various factors on the 
accuracy of capacitance-type moisture 
meters was carefully considered by 
Matthews (1963) and design require
ments developed for such an instrument 
on the basis of these studies. A proto
type instrument operating at a fre
quency of 2 MHz was built and perfor
mance tested by Matthews. Sources of 
error and performance of electrical 
moisture meters of the conductance and 
dielectric, or capacitance, types are also 
described by Hart and Golumbic ( 1963, 
1966 ). Extensive studies have been con
ducted comparing results of moisture 
content values provided by various elec
trical or electronic meters with those of 
approved oven testing procedures or 
other standards. Early work of this type 
was reported by Cook et al ( 19 34a, 
1934b). Such a comparison was re
ported for a conductance-type meter 
and two capacitance-type meters which 
have had USDA approval for grain 
inspection work (USDA, 1963). Hart 
and Golumbic (1966) have reported 
such comparisons for seeds other than 
grain. Stevens and Hughes (1966) com
pared seven different rapid
measurement moisture testers with an 
oven method. Three capacitance-type 
meters and two resistance, or conduc
tance, meters were included. Such 
studies on dielectric-type meters widely 
used in Europe have also been reported 
(Jacobsen, 1971; Moller, 1971). In gen
eral, the accuracies of capacitance-type 
meters can be on the order of 0.5 
percent within limited moisture ranges 
when clean grain samples of usual char
acteristics are being tested. 

The automatic sensing of moisture 
content can also be used to control 
continuous processes where the mois-
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ture content is an important factor. An 
instrument for automatically sampling 
and mea~uring moisture content of grain 
has been described by Moller ( 1971 ), 
which can be used in controlling grain 
driers or for controlling addition of 
moisture to grain for milling. An appli
cation of the system is also described in 
an article in The Northwestern Miller 
(1970). This system employs a fre
quency of 12 MHz (personal communi
cation, V. Stringham, Jr., Foss America, 
Inc., Fishkill, New York. 1970). An
other system for automatically temper
ing wheat for milling has been described 
by Butcher (1970). Since the indica
tions of many electrical moisture testers 
depend upon the moisture distribution 
in the kernel, a method which is not 
especially sensitive to surface moisture 
must be employed when tempering 
grain by adding water. Butcher em
ployed microwave attenuation by the 
wheat for this measurement, but the 
frequency was not specified. Attenua
tion in the wheat was temperature 
dependent, but the difference in attenu
ation between the dry wheat and the 
freshly wetted wheat was not tempera
ture dependent. Also, the attenuation 
difference varied linerarly with the per
centage of added moisture, though sep
arate lines were obtained for different 
wheat types. 

Absorption of microwaves and ener
gy at lower frequencies has also been of 
interest in determining moisture content 
of paper and textile materials (Busker, 
1968; Slocombe et al, 1969). Voss 
(1969) has prepared a brief review on 
microwave methods for measuring mois
ture content and other factors. A bibli
ography prepared by members of the 
International Microwave Power Institute 
(1969) includes many references re
lating to moisture content measure
ment. 

Measurements influenced by elec-
trical properties of grain and seed have 
been employed for purposes other than 
measurement of moisture content. Us
ing a d-c resistance measuring meter and 
a capacitance-type meter in combina
tion, a measure of the moisture distribu
tion in corn kernels was obtained by 
Holaday ( 1964) and used successfully to 
detect heat damage in artificially dried 
corn. Dexter ( 1965) was able to sort 
viable seeds of corn from dead seeds by 
measuring the current (incorrectly 
termed conductance) conducted by in
dividual soaked kernels between elec
trodes connected to a 6-V d-c source. 
Hunt et al (1952) developed methods 
for measuring the oil content of soy
beans using dielectric measurement 



techniques; however, the oil was first 
extracted from the soybeans. Oil con
tent of sunflower seeds has also been 
successfully measured using similar 
equipment (Remussi and Oribe, 1968). 

In order to understand and predict 
the behavior of materials subjected to 
intense high-frequency fields for pur
poses of dielectric heating, and to design 
electronic equipment for this purpose, 
quandtative data on the dielectric prop
erties of the materials are essential. For 
this reason dielectric properties of grain 
and s~ed have been determined in con
nection with studies on radiofrequency 
drying of grain (Wratten, 1954; 
Knipper, 19 56) and for studies ofinsect 
control by dielectric heating (Nelson, 
1952; Nelson et al, 1953). Data on the 
electrical properties of grain and seed 
from these and other sources were 
reviewed in an earlier publication 
(Nelson, 1965 ), in which results of a 
comprehensive program of dielectric
properties measurements on various 
kinds of grain and seed were presented 
for the 1- to SO-MHz frequency range. 
Dependence of the dielectric constant 
(real permittivity), loss factor, loss tan
gent, and conductivity on moisture con
tent as well as frequency was illustrated 
graphically for identified bulk grain and 
seed varieties of corn, wheat, barley, 
oats, grain sorghum, soybeans, cotton
seed, alfalfa, bromegrass, crested wheat
grass, Kentucky bluegrass, and switch
grass at 76 F. Data are also given for the 
dielectric properties of wheat through a 
wider frequency range from 50 kHz to 
50 MHz. Tabulated values for the 10-
and 40-MHz values of the dielectric 
constant and loss factor are also pre
sented for seed of numerous other field 
and forage crops, vegetables, and one 
species of pine. Much of these data have 
been included for several years in con
densed form in the Agricultural Engi
neers Yearbook (American Society of 
Agricultural Engineers, 1971). In gener
al, di!i!lectric constants remain constant 
or decrease with frequency, depending 
upon moisture content. Loss tangents, 
and, consequently, loss factors as welL 
may either decrease or increase with 
frequency, depending upon moisture 
content and frequency range. 

Frequency- and moisture-dependence 
data on a similar selection of grain and 
seed have been reported for the audio
frequency range, 250 Hz to 20 kHz 
(Corcoran et al, 1970; Stetson and 
Nelson, 1972a). In the audiofrequency 
range there is evidence of a dispersion 
phenomenon for a number of kinds of 
grain and seed, particularly at higher 
moisture levels, because the rapid de-

crease in dielectric constant with in
creasing frequency is accompanied by a 
peaking of the loss factor curve roughly 
similar to the dispersion illustrated in 
Fig. 1. The nature of this dispersion in 
grain and seed has not yet been ex
plored. 

Less information is available on the 
dielectric properties of grain and seed at 
higher frequencies. A few values for €~ 

and e; for hard red winter wheat at a 
few moisture levels are given by 
Jorgensen et al (1970) for the 50- to 
250-MHz range. Limited data on the 
dielectric properties of hard red winter 
wheat are also presented by Stetson and 
Nelson (1970) in the range from 200 to 
450 MHz. The frequency dependence of 
a hard red winter wheat has recently 
been studied throughout the frequency 
range from 250 Hz to 12.2 GHz 
(Nelson, 1972). The dielectric constant 
of bulk wheat at 10.6-percent moisture 
dropped from a value of nearly 8 at 250 
Hz to approximately 2.5 at 12 GHz. A 
noticeable dispersion region was ob
served with the loss peaking between 10 
and 100 MHz. 

Dielectric properties of parts of the 
wheat kernel (endosperm, germ, and 
bran) were investigated by Splinter 
( 19 51) who measured values for these 
materials in bulk in the 0.05- to SO-MHz 
range. The influence of moisture was 
included, and relative power absorption 
was calculated to be greater in the 
endosperm and the germ than in the 
bran. 

Dielectric properties of wheat and 
flour at 10.4 GHz were reported by 
Hamid et al (1968). A dielectric con
stant of 2.43 for 10.5-percent-moisture 
wheat agrees fairly well with a 2.55 
value obtained for wheat at 10.1 GHz 
and 10.6-percent moisture (Nelson, 
1972), but values for loss tangents and 
loss factors do not agree as well. A 
comparison of the dielectric properties 
of three varieties of alfalfa seed at 39 
MHz and 2.45 GHz has been reported 
by Stetson and Nelson (1972b). The 
measurements showed somewhat lower 
dielectric constants at the higher fre
quency and considerably lower loss fac
tors at 2.45 GHz than at 39 MHz. 

Resuhs of dielectric-properties 
studies on peanuts were reported by 
Whitney and Porterfield (1967). Regres
sion equations tor the dielectric con
stant and loss tangent at 25 C are given 
as linear functions of frequency and 
moisture content. The regression equa
tions can only be expected to be valid 
within the ranges of the variables 'used 
for their determination. Values for e; 
and tan 8 calculated from the regression 
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equations for shelled Starr Spanish pea
nuts bear a reasonable relationshir, to 
values reported earlier for €~ and e; for 
the same variety at a lower moisture 
content (Nelson, 1965). Values for the 
power factor and conductivity of bulk 
Spanish peanuts at 13.56 MHz with 
major axes oriented perpendicular to 
the electric field were presented by 
Wright and Porterfield ( 1971) for a 
moisture-content range from 0 to about 
55 percent dry basis (35 percent wet 
basis). When converted to the same 
units and moisture basis, these data 
show considerably greater dependence 
of tan 8 on moisture content and 
considerably higher conductivity values 
for the higher moisture peanuts ( e.g., 30 
percent wet basis) than are provided by 
the regression equations of Whitney and 
Porterfield for the same type of shelled 
peanuts. Differences between kernel or
ientation in the two studies are not 
likely to account for the differences. 
Temperature may be a factor, but it was 
not specified. Accuracy and reliability 
of the dielectric-properties data pre
sented by Wright and Porterfield must 
be subject to question for two reasons. 
Failure to note the difference between 
power factor, cos 0, and loss tangent, 
tan 8, (cos 0 = tan o/v 1 + tan2 0 ) 
leads to substantial errors for high-loss 
materials such as high-moisture peanuts, 
and the methods employed for the 
electrical measurements cannot distin
guish between capacative and loss char
acteristics of the circuit and those of the 
peanuts which formed a part of that 
circuit. 

Wood 

Dielectric properties of wood have 
been important because curing of glues 
in the manufacture of plywood has been 
a very successful industrial dielectric 
heating application. Data were pre
sented on the dielectric constant and 
power factor for several kinds of wood 
at frequencies in the 5- to SO-MHz range 
by Brown et al (1947). Variations of the 
dielectric properties with moisture con
tent and with temperature were also 
studied. Methods for measurement of 
dielectric properties of wood described 
by Brown et al were soon put to use in 
two independent studies of the dielec
tric properties of wood (Skaar, 1948; 
Wittkop£ and Macdonald, 1949a, 
1949b ). 

Skaar measured the dielectric con
stant, power factor, and resistivity of 30 
different kinds of wood, representing 
both softwoods and hardwoods, at fre
quencies of 2, 6.5 and 15 MHz, and 



reported results of 2- and 15-MHz mea
surements as a function of density and 
dry-basis moisture content. Density and 
moisture content were the primary fac
tors influencing the dielectric constant 
at a given frequency. The dielectric 
constant decreased with frequency and 
increased with moisture content and 
density., Dielectric constants measured 
with the electric field parallel to the 
grain of the wood (parallel-grain) were 
30 to 50 percent greater in the 0- to 
7-percent-moisture range than for the 
same samples measured with the electric 
field perpendicular to the grain (flat
grain). 'The power factor increased with 
moisture content. At moisture contents 
below about 15 percent, the power 
factor at 15 MHz was greater than at 2 
MHz, but the opposite relationship was 
observed at moistures higher than 15 
percent. At moisture levels below 7 
percent, the "parallel-grain" power fac
tors were about twice the value of 
"flat-grain" power factors. Resistivities 
decreased with increasing moisture con
tent and with increasing density. 

Wittkopf and Macdonald (1949a, 
1949b) reported results of measure
ments on Douglas f1r and Ponderosa 
pine in the moisture-content range be
tween O and 15 percent, dry basis, 
throughout the frequency range from 2 
to 40 MHz. Specific gravity values were 
reported for all measurements. Measure
ments were taken both with the electric 
field perpendicular to the grain and 
parallel to the grain. Results were pre
sented graphically showing the dielectric 
constant and power factor as functions 
of frequency at the different moisture 
levels. The dielectric constant decreased 
with increasing frequency, while the 
power factor increased with frequency 
in this range. The dielectric constant 
increased rapidly with moisture content, 
and the power factor increased with 
moisture, but to a lesser extent. Both 
dielectric constant and power factor 
increased with increasing density of the 
wood. In general, "parallel-grain" values 
for the dielectric constant and power 
factor were somewhat greater than 
"flat-grain" values for corresponding 
samples. 

Temperature dependence of the di
electric properties was not explored in 
either of the studies by Skaar or 
Wittkopf and Macdonald. Davidson 
(1958) studied the influence of temper
ature on the d-c resistance of wood. 
Brown et al (1947) present some data 
on the temperature dependence of di
electric properties of wood at radio 
frequencies. 

Mechanisms of electrical conduction 

in wood have been studied by Brown et 
al (1963) and Lin (1965). As back
ground material, Brown et al present a 
curve for resistivity of wood as a func
tion of moisture content and other 
curves relating dielectric constant and 
conductivity to moisture content. Lin 
presents data on the temperature de
pendence of the resistivity of several 
kinds of wood. 

The dielectric constant, loss tangent, 
and loss factor were studied by Rafalski 
( 196 7) t for beech wood under different 
degrees of compression in the frequency 
range from 200 kHz to 25 MHz. All 
three dielectric properties increased 
with compression and, consequently, 
the density of the wood. Values for the 
loss tangent increased continuously 
through the range with frequency with
out reaching a peak value, Degrees of 
anisotropy ranging from 1.05 for e; to 
1.14 for tan o were noted, and they 
were largely independent of frequency 
but decreased with density. If inter
preted correctly, e: and tan o were 
greater in the radial direction than in 
the tangential direction. The radial di
rection should correspond to the term 
"flat-grain" previously used to indicate 
measurement with the electric field per
pendicular to the grain. The term "tan
gential" implies a direction orthogonal 
to both the radial and longitudinal 
directions of the original log or tree 
trunk. The "electric field parallel to the 
grain" terminology used in the previous
ly cited publications is interpreted here 
to mean the longitudinal direction, but 
possibility for confusion exists, since 
both tangential and longitudinal direc
tions might be interpreted as parallel to 
the grain of the wood. If this interpreta
tion of the terminology used by Skaar 
( 1948) and Wittkopf and Macdonald 
( 1949a, 1949b) is correct, they found 
values for the longitudinal dielectric 
constant and loss greater than radial 
values, whereas radial values were great
er than tangential values according to 
Rafalski (1967). This would imply 
greater values for the dielectric proper
ties in the longitudinal direction than in 
the tangential direction, a condition 
confirmed for oven-dry Kusunoki wood 
by Norirnoto and Yamada (1970b). 

Norimoto and Yamada ( 1970a) re
ported a linear relationship between the 
longitudinal loss factor and density for 
ten different species of dry wood. Li
near relationships were observed at both 
31 and -51 C. They also studied the 

tit should be noted that, in Rafalski's 
article, tan Ii is referred to as the loss factor 
rather than e; as defined in the customary 
way in this paper. 
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frequency dependence of e; in the range 
from 30 Hz to 3 MHz. Linear regression 
equations are given for e; as a function 
of density at several frequencies be
tween 1 kHz and 3 MHz for wood at 31 
and -51 C. The effect of alcohol-benzene 
extraction on the loss factor of wood 
was also studied. For all sr.ecies except a 
camphor-bearing type, €~ increased con
tinuously with increasing frequency for 
untreated wood at 31 C. At -51 C, 
a peak was observed in the loss factor 
curves at approximately 10 kHz, indi
cating a dispersion region. A review of 
literature and treatment in greater detail 
of dielectric dispersion in wood are 
covered in another publication by 
Norimoto and Yamada ( 1970b ). 

The dielectric properties of Douglas 
fa at 2.45 GHz were studied in detail by 
Tinga (1969). Values for the dielectric 
constant, loss factor, relaxation times, 
and activation energies of polorization 
resulting from mathematical relation
ships developed for these quantities are 
presented graphically as functions of 
temperature and moisture content. 

Textiles 
Energy absorption at microwave and 

lower frequencies has already been men
tioned in the section on grain and seeds 
as being useful for moisture measure
ment in paper and textile materials 
(Busker, 1968; Slocombe et al, 1969; 
Voss, 1969; International Microwave 
Power Institute, 1969). Other papers on 
moisture measurement of textiles by 
electrical means were identified in the 
review by Norris ( 19 56 ). 

Dielectric constants and power fac
tors for several kinds of yarn were 
measured by Hearle (1954), who 
studied the influence of packing density 
and moisture conditions on the dielec
tric properties in the frequency range 
from 50 Hz to 200 kHz. For moisture 
testing by dielectric measurement, indi
cations were better using low fre
quencies, while higher frequencies were 
better for testing evenness of yarn. 

Various factors influencing the di
electric constant of wool have been 
investigated by Algie ( 1964, 1966, 
1967, 1969). Curves showing the 
dielectric-constant values as functions ot 
regain ( dry-basis moisture content) and 
temperature were presented for a regain 
range from O to 26 percent and temper
ature range from 0.5 to 95 C at fre
quencies between 80 Hz and 1.6 MHz 
(Algie, 1964 ). In 7eneral, at frequencies 
below 1.6 MHz, €r remained nearly con
stant as moisture increased from O per
cent and then at some point increased 
rapidly. With increasing temperature, thi: 



point of departure from the constant level 
appeared at lower and lower moisture 
levels. The 1.6-MHz frequency was 
found to have advantages for use in 
determining regain by dielectric mea
surements because €~ increased nearly 
linearly with moisture content. Accur
acy of regain determinations is im
pri>Ved by correcting for water-soluble 
impurities in the wool (Algie, 1967). 
Packing density in cones of yarn was 
also found to be an important factor for 
regain testing by dielectric methods in 
cones of yarn (Algie, 1969). 

King ( 1968 ), commenting on use of 
dielectric properties of wool for yarn 
count, unevenness, and regain measure
ment, discussed the use of a resonant 
circuit operating at 3.5 MHz for mea
surement of dielectric constants of 
wool. Dielectric properties of wool at 
different moisture contents were 
studied by Windle and Shaw ( 19 54) at 3 
and 9.3 GHz. They utilized Kirkwood's 
theory for polar materials and dielectric 
mixture relationships to arrive at values 
for the dielectric constants of localized 
(irrotationally bound) water and mobile 
water. Both €~ and e; increased with 
increasing water content. Attenuation 
of 9-GHz microwave energy in wave
guide by wet paper and textiles was 
reported for water and ammonia 
(Brady, 1968). 

There has been much interest in the 
electrical resistance of textile materials. 
Besides its use in measuring moisture 
conditions, it has been studied to pro
vide a better understanding of the na
ture of the materials. Use of textiles as 
electrical insulating materials has also 
prompted such interest, and resistance 
plays an important role in determining 
the degree of static electrification and 
associated problems in processing textile 
materials. An extensive review of the 
literature pertaining to electrical resis
tance of textiles was prepared by Hearle 
(1952). Wherever possible, he converted 
resistance values to "mass specific resis
tance" defined as resistance in ohms 
between ends of a specimen 1-cm long 
and of 1-gram mass. Hearle not only 
reviewed work which had been done, 
but also the methods employed for 
measurement, and summarized and cor
related the results of various investiga
tors. A section on theories of electrical 
resistance and ionic conduction was also 
included. The reader is referred to this 
review for specific information on resis
tance of various textile materials. A 
wealth of information on the d-c resis
tance of textile materials has been pre
sented in other publications by Hearle 
(1953a, 1953b, 1953c, 1953d). 

The use of d-c resistance of cotton 
fibers was studied by Hartstack ( 1963) 
for purposes of developing a rapid meth
od for measurement of fiber-length dis
tribution. Highly significant correlations 
were obtained between the electrical 
method and other methods employed, 
and the electrical method had better 
consistency in the readings. The . influ
ence of fiber orientation on the electri
cal conductivity of cotton was investi
gated by Henry and Hertel ( 1966 ). 
Differences were noted in conductivity 
for different fiber orientations and 
among different cotton types. 

Development of static electric 
charges produces serious problems in 
the processing of textiles and has, there
fore, received extensive study. Henry 
( 19 53c) lists six classes of problems 
caused by static electricity: Repulsion 
by like charges which makes position of 
fibers, threads, and yarn difficult to 
control; attraction between charged 
bodies and conductors causing textiles 
to stick to various parts of the ma
chinery; attraction of dirt and foreign 
particles to the materials resulting in 
"fog-marking;" ignition of flammable 
vapors by static discharge; shocking of 
operators by static discharges; and in
creased friction resulting from electro
static attraction. Objectionable static 
electrification of materials can only be 
reduced by decreasing the charge build
up or increasing the rate at which it 
leaks off. Both possibilities have re
ceived considerable attention, and in 
this work information has been ob
tained about the electrical properties of 
textile materials. 

Fundamental principles of static elec
trification are treated from a number of 
viewpoints in the proceedings of a con
ference held on this topic (Institute of 
Physics, 1953). Principles, experimental 
methods, and results of studies involving 
generation and dissipation of static 
charges on textile materials were re
ported by Henry (1953a, 19536) and 
Medley (1953). Methods of eliminating 
static electricity problems were treated 
by Henry (1953c). The influence of 
relative humidity on the charging of 
several textiles was studied by Sereda 
and Feldman (1964), who used a 
nickel-plated brass roller and plate for a 
standard charging method. They con
cluded that static charge generation 
reached a maximum at the relative 
humidity level which resulted in the 
deposition of a monomolecular layer of 
water on the surface of the textile 
materials. Henry et al (1967) state that 
resistivity is the most important quanti
ty to measure in testing the liability of 
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materials to electrostatic charging ( elec
trostatic propensity). They reported a 
close proportionality between the half
life for static charge decay and the 
resistivity. A technique was reported for 
measuring the two-dimensional resistiv
ity or surface resistivity (resistance be
tween opposite edges of a square of any 
size), which utilized concentric circular 
clamp electrodes and thus provided an 
average resistivity for all directions. 
Lobel ( 1968) suggests that another fac
tor besides the surface resistivity may be 
involved in explaining the behavior of 
textiles treated with antistatic agents. 

Ramer and Richards (1968) included 
a good review of the various opinioni 
concerning the g~neration and dissipa
tion of static charges in textiles and 
described measurements of surface and 
volume resistivities, charge generation, 
and decay rates for 29 different fabrics 

. at three different relative humidities. 
Charges varied with the surfaces against 
which the fabrics were rubbed, but were 
generally independent of the type of 
fabric or relative humidity in the range 
studied. Good correlation was observed 
between charge decay rate and resistiv
ity, and they concluded that resistivity 
measurements were the best indicators 
for predicting electrostatic propensity 
of fabrics. Tabulated values for surface 
and volume resistivities, charge genera
tion, decay time constants, and coeffi
cients of friction are presented for the 
three relative humidities for most of the 
fabrics tested. 

The relationship between the dielec
tric constant of spin finishes employed 
for antistatic treatment and their effec
tiveness in lowering resistivity were 
studied by Anton (1970). Resistivity 
measurements at 26 and 55 percent 
r~lative humidity on nylon sailcloth 
treated with these finishes showed that 
no change in static propensity could be 
expected until the value for e; of the 
finishes exceeded four. Resistivities of 
treated sailcloth then dropped until < 
reached a value of six, and no appreci
able change in resistivity was noted for 
higher values of the dielectric constant. 

While the field of electrostatic pre
cipitation of small particles is not cov
ered in this review, charge-carrying char
acteristics of textile particles are useful 
in reducing lint materials discharged 
into the atmosphere. Parnell (1970) has 
investigated a number of factors influ
encing the electrostatic precipitation of 
cotton lint particles in cotton gin emis
sions and found that precharging such 
particles resulted in ten- to a hundred
fold increases in forces useful for separa
tion. 



TABULATION OF 
ELECTRICAL PROPERTIES 

From the numerous sources of infor
mation cited in this paper, data on the 
electrical properties of these agricultural 
materials have been selected for tabula
tion. In each case where data have been 
selec~ed for Table 1, their reference 
source (primary, or secondary) is identi
fied so that further detailed information 
on the electrical properties and methods 
of obtaining the data may be consulted. 
Reliability of the data tabulated is not 
confirmed in all cases, though some 
judgment was exercised in the selection 
of data for inclusion. Where unusually 
large values appear for the dielectric loss 
factor in Table 1, they may include the 
effects of ionic conductivity. Relation
ships between the different electrical 
properties are summarized in a footnote 
to the table. 

DISCUSSION 

Electrical properties of agricultural 
and biological materials vary widely and 
are dependent upon many factors. Pre
cise values for any particular substance 
under a particular set of conditions can 
probably only be obtained by careful 
measurement. Good estimates however 
can be made for many materials on th; 
basis of studies already reported if 
enough is known concerning the impor
tant factors influencing the values of the 
desired electrical properties. 

Frequency is one of the basic factors 
influencing values of electrical proper
ties, and the nature of common types of 
frequency dependence is discussed 
somewhat in the section on difinitions 
and background material. When all 
other conditions are held constant, the 
dielectric constant of materials either 
decn;ases or remains constant as fre
quency increases. Only with resonance 
conditions at optical frequencies does 
the dielectric constant increase with 
frequency just prior to a sharp drop in 
value. The loss tangent and the dielec
tric loss factor may either increase or 
decrease with frequency depending up
on the frequency range and the nature 
of the absorption processes. Conductiv
ity generally increases with increasing 
frequency, but is also dependent upon 
the loss factor (equation (8] ). 

Temperature is also an important 
factor. Temperature dependence and 
frequency dependence are closely re
lated in theories of dielectric dispersion, 
and the nature of dispersion can be 
explored by varying either of these 
factors. As already noted, in a region of 
polar dispersion, the dielectric constant 

will increase with increasing tempera
ture while outside such a region it will 
decrease with temperature. Temperature 
coefficients for electrical properties 
may, therefore, be either negative or 
positive depending upon the frequency. 
Also, as already noted, the electrical 
properties of water change drastically 
upon changing from the liquid to the 
solid phase. 

The electrical properties of hygro
scopic materials are highly dependent 
upon moisture content. Further, the 
way in which water is held in the 
structure of the substance has an im
portant influence on the degree of 
dependence of electrical properties on 
moisture content. Chemically bound 
water exerts less influence on the dielec
tric properties of the material than does 
free water in which the polar molecules 
can orient freely with an applied electric 
field. This has been illustrated by the 
existence of two distinct slopes for 
curves displaying the variation of the 
dielectric constant or dielectric loss fac
tor with moisture content. Data over 
wide moisture ranges frequently show a 
slight increase in dielectric constant or 
loss factor with increasing moisture at 
low moisture levels, and then, when the 
moisture content reaches a certain level 
a sharp increase in slope of the curve i~ 
noted. Data have been presented illus
trating this behavior for dehydrated 
carrots (Dunlap and Makower, 1945 ), 
grain (Knipper, 1956; Nelson, 1965), 
wool (Algie, 1964 ), reconstituted 
ground beef (Van Dyke et al, 1969), 
and mashed potato powder and other 
granular solids (Stuchly, 1970). 

The density of materials also influ
en~es th~ir electrical properties. Any 
amsotrop1c nature in the structure of 
materials is another factor which must 
be taken into account. An attempt has 
been made to include available informa
tion on all of the important factors 
~entioned here in the listing of proper
ties for materials in Table 1 in order 
that the tabulated data may be useful 
for estimating electrical properties of 
such materials under various conditions. 
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